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Abstract 

The ipsilateral oculotectal projection in the frog is a topographic mapping of the binocular part of the visual 
field of one eye on the ipsilateral tectal lobe. The underlying neuronal circuitry consists of the topographic, 
crossed retinotectal projection and an intertectal pathway which relays information from a given point in one 
tectal lobe to the visually corresponding point in the other. During optic nerve regeneration, there is a period 
when the terminals of retinotectal afferents are found at abnormal locations in the opposite tectal lobe. Whether 
they form functional synapses at this time is not known. If  so, one would expect to observe correlated 
abnormalities in the ipsilateral oculotectal projection. To determine whether such abnormalities exist, we have 
made parallel electrophysiological studies of the recovery of the retinotectal and ipsilateral oculotectal 
projections following crush of one optic nerve. 

The earliest stage of recovery was characterized by a lack of significant topographic order in the retinotectal 
projection and by the absence of a physiologically observable ipsilateral projection. Within a short time, the 
retinotectal projection became topographically organized and a similarly organized ipsilateral projection 
appeared. While topographic, the retinotectal projection at intermediate times was abnormal in that the 
multiunit receptive fields recorded at individual tectal loci were greatly enlarged. Multiunit receptive fields 
were similarly enlarged in the ipsilateral projection. In addition, some ipsilateral fields included areas of visual 
space not normally represented in the projection. The abnormalities in both projections subsequently disap- 
peared over the same time course. Throughout recovery there was a high correlation between multiunit 
receptive field sizes in the contralateral tectal lobe and those at visually corresponding points in the ipsilateral 
tectal lobe. 

Enlarged multiunit receptive fields in the contralateral tectal lobe could not be accounted for in terms of 
optical or retinal abnormalities since single unit receptive field sizes were normal. Nor could they be accounted 
for in terms of changes in recording characteristics since simultaneously recorded fields activated by the 
undisturbed eye were normally sized. We conclude that the enlarged fields in the contralateral tectal lobe 
indicate the presence at individual tectal loci of afferents from wider than normal retinal regions. Similar 
considerations ruled out optical, retinal, and recording abnormalities as the explanation for the enlarged 
multiunit receptive fields in the ipsilateral tectal lobe. The enlarged ipsilateral multiunit receptive fields were 
recorded only at tectal loci normally involved in the ipsilateral projection and were locally abolished by local 
lesions in the opposite tectal lobe. These and other observations mentioned make it unlikely that the enlarged 
ipsilateral multiunit receptive fields result from abnormalities in the intertectal relay itself. Single unit receptive 
field sizes in the ipsilateral projection were enlarged, as would be expected if there was abnormally wide 
functional convergence onto elements of the intertectal relay. We conclude that during the recovery of the 
ipsilateral projection there are abnormalities of the kind expected if retinal terminals form functional synapses 
at abnormal locations in the contralateral tectal lobe. 

The recovery of the topographically ordered, crossed retino- scription of the recovery process (Humphrey and Beazley, 1982) 
tectal projection during optic nerve regeneration in the frog has differs somewhat from earlier ones (Gaze and Jacobson, 1963; 
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Gaze and Keating, 1970a), but there is general agreement that 
the normal distribution of ganglion cell terminals in the tectum 
is not directly re-established. Instead, the projection during 
early stages of regeneration is disordered and there is a pro- 
gressive recovery of normal topographic organization. Recently, 
Fujisawa et al. (1982) have provided anatomical evidence for 
abnormally distributed ganglion cell terminals during regener- 
ation in amphibians. However, there is little information which 
bears on the question of whether the abnormally located ter- 
minals actually form functional synapses. It thus remains pos- 
sible, despite the evidence for mislocated terminals, that gan- 
glion cells are, during regeneration, quite specific in their 
synaptic selectivity, as originally suggested by Sperry (see 
Sperry, 1963). Alternatively, it may be the case that optic nerve 
regeneration involves not only shifting of terminals but making 
and breaking of synapses as well. 

In addition to the direct retinal projection to the opposite 
tectal lobe, there is in the frog an indirect topographic projec- 
tion from each eye to the ipsilateral tectal lobe. This “ipsilateral 
oculo-tectal projection” (Grobstein and Comer, 1983), like the 
crossed retinotectal projection, is known to be re-established 
following interruption of the optic nerve (Gaze and Keating, 
1970b). The process by which this occurs has not been studied 
and is of interest in connection with the question of the degree 
of synaptic selectivity displayed by regenerating retinal gan- 
glion cell axons. The anatomical substrate of the ipsilateral 
projection consists of the direct, crossed retinotectal projection 
and an intertectal pathway through the nucleus isthmi which 
relays information from a given locus in one tectal lobe to the 
visually corresponding locus in the other (Grobstein and Comer, 
1983; see also references therein). Hence, if abnormally located 
retinal terminals form functional synapses in the contralateral 
tectal lobe, this might be expected to result in correlated 
abnormalities in the visual field represented at the correspond- 
ing point in the ipsilateral tectal lobe (see Fig. 1). To determine 
whether such correlated abnormalities exist, we have made 
parallel electrophysiological studies of recovery of both the 
direct retinotectal projection and the ipsilateral oculotectal 
projection following optic nerve interruption. A preliminary 
report of some of these results has appeared (Adamson and 
Grobstein, 1982). 

Materials and Methods 

Rana pip&s ranging from 2% to 4 inches in snout-to-vent length 
were obtained from commercial suppliers and were used in these 
experiments. All surgery and electrophysiological recording were car- 
ried out under anesthesia induced by injection of tricaine methanesulfo- 
nate (Sigma Chemical Co.) into the dorsal lympth sacs or leg muscles 
and maintained with supplemental injections as necessary. 

Experimental animals were subjected to unilateral optic nerve inter- 
ruption by crushing the nerve just distal to its exit from the skull. The 
nerve was exposed via an incision in the roof of the mouth and 
interrupted without destruction of the surrounding sheath by repeated 
crushing with a fine pair of forceps until a transparent zone appeared. 
Crushing rather than cutting was employed to try to reduce the inci- 
dence of misregeneration to the wrong tectal lobe (Gaze and Keating, 
1970a). While it is not possible to be certain with a crush that all axons 
were severed, our results, like those of others using the same procedure, 
indicate that substantial if not complete functional interruption is 
achieved with this method. Following surgery animals were maintained 
separately at room temperature. 

Projections from both eyes to both tectal lobes in experimental and 
in normal animals were mapped using standard electrophysiological 
techniques (Gaze and Jacobson, 1963; Grobstein et al., 1980) with some 
modifications. The frogs were centered in an Aimark projection perim- 
eter using body rather than retinal coordinates (Grobstein et al., 1980); 
a central visual field point thus corresponded to a point directly in 
front of or behind the frog rather than to a point on the optic axis of 
one eye. In most cases both front and back visual hemifields were 

mapped, necessitating centering of animals facing first into and then 
away from the perimeter. 

Low impedance tungsten microelectrodes were used to record activity 
in superficial tectal layers at an array of locations 200 pm apart and 
covering the dorsal surface of both tectal lobes. Recordings were made 
within 100 to 200 rrm of the tectal surface; activity at these levels 
typically consisted of multiple single units as well as an unresolved 
background, all displaying predominantly response characteristics of 
type 1 and 2 ganglion cells (Maturana et al., 1960; Keating and Gaze, 
1970). At each recording site the locations in visual space where stimuli 
evoked activity were determined. Stimuli consisted of small spots of 
light projected onto the perimeter in a darkened room. Spots of various 
sizes and intensities were both flashed and moved slowly in order to 
define not simply the location where the maximum response was 
obtained but rather the borders of a region in visual space within which 
stimuli produced an excitatory response. Such borders were not difficult 
to locate and were relatively independent of spot size and intensity so 
long as the problem of light scattering was taken into account. Borders 
were frequently checked by moving a dark spot in a lighted room 
without significant differences being observed. At each tectal location 
the existence and organization of input from each eye was studied 
independently by covering first one and then the other eye with an 
opaque occluder. The effectiveness of the occlusion was checked by 
verifying that stimuli failed to elicit responses when both eyes were 
covered. 

In several animals we studied receptive field sizes of single units by 
adjusting electrode position and filtering characteristics of an audio 
monitor until the discharge of one unit in the multiunit recording 
became clearly distinguishable from that of others. The single units, 
which have smaller receptive fields, were mapped not directly on the 
perimeter but rather on a tangent screen. Again, comparable boundaries 
were observed both with light spots projected on the screen in a 
darkened room and with dark spots moved against the white back- 
ground under room illumination. 

The dependence of activity evoked by the ipsilateral eye on the 
integrity of the contralateral tectal lobe was tested in several experi- 
mental frogs by using two microelectrodes located so as to record from 
visually corresponding points in the two tectal lobes. Visual correspond- 
ence was established by positioning the electrodes in such a way that 
the receptive fields for activity recorded on the two were the same when 
mapped through the normal eye. Once this was accomplished, the 
electrode in the tectal lobe contralateral to the experimental eye was 
switched from a recording circuit to a current passing circuit. A small 
electrolytic lesion was produced by passing 10 PA of electrode-negative 
current for 10 set, after which the presence or absence of elicited 
activity in the ipsilateral tectal lobe was tested. In a few cases, when 
residual activity was still present in the ipsilateral tectal lobe, an 
additional 10 set of current was passed. Subsequent to the lesion, 
recordings were made in the vicinity of the original electrode positions 
in both tectal lobes to characterize the extent of tectum affected. 

Results 

Contralateral and ipsilateral maps in normal animals 

Electrophysiological characterization of the projections from 
one eye to the contralateral and ipsilateral tectal lobes is 
normally based on recordings at an array of locations in super- 
ficial tectal layers and determination, at each, of the locations 
in visual space where stimuli elicit activity (see discussion in 
Hunt and Jacobson, 1974). At any given point, the evoked 
activity is normally from a number of units recorded simulta- 
neously. There is good reason to believe that recordings in the 
contralateral tectal lobe are largely from the terminal arbors of 
retinal afferents (Lettvin et al., 1959; Maturana et al., 1960; 
George and Marks, 1974). It seems likely that recordings in the 
ipsilateral tectal lobe are similarly from terminal arbors (Grub- 
erg and Lettvin, 1980), presumably those of crossed isthmotec- 
tal afferents, but the evidence in this case is less complete. The 
general practice in mapping projections has been to identify 
with each tectal locus a point in space, the point which is at 
the center of the region of space represented by the aggregate 
receptive fields of the simultaneously recorded single units. 
This practice has been followed in prior work on regeneration 
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Figure 1. Schematic illustrations of the organization of the crossed retinotectal and ipsilateral oculotectal projections. To the left side is shown 
the organization in a normal animal. To the right side is shown the organization during a hypothetical intermediate stage in the recovery of the 
projections from the left eye following optic nerve crush. In both cases, the organization is characterized in terms of five visual field locations on 
the horizontal plane, as diagrammed in the upper center of the figure. L, and R, are locations in the monocular fields of the left and right eyes, 
respectively, close to the edges of binocular field (indicated by short lines). Location 1 is at the left edge of the binocular field; locations 2 and 3 
are in the binocular field just to the left and right of the midsagittal plane. The mapping of these points onto the left and right retinae are 
illustrated in the upper parts of the two diagrams and are identical in the two cases. 

The crossed retinotectal projection from the left eye is represented by four retinal ganglion cells corresponding to the four visual field locations 
within the visual field of that eye. The axons of these cells terminate in an orderly rostrocaudal sequence in the right tectal lobe. A similar 
retinotectal projection from the right eye is indicated by numbers in parentheses in the left tectal lobe. Fibers from the left eye terminate in the 
same sequence in both normal and regenerating cases, yielding a similar global topographic order in the two. The terminals in the regenerating 
case, however, are larger and more overlapping so that the amount of visual field represented at a given tectal locus is larger than in the normal 
case. 

The ipsilateral oculotectal projection from the left eye consists of the crossed retinotectal projection and a topographic intertectal pathway 
through the nucleus isthmi. The intertectal pathway is represented by tectal cells which project to the nucleus isthmi (bored region) and nucleus 
isthmi cells which project to the opposite tectal lobe. For graphic clarity, the intertectal pathway is illustrated for only three of the four locations 
in the right tectal lobe and a similar intertectal pathway originating in the left tectal lobe has been omitted. Tectoisthmal fibers project in an 
orderly sequence, with more rostra1 fibers projecting more ventrally in the nucleus isthmi and more caudal fibers more dorsally. The crossed 
isthmotectal fibers related to binocular tectum also project in an orderly sequence but with an inversion relative to the afferent projection so 
that rostra1 tectum receives input from more dorsally in the nucleus and more caudal binocular tectum from more ventrally. Crossed isthmotectal 
fibers receiving input from a given locus in the binocular part of the right tectal lobe thus terminate in the binocular part of the left tectal lobe 
at the same locus as do retinal fibers from the right eye having similarly located receptive fields. The crossed projection to the part of the left 
tectal lobe representing monocular visual field comes not from ventrally in the nucleus, as would be expected from the orientation of the mapping 
to binocular tectum, but rather from a dorsal area which also receives the tectoisthmal projection from the right monocular tectum. Activity 
driven by the left eye is not normally recorded in the left monocular tectum, apparently because the relay through the dorsal part of the nucleus 
is different from that through the rest of the nucleus. The lack of an effective relay is denoted by a question murk. 

The organization of the intertectal relay is shown as identical in the normal and regenerating cases. However, if the larger retinal terminals 
in the regenerating case form functional synapses, individual tectoisthmal and crossed isthmotectal fibers would, as shown, have larger than 
normal receptive fields. Hence there would be more than the normal amount of the visual field of the left eye represented at given locations not 
only in the right tectal lobe but in the left tectal lobe as well. One would also expect, as illustrated, the inclusion in the ipsilateral projection of 
parts of the monocular visual field of the left eye, a region not normally represented in the projection since the relevant retinal fibers normally 
terminate more caudally. One would not expect to see an ipsilateral projection to the part of the left tectal lobe which represents the monocular 
visual field of the right eye, since the absence of such a projection is due to the organization of the nucleus isthmi rather than to the distribution 
of retinal synapses in the right tectal lobe. 
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in ranid frogs. Our findings, consistent with work in other 
organisms including the tree frog Hyla moorei (Humphrey and 
Beazley, 1982), indicate that important characteristics of the 
regeneration process can be missed unless consideration is 
given not only to the location but also to the size of the 
aggregate receptive fields recorded at given tectal loci. Since 
there has been no prior description of the normal organization 
of the projections in Rana which includes a characterization of 
aggregate or multiunit receptive fields (MURFs), we describe 
first some relevant aspects of this organization. 

Figure 2 shows a typical example of the contralateral and 
ipsilateral projections observed in a normal frog. MURFs tend 
to be somewhat elliptical. With our techniques, they have a 
diameter, measured along the major axis, which varies from 
about 20” to a little over 30”. In general, slightly smaller 
receptive fields were observed at tectal loci representing the 
frontal visual field and slightly larger receptive fields at loci 
representing more peripheral visual fields. At tectal loci repre- 
senting the binocular visual field, receptive fields could be 
mapped independently through the contralateral and ipsilateral 
eyes. In general, these receptive fields overlapped in visual 
space and were of similar size. An interesting exception to the 
rule occurs at the caudolateral limits of the part of the tectum 
representing the binocular field. At these loci the ipsilateral 
fields tended to be unusually small. 

The advantage of analyzing projections in terms of MURFs 
is that such analysis provides an indication of the precision of 
the mapping, of how much visual space (or retina) is repre- 
sented at a given tectal locus, and, conversely, of how wide- 
spread in tectum are the projections from a given retinal locus. 
As illustrated in Figure 1, maps can have quite different degrees 
of precision and appear similarly ordered topographically if 
receptive field centers alone are considered. MURF size is, 
however, a function not only of map precision but also of the 
size of the tectal area from which signals are recorded. Obser- 
vations like those in Figure 2 therefore cannot be taken as an 
invariant measure of map precision. They can, however, be 
used as a base line against which to measure the precision in 
experimental cases, so long as one can be certain that changes 
in the tectal area recorded from are not a confounding variable. 
Such changes might arise from variations in the electrodes 
themselves or from changes in the properties of the tectal 
tissue. MURF sizes like those in Figure 2 were seen in six other 
normal animals as well as in experimental animals when pro- 
jections were mapped through the undisturbed eye. As discussed 
below, this provides evidence that the tectal area recorded from, 
although unknown, was reasonably constant. 

Two further characteristics of the normal ipsilateral oculo- 
tectal projection are also of significance in the present study. 
As illustrated in Figures 1 and 2, the monocular visual field of 
one eye, which is represented in the caudolateral part of the 
opposite tectal lobe, is not included in the ipsilateral projection 
from that eye. In addition, as also illustrated in the figures, 
there is no ipsilateral projection to the caudolateral tectal region 
which represents the monocular visual field of the opposite eye. 
Hence, caudolateral tectum is neither an effective input to nor 
a target of intertectal circuitry of the kind which links the 
remaining tectal regions. This seems to be a consequence of 
the intrinsic organization of the nucleus isthmi rather than of 
the absence of afferent projections from or efferent projections 
to caudolateral tectum. The tectoisthmal projection is a contin- 
uous and topographic projection coming from all tectal regions 
(Khalil and LLzLr, 1977; Gruberg and Udin, 1978; Grobstein 
and Comer, 1983). The crossed isthmotectal projection simi- 
larly goes to the entire tectal lobe (Grobstein et al., 1978, 
Gruberg and Udin, 1978). However, the crossed projection is 
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Figure 2. Representative MURFs recorded in the right and left tectal 
lobes of a normal frog. Circles represent the rostra1 visual hemifield (S, 
superior; I, inferior; L, left; R, right); dotted lines show the edges of the 
binocular visual field. The lower circle shows fields recorded in the right 
tectal lobe when the left eye alone was activated and hence illustrates 
the organization of the crossed retinotectal projection from the left eye. 
Visual fields located to the right of the midline (R), near the midline 
(M), to the left of the midline (L), and in the left monocular field (L,), 
as well as more inferiorly (I) and more superiorly (S) are included. 
The locations in the right tectal lobe at which these fields were recorded 
are shown by corresponding letters in the dorsal view of the tectum 
(bottom). The upper circle shows a similarly identified set of receptive 
fields recorded in the left tectal lobe. Fields outlined with thinner lines 
were recorded when the right eye alone was activated; these represent 
the crossed retinotectal projection from the right eye. Notice that the 
mapping of visual space in the left tectal lobe is left-right inverted with 
respect to that in the right. The left monocular field is not represented 
in the left tectal lobe; the right monocular field (R,) is represented 
caudally. Fields outlined with thicker lines were recorded when the left 
eye alone was activated, these represent the ipsilateral oculotectal 
projection from the left eye. Notice that the receptive field sizes and 
topographic organization are like those of the retinotectal projection 
from the right eye except that there was no ipsilaterally evoked activity 
at the tectal locus representing a location in the right monocular field. 
A similar projection from the right eye to the right tectal lobe is not 
illustrated. 
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topographically discontinuous across the border between re- 
gions representing the binocular and monocular field (Grob- 
stein and Comer, 1983), so that the cells of origin of the crossed 
projection to monocular tectum are located not ventrally but 
dorsally, in an area which also receives tectoisthmal afferents 
from caudolateral tectum (Grobstein and Masino, 1983; see Fig. 
1). The relay through this dorsal part of the nucleus is for some 
unknown reason less effective than that through the remainder 
of the nucleus, accounting both for the absence of a monocular 
visual field representation in the ipsilateral projection from one 
eye and for the absence of an ipsilateral projection to the tectal 
region representing the monocular field of the other eye. 

The early period of map recovery 

A total of 93 successful recording sessions were made on 81 
frogs (several being mapped more than once). Our observations 
on the general course of map recovery are summarized in Figure 
3. In the vast majority of recording sessions done more than 20 
days after optic nerve crush, both the contralateral and ipsilat- 
era1 projections were present and topographically organized, in 
the sense that activity could be elicited at all expected tectal 
loci and there were orderly shifts in receptive field location 
with shifts in the recording site. The majority of these maps, 
although topographically organized, were not normal. As de- 
tailed in the next section, MURF sizes in both projections were 
greatly enlarged at earlier times and subsequently declined to 
normal levels. 

Prior to 20 days after optic nerve crush, several kinds of 
projections with less topographic order were observed. In one 
group (Blind, in Fig. 3) there was no detectable input from the 
experimental eye to either tectal lobe; normal input from the 
undisturbed eye to both tectal lobes was present, indicating 
that the absence of input was not attributable to poor condition 
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of the preparations. In a second group of frogs (Non-topo- 
graphic, in Fig. 3) there was observable input from the experi- 
mental eye to the contralateral tectal lobe, but none to the 
ipsilateral. The contralateral projections in these cases lacked 
apparent topographic order. Activity could be elicited at some 
but not all tectal loci sampled. At any given locus the visually 
evoked activity consisted of a small number of units, often 
having widely dispersed receptive fields. There was no predict- 
able shift of receptive fields for different recording sites. In- 
stead, activity at all tectal loci tended to be driven from a single 
region of visual space, the area around the projection of the 
optic nerve head. An example of such a “non-topographic” 
projection is given in Figure 4. In these animals, too, the 
observations cannot be attributed to poor health since projec- 
tions from the undisturbed eye were normal. 

In a third group of animals, topographically organized pro- 
jections with enlarged multiunit fields were observed over part 
of the contralateral tectal lobe whereas scattered receptive 
fields or no input were observed at other points (Partially 
topographic, in Fig. 3). In five of six such cases, an ipsilateral 
projection was also observed. Ipsilateral activity was elicitable 
at tectal loci related to the same areas of visual field as those 
displaying topographic organization in the contralateral tectal 
lobe. MURFs at these ipsilateral loci were similarly enlarged. 
In the sixth animal with enlarged contralateral MURFs, no 
ipsilateral projection was observed. In a single additional ani- 
mal the converse was seen: a small area of topographically 
organized activity in the ipsilateral tectal lobe in the absence 
of observed topographic organization in the contralateral. 

These observations suggest that early map recovery involves 
an initial phase in which afferents from a small area of the 
retina project widely across the opposite tectal lobe followed by 
a restoration of gross topographic order as afferents represent- 
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Figure 3. Summary of observations on the recovery of the projections from one eye after 
optic nerve crush. Each symbol represents one recording session made at a time after optic 
nerve crush as indicated on the abscissa. The ordinate shows the degree of order in the observed 
projections in terms of a recovery sequence discussed in the text. When all animals are 
considered, there is significant overlap in the times after crush at which the various degrees of 
order were seen. The overlap is reduced if animals recorded from during the winter months 
(open circles) are not considered. It is reduced still further if attention is restricted to a group 
of animals all of which received optic nerve crush in the spring of one year (triangles). Each 
of 27 recording sessions done at more than 50 days after optic nerve crush yielded topographic 
projections, as denoted to the right. 



2640 Adamson et al. Vol. 4, No. 10, Oct. 1984 
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Figure 4. Representative receptive fields from a recording session 
which yielded a nontopographic or “scattered” retinotectal projection. 
Illustrated are recordings made in the right tectal lobe, contralateral to 
the crushed left optic nerve. The ipsilateral projection from the undis- 
turbed right eye to the right tectal lobe was normally organized. This 
projection, not shown in Figure 2, is represented by the four superiorly 
located, topographically distributed receptive fields defined by thinner 
lines. Letters indicate the four recording sites as in Figure 2. The 
locations in visual space where activity could be driven by the left 
(experimental) eye at these four recording points is indicated by small 
circles. Notice that these locations clustered in one area of the visual 
field and that activity driven from the same location could be recorded 
at widely dispersed tectal loci. 

ing wider areas of the retina return to the tectum. Early phases 
of this process are not apparent in the ipsilateral projection 
which instead first appeared as a topographic projection coin- 
cident with the appearance of gross topographic order in the 
contralateral projection. Although map recovery in the se- 
quence from blind through non-topographic and partially top- 
ographic to topographic is consistent with the times after optic 
nerve crush at which various results were obtained, there was, 
as shown in Figure 3, substantial overlap of these times. Blind 
animals, for example, were seen as late as 50 days after optic 
nerve crush. In reviewing our data, we noticed that the vast 
majority of animals which remained blind at unusually long 
times had received optic nerve crushes during the winter 
months (December to February). This suggests that there may 
be significant seasonal variation in the rate of optic nerve 
regeneration which would contribute to obscuring the normal 
recovery sequence. Some further evidence for seasonal variation 
is presented below. Recordings from a series of animals all 
subjected to optic nerve crush at the same time yielded a more 
orderly sequence, as is also shown in Figure 3. 

Additional supporting evidence for the sequence of early 
recovery comes from individual animals which were mapped 
several times. Five animals blind at first mapping between 20 
and 30 days after optic nerve section all exhibited grossly 
topographic maps at a second recording session done 50 to 62 
days after optic nerve section. Three animals with scattered 
maps on first recording (25 to 29 days after optic nerve crush) 
all exhibited grossly topographic maps on second mappings 46 

to 196 days after optic nerve crush. One animal was mapped 
three times. The first mapping session, at 18 days, revealed a 
predominantly scattered map; activity was observed at 8 of 17 
recording loci. A second session 5 days later revealed restored 
activity across the entire tectum. Twelve of 17 recorded loci 
had enlarged topographically ordered receptive fields; the re- 
maining 5 showed no topographic order. A third session, at 90 
days, revealed a normally ordered topographic map. 

Later events in map recovery 

While our observations on the initial events in map recovery 
suggest that the earliest and most disordered stages in recovery 
of the contralateral projection generally have no counterpart in 
the recovery of the ipsilateral projection, our observations on 
later events strongly indicate that there is, in the recovery of 
the ipsilateral projection, a progression from less to more order. 
The character of the initial abnormalities in the ipsilateral 
projection and the process of recovery both correlated closely 
with the state of the contralateral projection, as would be 
expected if abnormally located retinal afferents form functional 
synapses (see Fig. 1). 

Intermediate times. The contralateral projections in frogs 
recorded from at intermediate times after optic nerve crush 
were topographically ordered but abnormal in that they dis- 
played greatly enlarged MURF sizes; the same was true of the 
ipsilateral projections. Examples are shown in Figures 5 and 6. 
Enlarged receptive fields were seen at all tectal locations but 
tended to be most prominent for more caudal loci in the 
contralateral tectal lobe and, as would be expected from the 
organization of the intertectal relay (Fig. l), for more rostra1 
loci in the ipsilateral tectal lobe. In extreme cases (Fig. 5), the 
enlargement in both projections was great enough so that it 
would be difficult to establish the existence of topographic 
order from an analysis of receptive field centers. The borders 
of the receptive fields, however, clearly shifted in appropriate 
directions with shifts in recording locus. In extreme as well as 
less extreme cases (Fig. 6), there was a tendency for field 
enlargement to be more prominent along one axis than another, 
resulting in an exaggeration of elliptical shapes. The long axis 
tended to be similarly oriented at visually corresponding points 
in the two tectal lobes. It also tended to be similar for a set of 
nearby recording loci in one tectal lobe, resulting in more 
receptive field overlap along one tectal axis than the other. 
Characterization of topographic organization using receptive 
field centers might in such cases suggest order along one axis 
and not the other. 

The largest MURFs in both the contralateral and ipsilateral 
projections were seen in animals recorded from relatively earlier 
after optic nerve crush. The histograms in Figure 7 show the 
distribution of receptive field sizes in seven normal animals 
and in eight animals recorded from relatively soon after optic 
nerve section. Although the scatter of receptive field sizes is 
greater in the regenerating animals, it is obvious there is 
roughly a 2-fold increase in the receptive field size both contra- 
laterally and ipsilaterally. MURF sizes were enlarged not only 
relative to those seen in normal animals but also, at recording 
sites where the observations could be made, enlarged relative 
to simultaneously recorded fields mapped through the undis- 
turbed eye. Such a comparison could be made at all loci in the 
parts of tectum representing the binocular field, where there 
are convergent inputs from the two eyes. The relevant data 
from Figure 7 are redisplayed in Figure 8 in terms of the ratio 
of simultaneously recorded receptive field sizes. In normal 
animals, the ratios cluster around 1.0; there is a small tail on 
the distribution which results from recordings at the edge of 
binocular tectum where ipsilateral receptive fields tend to be 
abnormally small. It is evident that fields observed in regener- 
ating animals are not only absolutely larger but larger relative 
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to simultaneously recorded fields associated with the normal 
eye. This indicates that the enlarged receptive fields are not an 
artifact of changes in the effective recording radius of our 
microelectrodes due, for example, to changes in tectal tissue 
resulting from optic nerve section. 

Many of the animals with greatly enlarged MURFs also 
exhibited a second abnormality in their ipsilateral maps, the 
inclusion in some of the receptive fields of areas of visual space 

S 

Figure 5. Representative receptive fields from a recording session 
which yielded topographic projections with greatly enlarged receptive 
fields. The fields and the tectal locations at which they were recorded 
are shown as in Figures 2 and 3, except that for both tectal lobes the 
projections from both eyes are illustrated. Receptive fields mapped 
through the left, regenerating, eye are shown with thicker lines; those 
mapped through the right, undisturbed, eye are shown with thinner 
lines. The letter indicating tectal recording locus is placed within the 
region of overlap of the receptive fields of the two eyes when two 
receptive fields were present. Some left eye field borders (L, and S for 
the rieht tectal lobe: S and L for the left tectal lobe) are obscured by 
other-fields in the visual field maps. Notice that the left eye field 
recorded at the binocular position L in the right tectal lobe includes 
some of the left monocular visual field as does the left eye field recorded 
at S in the left tectal lobe. The latter field is very large; the border 
extends from above the animal and to the right all the way to the 
horizontal on the left. Notice also that fields driven through the 
ipsilateral eye were absent at both L, and R,. 

not normally represented in the ipsilateral projection. As dia- 
grammed in Figure 1, such an abnormality is to be expected if 
retinal fibers which normally synapse in caudolateral tectum, 
which is not effectively linked to the opposite tectal lobe, make 
abnormally located, functional synapses in more rostra1 tectum. 
Examples of maps in which ipsilateral MURFs included areas 
of monocular visual field are illustrated in Figures 5 and 12. 

Although the ipsilateral projection during intermediate 
stages of regeneration was clearly abnormal with regard to both 
MURF size and the amount of visual field represented, the 
projection was largely normal with respect to the distribution 
of tectal loci at which it could be recorded. In normal animals, 
activity driven from the ipsilateral eye is not recorded in the 
caudolateral tectal region, which represents the monocular 
visual field of the contralateral eye (see Fig. 1). In the vast 
majority of regenerating animals, ipsilaterally driven activity 
continued to be absent at tectal loci which represent the con- 
tralateral monocular visual field, as judged from the MURF 
location of activity driven by the undisturbed eye (cf. Fig. 5). 
This observation, too, is consistent with expectations based on 
the assumption that the organization of the ipsilateral projec- 
tion reflects synapse formation by retinal fibers in the opposite 
tectal lobe (Fig. 1). Since the absence of activity in normal 
animals reflects the organization of the relay through the 
nucleus isthmi, it should be unaffected by abnormalities in the 
distribution of retinal inputs to the intertectal relay and altered 
only if there are changes in the organization of the relay itself. 
In a minority of animals and small number of penetrations, a 
few scattered units were visually excitable in the ipsilateral 
monocular tectum. Such units behaved like those sometimes 
seen in experiments involving lesions of the contralateral tectal 
lobe, and we suspect that they were misregenerated optic nerve 
fibers (see below). 

Longer times. Both contralateral and ipsilateral MURF sizes 
declined with increased time after optic nerve crush, as docu- 
mented in Figure 9. Each point in the figure corresponds to a 
field size ratio for a similar tectal locus (one representing a 
point in space in front of and slightly above the animal) in one 
recording session. These ratios are for the most part abnormally 
large until 60 or so days after optic nerve crush, after which 
they generally fall within the normal range. A similar decline 
in receptive field size with time was seen throughout the tectum. 
Whereas the vast majority of observations support the hypoth- 
esis of a progressive shrinkage of MURF sizes, abnormally large 
fields were seen in a few animals at recording times more than 
100 days after optic nerve crush. These animals, like those 
which were found to be blind after abnormally long periods, 
were in the process of optic nerve regeneration during the 
winter months, again suggesting a seasonal effect on the rate 
of optic nerve regeneration. In six cases of second mappings on 
the same frog after a first mapping showed enlarged receptive 
fields, there were subsequent substantial reductions in MURF 
size. In three other cases, all in the winter, reductions were not 
observed. 

As illustrated in Figure 9, the general time course of decline 
in MURF sizes in the ipsilateral tectal lobe closely paralleled 
that in the contralateral tectal lobe, as would be expected if the 
amount of visual field represented at a given point in the 
ipsilateral lobe was, throughout the recovery process, a reflec- 
tion of effective synaptic input by the retinal fibers at a corre- 
sponding point in the opposite tectal lobe. To test this more 
rigorously, we directly compared the sizes of MURFs at given 
points in the ipsilateral tectal lobe with those at the visually 
corresponding points in the contralateral tectal lobe. The com- 
parison was made for all possible pairs of points in all of the 
maps obtained during intermediate and late stages of recovery 
and is illustrated in Figure 10. It is clear that throughout the 
regeneration process there was a quite high degree of correlation 
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Figure 6. Representative receptive fields from a recording session which yielded topographic 
projections with moderately enlarged receptive fields. Conventions are as in Figure 5. 

between the amount of receptive field represented at visually 
corresponding points in the two tectal lobes. 

Interpretation of enlarged MURFs 

The multiunit observations described clearly indicate that 
recovery of the ipsilateral projection, like that of the contralat- 
eral, involves an initial disordered phase. The observations are 
also consistent with the interpretation, illustrated in Figure 1, 
that the disorganization reflects formation ‘by retinal afferents 
of functional synapses at abnormal locations in the opposite 

tectal lobe. There are, however, some alternative interpreta- 
tions of the enlarged MURFs which need to be considered. 

Enlarged MURFs in both tectal lobes could be present with 
no abnormalities either in the distribution of retinal afferent 
terminals or in synapse formation if changes either in the 
optics of the eye or in retinal organization produced large 
increases in the receptive field size of individual retinal ganglion 
cells. To evaluate this possibility we measured the receptive 
fields of a number of single units isolated from the multiunit 
activity giving enlarged MURFs and compared these to single 
unit receptive field sizes observed in normal animals. The 
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distributions of field sizes for contralateral units in the two 
cases were essentially indistinguishable (Fig. ll), indicating 
that the explanation of enlarged MURFs does not pertain to 
either optical or retinal abnormalities. In contrast to the nor- 
malcy of contralateral single unit receptive field sizes, single 
units isolated from the enlarged ipsilateral MURFs clearly had 
abnormally large fields (Fig. 11). This is to be expected if 
enlarged ipsilateral MURF size is due to unusually wide con- 
vergence of retinal input onto single channels of the intertectal 
pathway (see Fig. 1). 

While our evidence strongly implies disorganized retinal 
projections as the basis of enlarged visual field representations 
at single loci in the contralateral tectal lobe, there are expla- 
nations of the enlarged visual field representations in the 
ipsilateral tectal lobe other than formation of functional syn- 
apses by the abnormally located retinal fibers. One is the 
possibility of visual information reaching the ipsilateral tectal 
lobe by some unusual route; there is, for example, evidence for 
an aberrant direct ipsilateral retinal projection during optic 
nerve regeneration (Gaze and Jacobson, 1963; Gaze and Keat- 
ing, 1970a, b; Kicliter et al., 1974; Glastonbury and Straznicky, 
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1978). A second possibility is that optic nerve section produces 
abnormalities in the intertectal pathway and that it is these 
rather than abnormal synapse formation by retinal terminals 
that result in the enlarged receptive fields. 

To evaluate these possibilities we performed experiments 
like those illustrated in Figure 12 in which the dependence of 
ipsilateral activity on the contralateral tectal lobe was evaluated 
by making small electrolytic lesions in that tectal lobe. Similar 
experiments were done in six other frogs. In all cases the 
abnormally enlarged ipsilateral fields were abolished by lesions 
at the corresponding point in the contralateral tectal lobe, while 
enlarged receptive fields remained present at loci 300 pm or 
less away. Although the enlarged receptive fields were always 
abolished, in four of the cases some ipsilaterally evoked activity 
remained in the form of one to several single units with small 
receptive fields. The residual units, unlike normal ipsilateral 
units, did not habituate to repeated stimulation but instead 
continued to respond reliably, as do contralateral units. We 
suspect that they, like the occasional ipsilaterally driven units 
seen in monocular tectum, represent a small population of 
retinal afferents which projected to the wrong tectal lobe during 
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Figure 7. Distributions of contralateral and ipsilateral MURF sizes in normal and regenerating animals. The upper histograms show for seven 
normal frogs the number of fields observed (ordinate) which had sizes in the ranges indicated on the abscissa. Measurements represent degrees 
of visual angle across the longest axis of the field. The lower histograms show the same distributions for regenerating projections in eight animals 
during intermediate stages of regeneration, when enlarged MURFs were observed. Shading in the contralateral distribution shows fields in 
monocular tectum where ipsilateral receptive fields could not be recorded simultaneously. 
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Figure 8. Comparisons of the sizes of the two MURFs, one related 
to each eye, which were recorded at single tectal loci in normal and 
regenerating animals. The figure is based on the same observations as 
those illustrated in Figure 7, except that recording locations in monoc- 
ular tectum, where activity could be driven only through one eye, are 
excluded. For each locus in binocular tectum a ratio of the receptive 
field sizes as mapped through the eyes contralateral and ipsilateral to 
the recording location was determined. The histograms show the num- 
ber of recording locations (ordinate) at which these ratios fell within 
the values indicated on the abscissa (notice that the scale is logarith- 
mic). The top histogram shows the contralateral to ipsilateral ratio for 
normal animals. The second histogram shows the contralateral (exper- 
imental eye) to ipsilateral (normal eye) ratios for recordings in the 
tectal lobe opposite the crushed optic nerve in regenerating animals. 
The third histogram shows the ipsilateral to contralateral ratios for 
normal animals. The bottom histogram shows the ipsilateral (experi- 
mental eye) to contralateral (normal eye) ratios for recording points in 
the tectal lobe on the same side as the crushed optic nerve in regener- 
ating animals. 

regeneration. Regardless, the results indicate that the enlarged 
ipsilateral receptive fields, like normal receptive fields, are 
dependent on the integrity of the contralateral tectal lobe and 
hence are likely to be a reflection of activity carried over the 
normal intertectal relay. 

Our lesion results also bear on the question of whether there 
are gross abnormalities in the intertectal relay which could 
account for the enlarged ipsilateral receptive fields. Enlarged 
ipsilateral fields might be seen with normal selectivity in gan- 
glion cell synapses if optic nerve section created abnormalities 
in the intertectal pathway such that wider than normal areas 
of tectum were represented on individual channels of the inter- 

tectal relay. Were this the case, however, one would expect 
local tectal lesions not to abolish activity at a particular locus 
in the ipsilateral tectal lobe but rather to somewhat alter the 
activity at a large number of loci. Although it is not possible 
from our observations to say that optic nerve section had no 
effect on the organization of the intertectal relay, our observa- 
tions do indicate that there is, as in normal animals, a substan- 
tial topographic precision in the pathway. Together with other 
results, the lesion findings make it unlikely that it is abnor- 
malities in the intertectal relay which accounts for the enlarged 
MURFs. This point is considered further under “Discussion.” 

Discussion 

The present results add to existing information on the char- 
acter of intermediate stages in the recovery of the direct retin- 
otectal projection in the frog and provide the first description 
of intermediate stages in the recovery of the ipsilateral oculo- 
tectal projection. With regard to the retinotectal projection our 
findings indicate that there is a rather rapid re-establishment 
of gross topographic order followed by a longer period during 
which the normal precision of the mapping is re-established. 
The re-establishment of the ipsilateral projection closely par- 
allels later stages of recovery of the contralateral projection, 
suggesting that the process reflects a period of reordering of 
functional synapses made by terminals of the crossed projec- 
tion. Our results thus imply that ganglion cell terminals do not 
display a degree of selectivity in choosing synaptic sites ade- 
quate to account for the normal organization of the retinotectal 
projection. 

The direct retinotectal projection 

Electrophysiological studies similar to those reported here 
were carried out first in the frog (Gaze and Jacobson, 1963) 
and then in the goldfish (Jacobson and Gaze, 1965) and newt 
(Cronly-Dillon, 1968). It appeared from the initial reports that 
there might be substantial species differences in the pattern of 
recovery of the retinotectal projection. In the goldfish, for 
example, no evidence for an intermediate disordered stage was 

observed. It now appears that at least the later phases of 
regeneration are similar in all three animals. Cronly-Dillon 
(1968) was the first to pay close attention to MURF sizes and 
described a progressive shrinkage of these during regeneration 
in the newt. Evidence for a similar phenomenon in teleosts was 
obtained by investigators who noted MURF size (Horder, 1971; 
Schmidt and Edwards, 1982; Northmore and Masino, 1984). 
Enlarged MURFs imply convergence of wider than normal 
retinal regions at individual tectal loci and, conversely, diver- 
gence from individual retinal loci to wider than normal tectal 
regions. Anatomical evidence for the latter has been provided 

by Meyer (1980) in the case of goldfish. Fujisawa et al. (1982) 
have presented evidence, in the case of the newt, that the 
widespread projection is probably due to abnormally wide 
branching of the terminal arbors of individual afferents. 

In the case of the frog, the initial electrophysiological studies 
of regeneration (Gaze and Jacobson, 1963; Gaze and Keating, 
1970a) showed widespread projections from restricted retinal 
regions at early times after optic nerve crush, a pattern probably 
corresponding to the scattered maps observed in the present 
study and the “inconstant” projections of Humphrey and Bea- 
zley (1982). Between this and a fully reorganized projection, 
the only intermediate stage described in the initial studies was 
one characterized as topographically ordered along one but not 
the other axis. More recently, Humphrey and Beazley (1982) 
have described in Hyla a sequence of rapid re-establishment of 
gross topographic order followed by a progressive decline of 
MURF size to normal levels which is virtually identical to our 
findings in Rana. In discussing their findings in relation to 
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Figure 9. Decline in contralateral and ipsilateral MURF size ratios with time after 
optic nerve crush. Each point corresponds to one recording session at a time after 
optic nerve crush as indicated on the abscissa. For each recording session, the 
ordinate shows the ratio of receptive field sizes observed at a tectal locus representing 
a point in visual space on the sagittal plane at approximately 60” elevation. The 
upper part of the figure shows values .for points in the tectal lobe contralateral to 
the crushed optic nerve and the lower part shows the values in the tectal lobe 
ipsilateral to the crushed optic nerve. This particular tectal locus was chosen simply 
to facilitate comparison among animals; the data shown are representative of the 
time course of recovery throughout the tectum. Open circles indicate recordings made 
during the winter months, as described in the text. 

earlier work, Humphrey and Beazley (1982) suggested that the 
differences in recovery sequence may relate to different loci of 
optic nerve crush, outside the skull in their case and inside in 
the earlier work. Like Humphrey and Beazley (1982) we 
crushed the optic nerve outside the skull, perhaps accounting 
for the fact that our description of the recovery sequence is 
more similar to that in Hyla than to earlier findings in Rana. 
There is, however, an alternate interpretation of the different 
descriptions which seems to us also possible. The maps de- 
scribed in the earlier work were largely characterized in terms 
of receptive field centers. It seems likely that, given the concern 
at the time with gross topographic order, the phenomenon of 
progressively decreasing receptive field size may simply have 
been missed. A focus on receptive field centers might also yield 
an impression of order along one and not the other axis, given 
the asymmetric enlargement of receptive fields we observed. 
Regardless of whether this or the alternate interpretation sug- 
gesting a different sequence following intracerebral crush is 
correct, it seems clear that there is at least one recovery 
sequence which is seen in all animals investigated and which 
involves quick establishment of gross topographic order and 
subsequent decline of MURF size. 

The morphological substrate of the enlarged MURFs seen in 
the frog seems likely to be the same as that suggested by work 
in the goldfish and newt. The enlarged fields in Rana cannot 
be attributed to optic or retinal abnormalities given the small 
single unit receptive field sizes we observed. The small single 
unit receptive field sizes observed also make it unlikely that 
enlarged fields result from contamination of our recordings by 

signals from postsynaptic units, since these typically have much 
larger receptive fields (Grusser and Griisser-Cornehls, 1976). 
Nor can the enlarged fields be attributed to abnormalities in 
the amount of tectum recorded from, since simultaneously 
recorded MURFs mapped through the normal eye were nor- 
mally sized. This leaves abnormal convergence of afferents 
from the retina as the most likely explanation for the enlarged 
fields even leaving aside the correlative evidence from other 
organisms. Such abnormal convergence would be accounted for 
if, as in the newt, individual retinal fibers terminate over an 
unusually wide area. However, it could also be accounted for 
without unusual branching if the terminals from a group of 
ganglion cells representing a particular retinal locus are dis- 
persed more widely than normal. Distinguishing between these 
two possible explanations for abnormal convergence is not 
possible from our electrophysiological observations and must 
await anatomical studies in the frog. 

The ipsilateral oculotectal projection 

Our findings indicate that the ipsilateral oculotectal projec- 
tion, like the retinotectal projection, is not directly re-estab- 
lished after optic nerve crush but instead first appears as a 
somewhat disorganized projection which progressively becomes 
more ordered with time. Also like the direct projection, the 
initial disorganized ipsilateral projection is characterized by 
greatly enlarged MURFs, which cannot be attributed to optical 

or retinal abnormalities (since they occur at a time when single 
unit receptive fields in retinal afferents are normal) or to 
abnormalities in effective electrode recording radius (since 
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Figure 10. Dependence of MURF size in the tectal lobe ipsilateral to a regenerating optic 
nerve on that in the contralateral tectal lobe. The size of a given MURF in the ipsilateral 
tectal lobe is plotted as a function of the size of the MURF recorded at the visually 
corresponding point in the contralateral tectal lobe of the same animal. All maps with 
topographically organized projections were examined and all points were included where 
there was significant overlap of fields in the two tectal lobes as mapped through the 
undisturbed eye. The line at 45” represents perfect correspondence of receptive field size 
in the two tectal lobes. 
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Figure 11. Single unit contralateral and ipsilateral receptive field sizes in normal and regenerating 
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having sizes indicated on the abscissa. The lower histograms show the same distributions in animals 
having enlarged MURFs. 
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Figure 12. Dependence of enlarged ipsilateral MURFs on the integrity of the visually corresponding location in the contralateral tectal lobe. 

To the left are shown receptive fields recorded at visually corresponding locations in the left and right tectal lobes at an intermediate time after 
crush of the left optic nerve. Conventions are as in Figures 2, 4, 5, and 6. Notice that the fields mapped through the left eye (thicker outlines) 
are larger than those through the right and that included are areas of the left monocular visual field. To the right are shown receptive fields in 
the same animal after an electrolytic lesion at point X in the right tectal lobe. The lesion abolished recordable activity at point X but left activity 
at adjacent points A and B, as illustrated (activity also survived at other nearby points indicated by the dots). The lesion also abolished the 
ipsilaterally evoked activity at X’ but did not, as illustrated, abolish contralaterally evoked activity at this point or either of the two forms of 
activity at adjacent points C, D, or E, all of which continued to exhibit enlarged ipsilateral MURFs (such fields were also present at other 
adjacent points as indicated by dots). 

simultaneously recorded MURF sizes from the normal eye are 
normal). Unlike the crossed projection, enlarged MURFs are 
accompanied by enlargement of the receptive fields of the 
individual units within the recorded multiunit clusters. 

The simplest interpretation of our findings on the recovery 
of the ipsilateral projection is that mislocated terminals of the 
crossed projection do in fact form functional synapses. All 
available evidence indicates that the pathway of the ipsilateral 
projection consists of the crossed direct retinotectal projection 
and a subsequent topographic intertectal pathway relaying the 
effective retinal input from a given tectal locus to a correspond- 
ing locus in the opposite tectal lobe. If  functional synapses are 
formed by retinal fibers during the period when afferents com- 
ing from wider than normal retinal areas are present at loci in 
the contralateral tectal lobe, one would expect to find, as we 
did, abnormally wide areas of retina represented at individual 
loci in the ipsilateral tectal lobe. Since the abnormal conver- 
gence is onto elements of the intertectal relay, one would also 
expect in the ipsilateral pathway abnormally large single unit 
receptive fields, a phenomenon we also observed. Finally, one 

would expect to see areas of visual field represented in the 
ipsilateral pathway which are not normally represented there. 
This was also observed. 

While the phenomena described are exactly those which 
would be expected if abnormally located retinal terminals form 
functional synapses, it is possible that the correspondence to 
expectation is coincidental and that the enlarged receptive 
fields in the ipsilateral projection have some other cause. Direct 
ipsilateral projections from the eye have been reported as a 
consequence of optic nerve damage, and our own observations 
indicate that some abnormalities of this kind may have been 
present. These, though, are unlikely to account for the enlarged 
receptive fields. The single unit sizes observed in the enlarged 
MURFs were substantially larger than those which characterize 
retinal fibers. More importantly, the bulk of the ipsilacerally 
evoked activity, like that in normal animals, could be abolished 
by damage to the contralateral tectal lobe. The latter also 
supports the notion that the activity depended on the intertec- 
tal pathway rather than some totally anomalous path such as 
one through the thalamus. 
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A more difficult possibility to exclude is that the abnormali- 
ties seen in the ipsilateral pathway do not reflect abnormal 
synapse formation in the contralateral tectal lobe but rather 
changes in the intertectal pathway itself. This too seems un- 
likely. Local damage in one tectal lobe produces loss of ipsilat- 
erally driven activity locally in the other tectal lobe, just as it 
does in normal animals (Keating and Gaze, 1970). Gross 
changes in the intertectal pathway might also be expected to 
result in creation of effective inputs to monocular tectum. We 
saw no activity suggesting such a change. A third reason for 
believing the intertectal pathway to be stable is the close 
correspondence in the sizes of ipsilateral and contralateral 
MURFs throughout the process of regeneration. There was at 
all times a close correspondence between the size of a given 
ipsilateral receptive field and that seen at the visually corre- 
sponding point in the opposite tectal lobe. To account for our 
findings in terms of normal synapse formation and abnormal- 
ities in the intertectal pathway requires the assumption of a 
rather specific series of changes in the intertectal pathway, one 
which, by coincidence, causes exactly the same sequence of 
changes in the ipsilateral projection as would be expected to 
occur given a stable intertectal pathway and abnormal synapse 
formation. Although we cannot absolutely rule this out, it seems 
by far the less likely possibility. Our observations on abnor- 
malities in the ipsilateral projection thus strongly imply for- 
mation of functional synapses by abnormally located retinal 
terminals in the contralateral tectal lobe. The subsequent re- 
covery of the ipsilateral projection suggests that recovery of the 
retinotectal projection involves progressive changes not only in 
terminal arbor location but in the location of effective synapses 
as well. 

This conclusion is consistent with that reached from obser- 
vations on tectal cell responses during optic nerve regeneration 
(Udin, 1975), although the normal variability of such responses 
made a firm conclusion difficult. The only other observations 
possibly bearing on the issue of whether abnormally located 
terminals form effective synapses during regeneration are those 
on the recovery of orienting behavior. Abnormally located 
synapses might be expected to result in substantially misdi- 
rected orienting responses. A quantitative study to determine 
whether this prediction holds has not been reported. Sperry 
(1944) did not mention a phase of substantially misdirected 
responses prior to the recovery of normal behavior. Maturana 
(1958), working with the toad, did. We attempted to follow the 
behavioral recovery of several of the frogs in the present study 
but had difficulties getting reliable behavioral results. Our 
observations did, however, suggest that the onset of consistent 
orienting responses is delayed relative to the appearance of a 
grossly topographic retinal projection and of effective synapse 
formation, as implied by the existence of an ipsilateral projec- 
tion. Both projections were observed in a number of frogs prior 
to the time when they began to consistently orient to visual 
stimuli. Consistent orienting typically appeared rather ab- 
ruptly. In some frogs the responses, when they appeared, were 
of normal accuracy; in others, as also observed by Udin (1975), 
there were small inaccuracies. In general there did not appear 
to be a good correlation between the presence of effective 
synaptic input and behavior. A recent quantitative study of 
optic nerve regeneration in the goldfish (Northmore and Mas- 
ino, 1984) is also of interest in this regard. Normally directed 
orienting behavior was observed at stages when MURF size 
was still enlarged. We did not attempt to determine the state 
of the projections in the frog at the time orienting reappeared. 
This might be worth doing, since an independent assay of 
synaptic input was not available in the goldfish. The finding of 
normal orienting in the presence of enlarged ipsilateral as well 
as contralateral fields in the frog would imply that the precision 

of the retinotectal input is not critical to the precision of 
orienting behavior. 

Implications for understanding the genesis of topographic maps 

The factors responsible for producing topographic ordering 
of retinotectal afferent terminals have been a subject of exten- 
sive study since the original descriptions of its re-establishment 
during optic nerve regeneration (for reviews see Hunt and 
Jacobson, 1974; Meyer and Sperry, 1976; Gaze, 1978; Horder 
and Martin, 1978; Fraser and Hunt, 1980; Hollyday and Grob- 
stein, 1981; Schmidt, 1982). A strong implication drawn from 
the original studies of optic nerve regeneration was that, given 
the scrambling of optic axons at the site of damage, topographic 
order could not be accounted for simply on the assumption of 
a particular stereotyped spatiotemporal pattern of outgrowth 
occurring within a population of otherwise undifferentiated 
axons (Sperry, 1944; see also Fawcett and Gaze, 1981). Rather, 
it must be the case that the axons differ from one another in 
their responses to cues encountered during growth in such a 
way as to yield topographic order. Our findings, like previous 
ones on regeneration showing that there is a disordered phase 
in recovery of the retinotectal projection, indicate that such 
ordering interactions are not completed prior to the arrival of 
axons in the tectum (see also Udin, 1978). The rapid re- 
establishment of global topographic order prior to the appear- 
ance of more local order, also observed in other studies, suggests 
that the two aspects of topographic organization may depend 
on different mechanisms. Consistent with this is recent evi- 
dence in the goldfish indicating that global but not local order 
can be re-established in the absence of impulse activity 
(Schmidt and Edwards, 1982; Meyer, 1983). Global order could 
be a consequence of the responses of optic axons to tectal cues, 
either intrinsic (Sperry, 1963) or induced by previous innerva- 
tion (Schmidt, 1978). It could also reflect responses to cues 
earlier in the growth path (Attardi and Sperry, 1963) or inter- 
actions between the outgrowing axons themselves (Meyer, 
1979). Our only evidence bearing on this issue is the observation 
that global order seems not to be present until axons repre- 
senting substantial amounts of the retina have returned to the 
tectum. This suggests that fiber interactions may play a role in 
such ordering but by no means rules out the possibility that 
responses to cues in the growth path and in the tectum do so 
as well. 

Our primary new contribution to understanding topographic 
ordering is our evidence that neither global nor local order can 
be attributed to an inability of optic axons to form synapses at 
other than normal locations. Prior electrophysiological studies 
of recovery of the retinotectal projection, with the single excep- 
tion mentioned previously, have, like our own, used recording 
techniques which favor detection of activity in terminal arbors 
of retinal afferents rather than in tectal cells. While providing 
strong evidence for abnormally located terminal arbors at early 
stages of regeneration, neither they nor available anatomical 
studies resolved the issue of whether the abnormally located 
terminals form functional synapses. It thus remained possible, 
despite the evidence for mislocated terminals, that ganglion 
cell axons display a very high degree of recognition of tectal 
sites in terms of synapse formation. A similar ambiguity holds 
for most other experimental work on the anuran retinotectal 
system (but see Udin, 1977). Our findings by no means preclude 
the possibility that tectal targets, like ganglion cells, are differ- 
entiated and that some recognition process between the two 
cell types is involved in producing topographic order in the 
retinotectal pathways. Other evidence for such a process exists 
(Jacobson and Levine, 1975; Straznicky, 1978). Our findings 
do, however, provide the strongest available evidence that such 
a recognition process, at the synaptic level, is not sufficiently 
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specific to preclude patterns of connections other than the 
normal one. Our findings thus contribute to a developing con- 

sensus that normal topographic order in the retinotectal prd- 
jection is probably not attributable to a single mechanism but 
instead is the outcome of several distinguishable processes 
acting together (Hollyday and Grobstein, 1981). 
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