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Abstract

Transplantation of a third eye primordium to the forebrain region of a frog (Rana pipiens)
embryo causes two retinal projections to converge on a single tectal lobe. These projections form
stereotyped eye-specific termination bands (Constantine-Paton, M., and M. 1. Law (1978) Science
202: 639-641) that are similar to the source-specific stripes found normally in many regions of the
mammalian brain. In the present study, we use quantitative analyses of anatomical data and double
labeling techniques to demonstrate that induced bands of three-eyed frogs are approximately 200
pm wide, that they invariably run in a rostrolateral to caudomedial direction, and that they represent
interdigitating synaptic zones which fill the entire superficial neuropil of the dually innervated tectal
lobe. This periodic segregation pattern is not seen in the superinnervated diencephalon or in the
optic tracts.

Morphometric measurements on animals with dually innervated tectal lobes revealed an approx-
imate 30% hyperplasia that was restricted largely to the deeper predominantly cellular tectal layers.
Each of the banded retinal projections occupied neuropil volumes that were roughly 50% smaller
than the volume occupied by the noncompeting retina of the same animal.

Eye-specific segregation was detected with extracellular recording techniques as an ability of one
of the two eyes to elicit consistently more and larger action potentials throughout a radial penetration
of the superficial tectal neuropil. In several preparations, electrolytic lesions confirmed that physi-
ologically defined positions of eye dominance corresponded to a band from the same eye. Maps of
the visual field projections within dually innervated tecta were relatively normal and their orientation
was consistent with the initial embryonic orientation of the retinas.

Eye laterality, time of arrival, or fasciculation during growth are not responsible for this induced
banding. Instead, our results are attributed to two mechanisms that are probably fundamental to
neural mapping. These are: differential affinities between retinal and tectal loci which normally align
the projection by bringing together appropriate pre- and postsynaptic areas and interactions among
retinal ganglion cell fibers. The latter causes axons from physically neighboring retinal ganglion cell
bodies to terminate together within the tectum and consequently increases the internal order of the
map. We propose that these same two mapping mechanisms may be responsible for the afferent
segregation found in diverse regions of many vertebrate brains,

Axons from the ganglion cells of the frog eye form
retinotopically ordered synapses within the contralateral
optic tectum. This primary visual projection is normally
continuous throughout the entire superficial neuropil of
the tectal lobe. However, it can be disrupted predictably
if an extra eye is added to the forebrain region of an early
embryo or if one tectum is removed from young post-
metamorphic frogs (Constantine-Paton and Law, 1978;
Law and Constantine-Paton, 1980). Both of these proce-
dures force fibers from two eyes to share a single optic
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lobe. The invariant result is that terminals from each of
the two retinas segregate into alternating, 200-ym-wide,
eye-specific bands (Constantine-Paton and Law, 1978;
Law and Constantine-Paton, 1980).

Patterns of afferent segregation quite similar to the
experimentally produced bands in Rana pipiens have
become increasingly recognized as a basic structural com-
ponent in diverse regions of the mammalian brain. For
example, thalamic afferents to the visual cortex in cats
and monkeys originate from eye-specific lateral genicu-
late layers and maintain this segregation in the cortex,
forming ocular dominance columns (Hubel and Wiesel,
1969; Wiesel et al., 1974; LeVay et al., 1975; Shatz et al,,
1977; Casagrande and Skeen, 1980). Analogous synaptic
zones have been observed among commissural and cor-
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tico-cortical projections to visual (Gilbert and Wiesel,
1980; Newsome and Allman, 1980), somatic sensory
(Jones et al., 1975; Shanks et al., 1975; Wise and Jones,
1976), auditory (Imig and Brugge, 1978; Fitzpatrick and
Imig, 1980), limbic, motor, and associative cortices (Gold-
man and Nauta, 1977a; Jones et al., 1978; Kiinzle, 1976)
and within brainstem regions, such as the superior collic-
ulus (Rakic, 1977; Wise and Jones, 1977; Hubel et al.,
1975; Graybiel, 1976, 1978; Pollack and Hickey, 1979;
Graybiel and Ragsdale, 1980) and cerebellum (Oscarsson,
1973; Courville, 1975; Groenewegen and Voogd, 1977,
Groenewegen et al., 1979). Non-banded segregation, vi-
brissal barrels (Woolsey and Van der Loos, 1970; Kil-
lackey, 1973), cortical-caudate annuli (Goldman and
Nauta, 1977b), and retinocollicular “puffs” (Graybiel,
1975) also have been reported.

The widespread occurrence of such stereotyped syn-
aptic patterns suggests that important cellular interac-
tions are involved in their formation. Nevertheless, the
nature of these interactions remains obscure and rela-
tively difficult to study in the central nervous systems of
internally developing mammals.

This report details our analysis of the banded pattern
produced in the retinotectal projection of three-eyed
frogs. We describe anatomical and electrophysiological
evidence demonstrating that axons from each of the two
eyes maintain retinotopic order while terminating within
these eye-specific stripes. Moreover, we propose that the
cellular interactions responsible for banding in doubly
innervated tecta also act, within the normal frog, to form
the precise retinotectal map.

In presenting this detailed description of experimen-
tally induced bands in frog optic tectum, we hope to
establish this accessible and malleable preparation as a
valid model for subsequent investigations. The amphib-
ians may offer a unique opportunity to decipher princi-
ples of stereotyped afferent segregation that ultimately
will be generalizable to the brains of all vertebrates.

Materials and Methods

Embryology. Microsurgery was used to implant a third
eye primordium from a Shumway stage 17 to 19 Rana
pipiens embryo into the forebrain region of a sibling
embryo of the same stage (Shumway, 1940). At this age,
the eye is a flattened evagination from the telencephalic
vesicle. Few ganglion cells are postmitotic at this stage,
but the retinal axes have been determined already
(Sharma and Hollyfield, 1974). Experimental tadpoles
were maintained in a 1:1 solution of charcoal-treated
water and 15% Steinberg’s solution (Rugh, 1962). They
were fed boiled romaine lettuce and Purina trout chow
and the solution in which they were kept was changed
twice weekly. Postmetamorphic frogs were fed liberally
with small crickets (Fluckers Cricket Farm, Baton Rouge,
LA) 1 week after tail reabsorption.

Thirty three-eyed tadpoles ranging in age from Taylor
and Kollros stage (T & K St) IV to XXIV (Taylor and
Kollros, 1946) and 20 frogs between 1 week and 7 months
past metamorphosis were examined for this paper. A
preliminary report on 10 of these animals has appeared
previously (Constantine-Paton and Law, 1978).

Autoradiography. One to 5 days prior to killing the
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animal, 10 to 15 uCi of [*H]proline (60 to 115 or 26 Ci/
mmol, New England Nuclear) were injected into the
vitreous body of either a supernumerary (47 animals) or
a normal eye (3 animals). Thirty-six of these animals
were fixed in Carnoy’s fluid or 10% buffered formalin.
Subsequently, their entire skull with exposed brain was
embedded in paraffin and sectioned in either the trans-
verse, horizontal, or sagittal plane. Serial 10-um sections
were processed for light microscope autoradiography (see
Constantine-Paton and Capranica, 1976).

Double label. Eight of the animals with [*H]proline
injections into their supernumerary eye had their normal
superinnervating optic tract labeled either with 10 uCi of
["“Clproline (100 mCi/mmol, New England Nuclear) or
with the anterograde transport of horseradish peroxidase
(HRP, Boehringer). Two tadpoles (T' & K St XXI and T
& K St XIV) were double labeled with [*H]proline/
[*“C]proline and allowed to survive 2 days before fixation,
embedding, and sectioning in paraffin as described above.
Cleared, serial sections were placed against Kodak x-ray
film for 5 to 7 days. This film is only sensitive to the
emissions from the '“C isotope. The same sections sub-
sequently were coated with NTB liquid emulsion to
localize the *H isotope. The 3 tadpoles (T & K St VIII,
X, and XIII) and 3 frogs for which HRP was used as the
second label had an HRP-soaked pledget applied to the
cut stump of their competing, normal optic nerve 1 day
after [*H]proline was injected into their supernumerary
eye (Scalia and Colman, 1974). The brains of these ani-
mals were fixed by vascular perfusion with 3% glutaral-
dehyde, 1% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4). They then were processed according to methods
outlined by Law and Constantine-Paton (1980). Alter-
nate, 30-um sections were reacted for HRP localization
using a CoCls-intensified diaminobenzidine procedure
(Adams, 1977). The intervening sections were coated for
light microscope autoradiography.

Quantification. All measurements were performed
from camera lucida tracings of serial transverse sections
using a MOP III (Zeiss) image analyzer. Estimates of
volumes for both superficial tectal neuropils (layers 7
through 9; Székely and Lazar, 1976) and for entire tectal
lobes (layers 1 through 9) were obtained in 5 animals
which had demonstrated tectal stripes anatomically.
These volumes were calculated from total area measure-
ments multiplied by the thickness of each section (10 or
30 pm).

Bandwidth histograms were constructed for 7 animals
using length measurements of each band and interband
at the tectal surface (Fig. 1A). This data, from every
other, serial 10-ym section, was translated into a straight
line representing the partitioned tectal surface. All lines
then were positioned at intervals scaled to 20 um so that
their midpoints (representing the middle of the tectal
neuropil) were in register (Fig. 1B). This method pro-
vided a two-dimensional projection of the banded tectal
surface that was oriented consistently and therefore
could be compared across different preparations.

Electrophysiology. The physiological effects of double
innervation were examined by recording extracellular
activity predominantly from retinal ganglion cell termi-
nals (Maturana et al., 1960) in the superficial tectal
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Figure 1. Method of representing the tectum in two dimen-
sions. A, Drawing of a transverse section through the optic
tectum with the neuropil of the left lobe banded. In order to
flatten the surface of these doubly innervated optic lobes,
camera lucida tracings were made of every other 10-um serial
section. A MOP III image analyzer (Zeiss) then was used to
measure the lengths of labeled and unlabeled neuropil from the
medial to lateral edges. The sum of all lengths for each section
divided by 2 gave the midtectal neuropil (MTN) point. This
midtectal point served as a fixed landmark around which the
curved line representing each section’s neuropil was
straightened and aligned. B, Pictorial representation of the
dorsal tectal surface with each landmark drawn. MOT, Medial
optic tract; LOT, lateral optic tract.

neuropil of 12 three-eyed frogs. Electrodes were glass-
coated tungsten plated with gold and platinum to an
impedance of approximately 5 megohms.

Prior to recording, both tectal lobes were exposed
surgically under MS222 anesthesia (0.5% tricaine
methanesulfonate, pH 7.4, Sigma) and their pial pigment
patterns were photographed. Electrode penetrations
were made at sites spaced 160 ym apart using the pho-
tographed pial patterns for reference.

A Bausch and Lomb projection perimeter provided the
3° light spot used for visual stimulation and simultane-
ously marked the edges of visual receptive fields on a
polar representation of the perimeter’s hemisphere. At
most recording sites, it was not possible to isolate a single
visual unit. Consequently, maost of our visual receptive
fields represent the area subserved by approximately two
to four different units.
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Animals were immobilized before and during the map-
ping sessions by intramuscular or lymphatic injections
with 10 ul (1 mg/ml) of tubocurarine chloride (Sigma).
They were wrapped in moist gauze that was pinned
securely on an elevated stage centered within the perim-
eter’s arch. An effort was made to position each frog
individually so that the maximal extent of both the
double innervating normal and supernumerary eye visual
fields fell within the perimeter’s hemisphere. In most
cases, this involved tilting the perimeter 15° up from the
horizontal and “centering” the animal relative to a plane
midway between the normal and transplanted eye. Once
positioned, the frog was not moved throughout the ap-
proximately 6-hr recording session. Ambient temperature
in the recording room was maintained between 16 and
18°C in order to increase the viability of the preparation
and to minimize the number of curare injections neces-
sary to keep the animal immobile.

Black corneal occluders were used to assure stimula-
tion of only one eye at a time. Responses to turning off
or on the 3° light spot in a darkened room were used to
define the edges of the visual field at every tectal site.

Generally, for each penetration in the doubly inner-
vated tectum, the electrode detected visual activity from
both the supernumerary and the normal eye. Conse-
quently, for a physiological demonstration of eye-specific
segregation within the tectal neuropil, an eye dominance
test was performed. In most tests, a fiber optics light pipe
connected to a pen flashlight was shone into the entire
pupil of first one eye and then the other. The strength of
the response from each eye was judged and eye domi-
nance was assigned for each electrode position based on
the relative size and number of action potentials driven
by each retina. Occasionally, eye dominance was deter-
mined during mapping. In these cases, the relative
strength of one eye’s response to turning off and on the
3° perimeter light at the center of its receptive field was
compared to the other eye’s response at the center of its
field. Most “eye dominance” tests were taped for later
analysis on a TEAC model A-2340 tape recorder.

Results

Transplanted optic nerve trajectory and innervation
patterns. The central trajectory of the supernumerary
optic projection was followed through serial sections in
30 three-eyed animals. In most cases (18 animals), the
supernumerary optic nerve penetrated the brain at the
level of the diencephalon but rostral to the normal optic
chiasm. In one case, penetration occurred directly into
the host’s telencephalon, while in 9 other animals, axons
from the supernumerary retina entered ectopic tissue
fused to the generally distorted telencephalic lobe of the
host. In most of these preparations, ventricular develop-
ment and nuclear groups indicated that the ectopic tissue
was of donor diencephalic origin (Constantine-Paton and
Capranica, 1976; Constantine-Paton, 1978). Nevertheless,
the transplanted visual axons invariably left this tissue
and traversed the host’s telencephalon and diencephalon
to form an extensive termination field in the mesence-
phalic tectal lobes. Finally, in 2 animals, the supernu-
merary optic nerve was found to be fused to the normal
optic nerve and entered the chiasm directly.



Figure 2. Double labeling of the supernumerary and normal optic projections. A and B are adjacent, 30-pm sections through
the diencephalon of a 1-week postmetamorphic frog whose supernumerary eye had been injected with ["H]proline and whose
normal optic nerves had been filled with horseradish peroxidase (HRP). A, Light-field photomicrograph of the normal eye optic
tract and innervation pattern in the neuropil of Bellonci (n.B.) and the corpus geniculatum thalamicum (c.g.2.). B, Autoradi-
ographic grains in dark-field photomicrograph of the adjacent diencephalic section showing the supernumerary eye’s projection
to the same neuropil regions. Arrows indicate complementary areas. The top arrows mark a portion of the optic tract from the
supernumerary eye. The bottom arrows point out an area where only normal eye fibers are located. A stereotyped pattern of
segregation is not seen in the optic tracts or diencephalic nuclei of this animal. C and D, Periodic banded pattern observed within
the same animal’s optic tectum. Adjacent, 30-um sections are pictured again with the right normal eye’s projection shown in C
and the supernumerary eye’s termination field in D. Asterisks mark the site of insertion of a piece of pial pigment in both sections
which demonstrates the interdigitating nature of the eye-specific bands. Label in the interband region of C is localized
predominantly within axon cylinders that run between the termination bands. All scale bars = 100 pm.
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The laterality of supernumerary visual projections ap-
peared to be determined by the position of the retinal
fibers when they penetrated the brain. In general, ven-
trally entering nerves sent most of their axons to the
opposite side of the brain, while more dorsally and lat-
erally penetrating fibers grew to the ipsilateral optic
tectum. In all cases, the supernumerary optic tract was
found adjacent to the glial limiting membrane (Constan-
tine-Paton, 1978; Gaze and Grant, 1978). The 5 animals
with double label showed the position of these ectopic
tracts to be nearly identical to those of the tracts from
normal eyes within the diencephalon. Only occasional
evidence of eye-specific fasciculation was observed (see
arrows in Fig. 2, A and B).

In all animals examined for this study, some evidence
of label from the supernumerary eye was found in the
thalamic retinal terminal fields (neuropil of Bellonci,
corpus geniculatum thalamicum, arcuate nucleus, and
the posterior thalamic neuropil; Scalia et al., 1968; Lazar,
1980). Animals with double labeling revealed that the
neuropil of Bellonci and the corpus geniculatum thal-
amicum received input from both the normal and super-
numerary retina (Fig. 2, A and B). Within normal frogs,
these neuropil regions show some non-banded segrega-
tion between terminals from the contralateral and ipsi-
lateral retinas (Lazar, 1980). However, as can be seen in
Figure 2, A and B, the segregation between normal and
supernumerary projections was not complete in three-
eyed animals and regions where one retinal input pre-
dominated were irregular in position and in shape. Irre-
spective of whether the diencephalon was viewed in the
horizontal, sagittal, or transverse plane, no evidence of
eye-specific striping was obtained.

The situation was markedly different within the mid-
brain of all three-eyed frogs. At the diencephalic-mesen-
cephalic border, both normal and donor fibers merged
into the medial and lateral optic tracts. They then en-
tered the tectal plate to form exclusive, interdigitating
zones of eye-specific terminals. Banding occurred regard-
less of the initial laterality or final position of the super-
numerary eye and regardless of its axon’s growth path-
way. In Figure 2, panels C and D are photomicrographs
of consecutive frozen sections from a frog whose super-
numerary eye was injected with [°’H]proline and whose
normal optic nerve was labeled with HRP. These trans-
verse sections clearly illustrate the complementary na-
ture of the two projections within the tectal neuropil.
Examination of all HRP- and [*H]proline-labeled tecta
revealed that, whenever the terminals from one eye were
banded, the terminals from the other eye also were
banded in the alternate section. Moreover, when pial
pigment, a piece of membrane, or nicks in the tissue
marked corresponding areas of adjacent sections, HRP-
labeled neuropil regions in one section filled unlabeled
bands in its autoradiographically processed neighbor.

The 2 animals processed for ['*C]- and [*H]proline
autoradiography produced results that were also con-
sistent with interdigitation of the normal and supernu-
merary projections. In these preparations, bands were
obvious on the x-ray film shadow of the doubly inner-
vated tectal lobe. The densely exposed regions repre-
sented higher energy emissions produced by ["“C]proline
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in terminals of the host’s superinnervating eye. By con-
trast, when these sections were coated subsequently with
NTB emulsion, the regions of neuropil that had produced
bands on x-ray film appeared to be labeled continuously.
The close apposition of emulsion and tissue with liquid
emulsion autoradiography allows detection of the lower
energy emissions from the *H-labeled supernumerary eye
in addition to the '*C-labeled terminals. Thus, both sets
of stripes were detected simultaneously and they com-
pletely filled the superinnervated neuropil.

HRP histochemistry allowed distinctions to be made
between axons and the granular reaction product char-
acteristic of optic nerve terminals (Scalia and Colman,
1974; Colman et al., 1976). Figure 3A shows a tangential
section through the posterior tectum of a postmeta-
morphic three-eyed frog in which the normal optic nerve
was labeled with HRP. Under higher magnification (Fig.
3B), black, filled axons within the interband region can
be distinguished from the granular synaptic zones within
bands. Analysis of such HRP-filled projections revealed
that the granular label was confined largely to band
regions. Labeled retinal ganglion cell axons ran in the
same general direction as the stripes but could be found
to intersect these terminal bands at a wide range of
angles that varied across the tectal surface.

Stereotypy in the banding pattern. The regularity of
eye-specific zones is obvious in the photographic recon-
struction shown in Figure 4. The figure was made by
aligning bands in selected photomicrographs through an
entire horizontally sectioned right tectum. This animal
was 2 weeks past metamorphosis and had had its third
eye labeled with [?’H]proline. The reconstruction illus-
trates consistency in the width of each termination band
and the tendency for bands to run as stripes with rela-
tively few fusions and forks. However, it is impossible,
with this procedure, to obtain a clear idea of the orienta-
tion of the striped pattern because the curved tectal
neuropil must be split in order to represent it in two
dimensions.

Therefore, a second tectal flattening technique was
developed to reconstruct the banding pattern within
these doubly innervated lobes. It was applied to the
striped tecta of 7 animals of which three typical examples
are shown in Figures 5 and 6. This procedure represents
the tectal surface as a measured line from transverse
sections (see “Materials and Methods”). Although, it
neglects tectal curvature and distorts the dimensions of
band and interband, it has the advantage of assuring
consistent orientation relative to defined tectal land-
marks. Consequently, relatively detailed comparison of
the banding pattern can be made across different tecta
and between different animals.

In Figure 5, panels A and B compare normal eye
termination bands (Fig. 54) to supernumerary eye ter-
mination bands (Fig. 5B) in 2 postmetamorphic frogs.
The tectal surfaces of these animals show quite similar
patterns of rostrocaudally extending stripes.

In the majority of three-eyed frogs, the supernumerary
optic tracts split in the diencephalon to send some axons
to both tectal lobes. In most cases, this split was decidedly
asymmetrical so that one tectum appeared completely
banded despite the occurrence of one or two supernu-
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Figure 3. Tangential sections of the banding pattern labeled with the
anterograde transport of HRP. A, A low power photomicrograph of a
transverse, 30-um section through the posterior tip of the tectal neuropil in
a postmetamorphic animal whose doubly innervating right optic nerve had

been filled with HRP. Scale bar

= 200 pum. B, A high magnification

photomicrograph through the same animal’s neuropil. The granular HRP
label characteristic of optic terminal areas is confined largely to the bands.
Completely filled axons are present in interband regions. The axons can
intersect banded areas at a variety of angles. Scale bar = 100 pm,

merary eye bands in the opposite optic lobe.” In the 10
preparations where significant numbers of supernumer-
ary axons innervated both optic tecta, serial section
analysis revealed a complementary pattern of innerva-
tion. Generally, a small “hole” in the banding pattern of

*This ability of one projection to completely band in one tectum
and yet produce additional bands in the second lobe probably reflects
a phenomenon noted previously in single tectum frogs (Law and Con-
stantine-Paton, 1980). Above a certain critical density of optic fibers, a
superinnervating projection will form bands even though the density of
innervation within a band can vary dramatically (Law and Constantine-
Paton, 1980).

one lobe appeared to be matched within several sections
by a few symmetrically placed bands in the opposite lobe.

The flattened right and left tectal lobes froma T & K
St XII tadpole appear in Figure 6 and demonstrate this
effect. In this animal, the supernumerary optic fibers
entered near the normal chiasm and divided so that
roughly half of the axons innervated the ipsilateral (left)
lobe, while the remainder innervated the contralateral
(right) optic tectum. The patterns in each lobe are highly
complementary. Central tectum which is not banded in
the left lobe is banded on the right. The reciprocal nature
of these split banding patterns would be expected if fibers
from transplanted eyes terminate selectively in tectal
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Figure 4. Photographic reconstruction of the stripes in the right tectal lobe of a post-

metamorphic frog whose supernumerary eye had been injected with ["H]proline. Dark-field
photomicrographs were taken of selected 10-um, horizontal sections through this tectum. The
dorsal surface of the tectal lobe appears in the fop reconstruction with the medial optic tract
indicated. The axes (R, rostral; C, caudal; L, lateral; M, medial) refer to the orientation of the
central, most dorsal section. Subsequent sections are aligned according to the banding pattern
only and are rotated relative to their actual orientation in the animal. The ventral surface is
similarly reconstructed below with the lateral optic tract marked. The axes refer to the most
ventral section. In order to flatten the curved tectal surface, it was necessary to split some of

the photomicrographs.

areas determined by the region of the retina from which
they arise.

Volumetric effects of superinnervation. It was gener-
ally possible to assess the degree of double innervation of
the tecta upon surgical exposure of the midbrain in three-
eyed animals. Tecta, subsequently proven to be striped,
appeared larger than their contralateral counterpart
upon visual inspection. Quantitative measurements con-

firmed this impression. In 4 out of the 5 animals shown
in Tables I and II, one tectal lobe was banded completely
and the other lobe showed little or no evidence of super-
numerary innervation. Comparisons within these 4 ani-
mals are shown in the top part of Table I. Volume
increases were apparent in both entire tectal lobe and
superficial neuropil measurements. This increase, how-
ever, was not due primarily to the presence of more
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Figure 5. Comparison of stripes from a normal and a supernumerary eye. Surface reconstruc-

tions of doubly innervated tectal lobes from 2

three-eyed frogs using the methods outlined in

Figure 1. A, Banding pattern observed in the left tectal lobe of a 2- to 3-month postmetamorphic
frog (No. 122) whose normal, right eye had been injected with [’H]proline. B, Banding pattern
within the left tectal lobe of a 4-month postmetamorphic frog (No. 357) whose third eye had
been labeled autoradiographically. In both animals, the pattern of stripes extends in a rostrocau-
dal direction with few forks or fusions. MTN, Middle of the tectal neuropil.

retinal fibers within the superficial neuropil since total
neuropil enlargements never exceeded 11%, while overall
tectal increases averaged 27%. Thus, hyperplasia of the
deeper cell and fiber laminae must be occurring in these
doubly innervated optic lobes.

The upper part of Table II contains comparisons of the
amount of neuropil innervated by the normal versus the
supernumerary eye for the same 4 animals. The table
reveals that both eyes obtained approximately the same
amount of synaptic space. Volumes of banded neuropil
equaled volumes of interband neuropil regardless of
whether the transplanted or normal eye was labeled and
regardless of the age of the animal (see tadpoles 125 and
142). Table II also shows that the total volume of neuropil
innervated by any of the competing retinas was always
considerably less than the volume of neuropil in which
the noncompeting retina terminated. The percentage of

reduction in the doubly innervated lobes are summarized
in the last column of Table II. Each competing retina
suffers an approximate 50% reduction in its tectal neu-
ropil volume.

The third eye of animal 398 grew to both the right and
left tectal lobes in a complementary fashion (see Fig. 6).
Entire tectal lobe and neuropil measurement (Table I)
revealed that both lobes were approximately equal in
size. The total labeled neuropil (see Table II) in this split
projection is approximately 0.07 mm® (0.03 mm?® in the
left lobe plus 0.04 mm” in the right lobe). This is equal to
the total unlabeled neuropil occupied by each of the
host’s “normal” eyes (0.07 mm? in the left lobe and 0.06
mm’ in the right). Thus, for all animals studied quanti-
tatively, competing eyes appear to be balanced closely in
ability to obtain tectal synaptic space.

Constancy of bandwidth. The MOP III was used to
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Figure 6. Banding patterns in a bilateral supernumerary eye projection. Flattened representations of both
tectal lobes in a T & K St XII tadpole (No. 398) whose supernumerary eye was labeled with [*"H]proline. In
this animal, the supernumerary optic nerve split at the chiasm to send a large number of axons to both sides
of the brain. Both tectal lobes are innervated in a mirror symmetrical, complementary fashion, indicating
that fibers from the third eye limit their terminations to specific tectal areas. MTN, Middle of the tectal

neuropil.

TABLE 1
Tectal volume increases with hyperinnervation
Volumes of superficial neuropil (layers 7 to 9) and entire tectum (layers 1 to 9) were determined. The volumes obtained for the doubly
innervated lobe are compared to those of the normal lobe in the same animal.

Volume of Doubly In- Volume of Normal

Animal Age nervated Lobe Lobe % Hyperplasia”
mm’®
Superficial 0.41 0.37 11
neuropil
< 914
122 2% months Entire 1.09 0.73 49
tectum
Superficial 0.41 0.37 11
neuropil
307 4 months Entire 1.08 0.85 27
tectum
Superficial 0.14 0.13° 8
neuropil
125 T&KStIX Entire 0.46 0.38° 21
tectum
Superficial 0.09 0.09" 0’
. neuropil
142 T & K St X1 Entire 0.38 0.35" 9’
tectum
Animal with bilateral supernumerary innervation
Superficial Left 0.10 n.a.‘
neuropil lobe na
Right 0.10 n.a. ’
lobe
398 T&K St XII Entire Left 0.42 n.a.
tectum lobe na
Right 0.48 n.a.
lobe

“ % hyperplasia = volume of banded tectum — volume of normal tectum/volume of normal tectum. Entire tectal lobe volume increases were
consistently larger (average percentage of hyperplasia, 27%) than superficial neuropil (average, 7.5%).
» These lobes received a small supernumerary eye projection appearing in only a few sections which represented only a fraction of this

predominantly normal tectum.
“n.a., not applicable.

confirm our qualitative observations that bandwidth and
periodicity are relatively constant. In Figure 7, panels A
through D represent histograms of band- and interband-
width measurements taken from every section of 5 ani-

mals. The skewed nature of these distributions arises
because the long axes of the bands were not always
perpendicular to the plane of sectioning and because
sections taken through the points of band fusion also
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TABLE 11
Tectal neuropil volumes of competing and normal retinal projections
Both the supernumerary and normal projections sequestered equal neuropil volumes (banded neuropil volumes versus interband neuropil
volumes) irrespective of the eye labeled (animal 122 versus animal 357) and regardless of age (animals 125, 398, and 142). The volume of neuropil
innervated by either competing retina was approximately half that obtained by a normal, noncompeting eye of the same animal.

Banded Neuro- lnt(’.rhan‘d Nurmﬂl. Noncom- % Reduction"_
Animal Age Eye Labeled i Neuropil peting Eye Neuro-  due to Competi-
k- Vluemes Volumes il Volumes tion
p
- mm?®
122 2% months Normal 0.2 0.21 0.37 46
357 4 months Third 0.18 0.21 0.37 51
125 T & K St IX Third 0.07 0.07 0.17" 59
142 T & K St XIII Third 0.04 0.05 0.09 56
Animal with bilateral supernumerary innervation
398 T & K St XII Third Left 0.03 0.07
lobe
Right 0.04 0.06 n.a.” n.a.
lobe

“ % reduction = volume of normal neuropil — volume of banded neuropil/volume of normal neuropil.
" These lobes received a small supernumerary eye projection appearing in only a few sections which represented only a fraction of this

predominantly normal tectum.
“n.a., not applicable.

tend to enlarge the measurements. Furthermore, since
most measurements are likely to deviate slightly from a
line representing the shortest axis of the bands, the actual
stripe width will lie below the mode of the measured
bandwidth distribution. As can be seen in Figure 7, the
modes of all histograms ranged between 90 and 150 pm
independently of whether the labeled zones arose from
supernumerary or normal eye fibers and irrespective of
animal age. When compensated for an approximate 45%
shrinkage during histological processing, these data sug-
gest that the width of each band is approximately 150 to
200 pm in fresh tissue.

Two additional tendencies should be noted in Figure
7. First, the histograms of postmetamorphic frogs (Fig. 7,
A and B) are consistently broader than those of tadpoles
(Fig. 7, C and D), indicating an increased variability of
bandwidth measurements with age. This may reflect
subtle distortions in the tectal neuropil produced by late
differentiating elements, such as glia or tectal dendritic
branches (Currie, 1974; Currie and Cowan, 1974, 1975).
Secondly, interbandwidth histograms are broader than
bandwidth histograms regardless of which eye was la-
beled or the age of the animal. We believe this reflects
variability in the amount of overlap between terminal
zones of the labeled and unlabeled eye.

Electrophysiological demonstration of segregation.
Electrode penetrations perpendicular to the surface of
doubly innervated tectal lobes recorded relatively normal
responses from both the normal and supernumerary eye
axon terminals. The radial distribution of on, on-off, and
off responses was characteristic of singly innervated tecta
and visual field sizes were not significantly different from
those of normal frogs (Maturana et al., 1960). Due to the
difficulty of distinguishing tectal cell activity within the
neuropil from the more prevalent presynaptic activity,
we cannot determine at this time whether binocularly
driven tectal neurons exist within these dually innervated
tecta.

Input segregation was never as pronounced electro-
physiologically as it was anatomically (Law and Constan-
tine-Paton, 1980). At most recording sites within the
presynaptic neuropil, some activity could be driven by
both the supernumerary and the normal eye. Neverthe-
less, in the dually innervated tecta, eye-specific terminal
zones were discernible as a predominance of one eye’s
responses relative to those elicited through the second
retina. Figure 8B illustrates this effect for a position in
which the third eye’s response was more pronounced
than that evoked through the normal superinnervating
eve. As an electrode penetrated perpendicular to the
tectal surface, the same retina always produced larger
and more numerous action potentials at all depths within
the neuropil. Shifts in eye dominance were observed only
if the recording position was displaced laterally along the
tectal surface. In any given preparation, the number of
penetrations showing dominance of the normal eye was
roughly balanced by a nearly equal number of penetra-
tions in which the third eye predominated.

All 10 of the animals used in eye dominance tests had
their third eyes injected with [*H]proline and subse-
quently were processed for anatomical verification of
banding. Furthermore, in 2 animals, electrolytic lesions
(5 to 10 uA for 9 sec) were placed at several sites where
either the normal or the supernumerary eye clearly had
been most effective in driving activity. Subsequent au-
toradiography and cresyl violet staining of these brains
provided direct correlations between eye dominance and
eye-specific bands. Figure 84 shows one of these lesions
in a supernumerary eye band where the dominance of
the third eye had been electrophysiologically defined.

The preservation of retinotopy. Visuotectal maps were
obtained from the doubly innervated tecta of 12 animals.
In every case, mapping revealed projections that were
ordered internally and aligned relative to the initial em-
bryonic orientation of both retinas. That is, ventral re-
gions of each retina projected to medial tectal loci, dorsal
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Figure 7. Band- and interbandwidth distributions. Measurements of band and interband lengths from camera lucida tracings
of every 10-um section. Bin width is 8 pm, reflecting the accuracy of our measuring procedure. A and B compare the width
distributions of 2 postmetamorphic frogs whose normal eye (A, animal 122) versus third eye (B, animal 357) had been labeled
autoradiographically. In both cases, the most frequent band- and interbandwidths obtained were between 100 and 150 ym. C and
D are histograms from the supernumerary projections of T & K St. XII tadpele 398 (C) and T & K St. XIII tadpole 142 (D).
These histograms peak in the same range as those from the postmetamorphic animals, although the distributions appear to widen
with age. Regardless of age, interbandwidths were consistently more variable than the widths of labeled regions. This may reflect
differing amounts of overlap of the termination zones from the two eyes. The large number of very wide interband values observed
in C is due to the fact that the supernumerary projection split to innervate both lobes in this animal. Width measurements were
made for both lobes and combined. Thus, large uninnervated areas are expected here.

retinal regions projected to more lateral tectum, nasal
retinal regions were represented in caudal tectum, and
temporal retinal regions innervated rostral tectum (Gaze,
1958). These maps were complicated, however, by the
abnormal orientation and position of the supernumerary
eyes and also by a number of small, localized disruptions
of retinal topography.

Figures 9, 10, and 11 contain the visuotectal maps from
3 postmetamorphlc frogs in which [°H]proline autora-
diography subsequently demonstrated eye-specific
stripes. The animals depicted vary in the alighment and
in the final position of the doubly innervating retinas.
The dorsal tectal surface is represented in the lower left
corner of each figure, with numbers indicating individual

electrode penetration sites. Visual field positions from
which activity could be driven are numbered correspond-
ingly in the polar coordinate plots of the visual world. In
all of these figures, arrows mark the sequence of num-
bered sites along the rostrocaudal and lateromedial axes
within the tectum and, correspondingly, along the nasal-
temporal and inferior-superior axes within the visual
world. For example, in the normal eye map of Figure 9,
solid arrows connect progressively more caudal sites
within the tectum and, within the visual world, a corre-
sponding sequence of visual receptive fields starts at the
animal’s nose and moves peripherally.

In the preparation shown in Figure 9, all supernumer-
ary eye visual receptive fields fall within the inferior
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Figure 8. Electrophysiological manifestation of eye-specific termination bands. A and B are light- and dark-field photomicro-
graphs of the same transverse section through the site of a small electrolytic lesion. Eye dominance tests performed prior to
lesioning determined the third eye to be dominant at this site. Subsequent autoradiography shows the lesion (L) to be located
within an area innervated primarily by axons from the supernumerary eye. (B marks a blood vessel.) C, Grass camera tracings of
eye dominance in another animal showing the response from normal eye and third eye fibers at a single tectal site. In this
preparation, we used changes in illumination of a 3° light spot (on, off) located at the center of each eye’s receptive field. Only a
small, off response was obtained through the normal eye. A much stronger on and off response was elicited through the third eye.

In both cases, the first three responses to the light spot are shown.
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Figure 9. Visuotectal map from a 7-month postmetamorphic
three-eyed animal (No. 259). Responses were recorded at each
of the 17 numbered tectal recording sites (see dorsal view of
tectal lobes in the lower left corner) when a 3° light spot was
turned on or off within the similarly numbered visual fields
drawn above on a polar coordinate representation of the perim-
eter hemisphere. Black corneal occluders assured that only one
eye was stimulated at a time. The inset on the lower right of
the figure illustrates the orientation of the animal’s eyes relative
to the center of the perimeter hemisphere. Solid arrows in the
visual field maps connect points corresponding to successively
more caudal tectal positions. Open arrows connect points cor-
responding to successively more medial tectal positions. Notice
that these arrows are roughly orthogonal to each other in both
the normal and supernumerary eye map. Visual fields from the
normal right eye are contained entirely within the superior
visual world, while those of the supernumerary eye (trans) are
located in the inferior left visual world. This animal’s trans-
planted eye had been inverted 180° upon implantation on the
left side of the host’s head, an orientation that is entirely
consistent with the ventral position of the visual fields and the
ventral orientation of the open visual field arrows. The ori-
entation of the solid arrows in the transplanted eye’s visual
field map suggest that this retina was positioned originally on
the right side of the donor.

portion of the visual world. Nevertheless, the progression
of receptive field positions remains orderly and the solid
and open arrows are roughly orthogonal. The map is, in
fact, mirror symmetrical and inverted relative to the
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normal eye’s map. Its inverted orientation is consistent
with the subsequently determined orientation of the
transplanted retina. Inspection of the position of the
ventral choroid blood vessel indicated that the graft was
rotated 180° relative to its initial dorsoventral alignment
in the donor animal (Sharma and Hollyfield, 1974). The
rotation of the map relative to the anterior-posterior axis
corresponds to that of a right donor eye.*

Figure 10 contains the visuotectal maps obtained for
all three eyes of animal 325. These maps illustrate the
same constancy in the retinotectal projections indepen-
dent of the actual orientation of the retinas relative to
the visual world. In this preparation, the supernumerary
eye was taken from the right side of a donor and im-
planted on the right side of the host’s head. Inspection of
the ventral choroid blood vessel revealed that this third
retina was rotated approximately 45° off of its original
dorsoventral alignment. The visuotectal map from this
eye shows a corresponding 45° rotation. Its internal order
is roughly normal despite local disruptions in the pro-
gression of some of the supernumerary eye receptive
fields.

The supernumerary “right” eye map in Figure 11 illus-
trates one of the most extreme cases of internally dis-
torted maps. In this preparation, like those illustrated in
Figures 9 and 10, the visuotectal projection from the
third eye had roughly orthogonal axes and its overall
orientation was consistent with the orientation of the
implanted retina. Nevertheless, several supernumerary
eye receptive fields are grossly misplaced.

Magnification factor. Calculations of the number of
micrometers of anterior tectal surface devoted to each
degree of the visual world (magnification factor) were
performed for animals 357 and 325 (Figs. 10 and 11) as
well as for 2 normal postmetamorphic frogs of the same
age and size. Comparative visual receptive field areas
first were converted from polar to cartesian coordinates
for each of these maps and the centers of each field then
were determined using the MOP III. Distances between
these centers were measured and the magnification fac-
tors were calculated. Table III shows that the supernu-
merary and doubly innervating normal eye’s mean mag-
nification factors were not significantly different from
the average magnification factor for the noncompeting
retina within the same animals. Furthermore, the retinas
forced to share a single tectal lobe gave average magni-
fication factors not significantly different from those
obtained from completely normal, two-eyed frogs.

Discussion

Innervation of the frog optic tectum by a normal and
supernumerary eye invariably produces a periodic pat-
tern of eye-specific termination zones (Constantine-Pa-

*The original laterality of this supernumerary eye is uncertain,
making a definite statement about the original anterior-posterior retinal
axis impossible. However, given that we have nine other cases in which
the original anterior-posterior retinal axis is known to map normally
onto the tectum, we felt that it was important to present the data for
animal 259 in Figure 9 because of its dramatic demonstration that
dorsoventral retinal axis inversion results in a corresponding inversion
of the supernumerary eye map.
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TRANSPLANTED EYE

Superior Field

left right

Figure 10. Visuotectal maps from all three eyes of a 1- to 2-month postmetamorphic frog (No. 325) whose supernumerary eye
originally had been the donor’s right eye. The third eye was located on the right side of this animal’s head but was rotated
approximately 45° during implantation. All conventions are the same as in Figure 9. The visuotectal map of the transplanted eye
is shown in the upper right, on a separate set of coordinates, because superimposing it on the normal eye fields rendered the
figure unintelligible. As in Figure 9, this supernumerary eye map shows a rotation that is consistent with the approximately 45°
rotation of the initially right transplanted retina. Note a few local distortions in some of the third eye’s visual field positions.
Fields 8 and 14 appear somewhat displaced and are located nearly in register with field 8 and 14 from the right, co-innervating

normal eye.

ton and Law, 1978; Law and Constantine-Paton, 1980).
The anatomical analyses in this report extend these
initial observations and demonstrate that each eye syn-
apses within mutually exclusive, 150- to 200-um-wide,
elongated slabs of neuropil. The present physiological
results indicate that this interdigitating pattern of stripes
is superimposed upon two retinotopic maps whose align-
ment is consistent with the initial embryonic orientation
of each eye.

Several different types of interactions between retinal
terminals and tectal cells are probably active in these
dually innervated tecta and we shall summarize our
evidence for each in the sections that follow.

Competition in dually innervated tecta. Competition
among afferents for postsynaptic space and among post-
synaptic targets for presynaptic inputs often has been
implicated in neural development. It is believed to be
involved in the terminal sorting processes that occur
during the later stages of differentiation in many regions
of the nervous system (Prestige and Willshaw, 1975;
LeVay and Stryker, 1979; LeVay et al.,, 1980; Pilar et al.,
1980) and it appears to be a critical determinant of both
pre- and postsynaptic neuronal survival (for reviews, see
Prestige, 1970; Cowan, 1973).

The present morphometric analyses indicate that com-
petition is occurring in the tecta of three-eyed frogs.

Doubly innervated optic lobes showed a moderate hy-
perplasia (~30%) that was restricted largely to the deeper
cellular layers. This suggests that the developmental
excess of retinal afferents does have an inductive effect
in increasing either postsynaptic cell numbers or vol-
umes. However, when only retinotectal neuropil volumes
were compared, each competing projection was confined
to roughly 50% of the space occupied by the noncompet-
ing retina of the same animal. Two quite different cellular
responses could be involved in this reduction. Increased
competition between retinal ganglion cells may have
augmented the amount of cell death which normally
occurs within the Rana pipiens retina (R. Cigarroa and
M. Constantine-Paton, submitted for publication) or the
normal number of optic terminals simply may have com-
pressed within the superinnervated tectal lobe. The re-
lationship between compression of a terminal field and
cell survival has never been examined carefully in the
anuran retinotectal system. Measurements in Xenopus
laevis reveal that 70% of the tectal dendritic surface is
normally free of presynaptic terminals (Norden and Free-
man, 1979). If the same is true of Rana pipiens, postsyn-
aptic space may be available for hyperinnervation with-
out pronounced presynaptic cell death or major volu-
metric changes in the dendrites of postsynaptic neurons.

Regardless of the cellular changes accompanying tectal



The Journal of Neuroscience

NORMAL EYES

superior field

56 78
9101l 12
1314 15 16

19 20 21 22
2324 25 26 27,

Banding in Frog Tecta

755

TRANSPLANTED EYES
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Figure 11. Visuotectal maps from the three eyes of a 4-month postmetamorphic three-eyed frog (No. 357). All conventions are
the same as in Figure 10 except that the animal was tilted approximately 30° below the horizontal axis of the perimeter’s
hemisphere. Thus, the asterisk in each of the visuotectal maps indicates the location of the animal’s nose and, thereby, its
anterior-posterior alignment. The third eye of this frog had originally been the donor’s right eye. It was implanted on the left side
of the host’s head pointing upward. The maps from both normal eyes appeared to be quite orderly, although rotated somewhat
clockwise due to the animal’s centering position within the perimeter. Some order can be discerned also in the transplanted eye
map. This is, however, one of the most distorted supernumerary eye maps obtained. Although the general direction of the arrows
is correct for the position and original laterality of the third eye, many distortions are evident. A few misplaced fields also can be
seen in the map from the superinnervating right eye of the host (see, for example, field 16).

TABLE III
Magnification factor (micrometers of tectal surface/degree of visual
world) in normal and superinnervating retinal projections

The number of micrometers of tectal surface over which 1° of visual
world was represented (MF) was determined for analogous anterior
regions of tecta. MF values are similar in the noncompeting eye’s
projections and in the projections from the two superinnervating reti-
nas. Furthermore, the MF values obtained within the doubly innervated
tecta were not significantly different from values obtained in normal
animals.

Projections MF

Three-eyed animal 325

Noncompeting left eye 8.2+ 5.7

Competing right eye 79+54

Supernumerary eye 6.0 = 3.5
Three-eyed animal 357

Noncompeting left eye 89 %35

Competing right eye 84+ 44

Supernumerary eye 95+ 8.2
Normal animals

1 8.6 + 3.8

11 9.6 + 5.4

innervation in three-eyed frogs, reductions in the vol-
umes of superinnervating projections should be reflected
in measurements of magnification factor (micrometers
per degree) because the entire visual field must be rep-
resented in a smaller tectal area. The ability to detect
changes in the magnification factor depends critically,
however, on the precision of the physiological recording
techniques. It is essential that each eye be centered along
its axis so that identical parts of each retina can be
compared systematically. Moreover, in order to assess
the magnification factor, closely spaced electrode pene-
trations would have to be made. It is not surprising,
therefore, that our calculations from visuotectal mapping
data failed to show any change, but the result is not
definitive without such specifically designed experiments.
Lesions and subsequent reconstruction of the tectal sur-
face following the recording session would have to be
performed in order to know if successive electrode pen-
etration sites were along, within, or across the bands. If
compression occurs only along the axis which is perpen-
dicular to eye-specific stripes, then magnification factor
calculations will be influenced by the orientation of the
electrode penetration series relative to the orientation of
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the bands. Subsequent experiments should resolve these
ambiguities.

Parameters that might cause banding. The input seg-
regation pattern produced within three-eyed Rana pi-
piens is remarkably stereotyped. In young, binocular
frogs, an identical pattern of stripes can be induced
between right and left eye terminals following the abla-
tion of one tectal lobe (Law and Constantine-Paton,
1980). Similar eye-specific bands or patches have been
reported when two retinas are forced to share one tectum
in goldfish, salamanders, and other anurans (Levine and
Jacobson, 1975; Meyer, 1979a; Straznicky et al., 1980, W.
Harris, personal communication). The consistent produc-
tion of such segregation suggests that the cellular forces
inducing them are a normal part of retinotectal synapse
formation.

The current results indicate that the neuronal inter-
actions which sort axons into eye-specific bands are not
affected by eye laterality, the length of each optic tract,
or the orientation of the eye on the host animal’s head.
It also appears unlikely that these segregated synaptic
zones reflect bundling of axons within the optic tracts
since no evidence of such patterned segregation was
observed in the tracts of three-eyed frogs when both eyes
were labeled differentially and the brains were sectioned
and examined in transverse, sagittal, and horizontal
planes.

Instead, we suggest that the production of eye-specific
banding can be explained as a necessary correlate of two
forces that normally occur during synaptogenesis within
the tectal neuropil. These forces are: (1) graded affinities
between particular retinal and tectal regions and (2)
interactions between the afferents which preserve retinal
neighborhood relationships during termination. Accord-
ing to this model, the consistent alignment of the reti-
notectal map is produced by the spatial arrangement of
molecules that mediate graded affinities between optic
fibers and tectal cells. Point to ppint order of the projec-
tion within each general tectal area is created subse-
quently by local interactions between optic fibers. The
rule is to stabilize synapses from axons whose somata are
physical neighbors within the retina at the expense of
synapses from nonadjacent cells.

LeVay et al. (1975) have suggested that the ocular
dominance columns of cat and primate visual cortex
could arise as a result of conflict between two topographic
mapping mechanisms that are essentially identical to
those outlined above. We think that experimentally pro-
duced striped tecta constitute strong support for their
proposal. Our reasoning is as follows. If fiber-fiber sorting
(without retinotectal matching) was responsible for de-
velopment of the visual map, then, when two retinas
innervate one tectum, they should divide the neuropil
into only two eye-specific regions. Each zone would be
the exclusive, retinotopically organized territory of one
eye. On the other hand, if only retinal to tectal matching
occurred (without fiber-fiber sorting), each retina should
terminate without reference to the other retina and in a
continuous manner. Consequently, the two projections
should overlap. However, if both forces occur simulta-
neously, retinotectal matching will act to align the pro-
jection and spread both sets of optic fibers over the entire
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tectal surface, while fiber-fiber sorting will dictate that
axons from each retina terminate together. Thus, in
doubly innervated tectal lobes, the interdigitating eye-
specific bands represent a compromise. Cells from each
ganglion cell population compete equally to maximize
their contacts in particular tectal regions and preserve
retinotopy. The banding allows them simultaneously to
minimize the frequency of contacts with the “non-neigh-
boring” optic terminals of the other eye. Such a model is
attractive because it requires little pre-programed infor-
mation. Retinal and tectal positional cues could be quite
general, perhaps in the form of shallow gradients merely
serving to assure that correct retinal and tectal quadrants
are in contact.

Mapping models in the retinotectal system. Consid-
erable debate in the retinotectal literature concerns the
nature or presence of tectal positional markers. Although
recent experiments support the independent existence of
positional or polarity information within the optic tectum
(Straznicky et al., 1979; Constantine-Paton and Ferrari-
Eastman, 1979, 1981; O’Leary and Cowan, 1980), little
biochemical evidence for such markers is available (Bar-
bera, 1975; see Gottlieb and Glaser, 1980 for review).
Consequently, some recent models have suggested that
retinotopic order is based solely on interactions between
optic fibers (Chung and Cooke, 1978; Horder and Martin,
1978). These are obviously demonstrable in experiments
where projections expand (Schmidt, 1978), compress
(Sharma, 1972; Yoon, 1972; Udin, 1977), or form inter-
nally ordered maps without apparent reference to the
particular tectal tissue which they innervate (Jacobson
and Levine, 1975; Chung and Cooke, 1978; Bunt et al,,
1979; Meyer, 1980b).

Models based only on fiber-fiber sorting also have been
fostered by studies that reveal a high degree of retinotopy
within the optic nerve and tract (Bunt and Horder, 1978;
Levinthal and Bodick, 1979; Scholes, 1979; Rusoff and
Easter, 1980). Thus, some investigators suggest that
fasciculation of retinal fibers could maintain relative
order during growth and then reproduce it within the
target structure (Cooke and Horder, 1977; Chung and
Cooke, 1978; Horder and Martin, 1978; Bodick and Lev-
inthal, 1980; Rager and von Oeynhausen, 1979).

The present results are not consistent with ideas that
place all mapping information within the afferent fiber
projections. It would be necessary to postulate sorting
into stereotyped eye-specific fascicles within the optic
tract of three-eyed frogs in order to produce retinotopic
order and bands within one tectum simultaneously. We
have no evidence for such ordering. Overlap of the two
superinnervating projections was always observed in the
medial and lateral optic tracts and the fasciculation that
was observed occasionally in the diencephalon never
corresponded to tectal bands.

Irrespective of the organizing role played by the tec-
tum, the majority of mapping models, as well as our
present results, require some mechanism whereby axons
from physically neighboring retinal ganglion cells recog-
nize one another during termination. von der Malsburg
and Willshaw (1977) have suggested that local interac-
tions which could result in retinotopy might be based on
a limited number of chemical markers distributed ran-
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domly within the eye and transported down retinal gan-
glion cell axons. Using these markers, axonal interactions
mediated through tectal cells could stabilize synapses
carrying similar labels (Willshaw and von der Malsburg,
1979). This system would maintain the neighborhood
relationship of the retinal axons and also can produce
bands (von der Malsburg, 1979).

It may not be necessary, however, to postulate chem-
ical retinal markers in order to produce retinal locale-
specific recognition. Synchronized patterns of electrical
activity could substitute for different chemical moieties
and identify neighboring retinal ganglion cells (von der
Malsburg and Willshaw, 1976; Willshaw and von der
Malsburg, 1976).

Synaptic stabilization as a result of synchronized activ-
ity patterns has many precedents in the literature (Hebb,
1949; Marr, 1969; von der Malsburg, 1973; Stent, 1973;
Changeux and Danchin, 1976). Within the visual system,
considerable experimental evidence indicates that syn-
chrony of activity can affect the final termination pattern
of striate cortical neurons (for examples, see Hubel and
Wiesel, 1965; Stryker et al., 1978; Singer et al.,, 1979), and
in Xenopus laevis, similarity in activity between direct
and indirect optic projections appears to be responsible
for the binocularity of tectal cells (Keating and Gaze,
1970; Keating, 1975). It is also possible that the local
distortions observed in some of the visuotectal maps of
three-eyed frogs (Fig. 10) could reflect the same type of
activity-dependent terminal stabilization.

Conclusions. Evidence from our three-eyed frog prep-
arations strongly supports the involvement of two com-
petitive synaptogenetic forces in the formation of eye-
specific stripes. Pre- and postsynaptic position-depen-
dent interactions would be capable of spreading and
aligning both projections, while fiber-fiber interactions
based on retinal neighborhood relations could create
internal order and cause segregation into bands. We
think that these same two mechanisms are responsible
for the alignment and the fine point-to-point precision of
the continuous retinal projection in unmanipulated frogs.
In fact, other investigators in the retinotectal system
recently have advanced a similar two-component model
to explain observations on singly innervated tectal lobes
(for example, see Fraser, 1980).

The more general significance of our results, however,
lies in the striking similarity between banded frog tecta
and the afferent segregation patterns present in the nor-
mal mammalian central nervous system. In many in-
stances, it is known that the segregated afferents of the
mammalian brain also are mapped stereotypically within
the postsynaptic structure. Our interpretation of frog
tectal stripes implies that the production of these similar,
normally occurring patterns need not involve mecha-
nisms that are devoted exclusively to source-specific seg-
regation. Instead, we suggest that, whenever distinct
presynaptic populations are similarly specified for a sin-
gle postsynaptic surface, highly elaborate input patterns
may occur which are related mechanistically to the for-
mation of topographic maps.
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