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Abstract 

The ipsilateral retinothalamic projection in Xenopus laevis 
normally first appears at about stage 54, at a time when a 
number of other changes known to be dependent on a rise 
in circulating levels of thyroxine begin to occur. We have 
investigated the role of thyroxine in the development of the 
ipsilateral retinothalamic projection by studying retinal pro- 
jections and patterns of retinal histogenesis in tadpoles 
whose ability to produce thyroxine was blocked by treatment 
with propylthiouracil (PTU), and in similar tadpoles in which 
thyroxine was restored by injection of small amounts of 
thyroxine into one eye. 

PTU-reared tadpoles continue to grow and to add neurons 
to the retina in a symmetric pattern like that of normal 
tadpoles at early developmental stages. The PTU-reared 
tadpoles remained by external criteria at stage 54. Like 
normal stage 54 tadpoles, the PTU-reared tadpoles either 
lacked an ipsilateral projection entirely or had an extremely 
sparse projection. 

Injection of thyroxine into one eye of PTU-reared tadpoles 
resulted in the production of substantial ipsilateral projec- 
tions from the treated eyes as well as shifts to the asymmetric 
pattern of retinal cell addition which normally begins after 
stage 54. Such changes were much more prominent in hor- 
mone-treated than in untreated eyes, suggesting that they 
are caused by local action of thyroxine on the treated eyes. 
With low doses, thyroxine-induced effects on the develop- 
ment of the ipsilateral projection and on retinal histogenesis 
were restricted to the treated eye. These results suggest 
that the presence of thyroxine in one eye alone is sufficient 
to cause the development of the ipsilateral projection. 

The ipsilateral retinothalamic projection in Xenopus laevis normally 
develops during metamorphosis, well after the appearance of the 
crossed projections to the tectum and thalamus, which are present 
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in the tadpole. In the preceding paper (Hoskins and Grobstein, 
1985b), we showed that the initial development of the projection, as 
well as the production of the majority of ganglion cells contributing 
to it, begins at or shortly after tadpole stage 54. The stage is 
significant in that it is at roughly this time that there is an increase in 
synthesis of a hormone, thyroxine, known to play an important role 
in metamorphic change generally (Dodd and Dodd, 1976) and in 
changes in the nervous system in particular (Kollros, 1981). An 
involvement of thyroxine in the development of the ipsilateral retin- 
othalamic projection specifically is suggested by the finding that 
asymmetric retinal growth, which normally begins at about stage 54 
(Beach and Jacobson, 1979a) and yields the retinal regions contain- 
ing ipsilaterally projecting cells in the adult (Hoskins and Grobstein, 
1985b), can be induced prematurely by injection of thyroxine into 
the eye of younger tadpoles (Beach and Jacobson, 1979b). 

In this paper we report an analysis of the role of thyroxine in the 
development of the ipsilateral retinothalamic projection. We have 
examined retinofugal projections and patterns of retinal histogenesis 
in tadpoles whose production of thyroxine was blocked by treatment 
with the goitrogen propylthiouracil (PTU), as well as in similar tadpoles 
injected intraocularly with thyroxine. The results confirm that thyrox- 
ine is involved in producing an ipsilateral projection and suggest that 
it does so by a direct action on the eye. Robust ipsilateral projections, 
resembling those of metamorphosing animals, were produced in 
thyroxine-treated tadpoles which in all other respects remained at 
premetamorphic stage 54. Our findings provide a striking example 
of the role of hormones in inducing neuronal projections, and are 
also significant with regard to the question of how patterns of axonal 
projection are controlled at the optic chiasm. Preliminary reports of 
some of these observations have appeared (Hoskins and Grobstein, 
1981, 1984). 

Materials and Methods 

Laboratory-bred and reared Xenopus laevis tadpoles were used for all 
experiments. To determine whether thyroxine was necessary for develop- 
ment of the ipsilateral projection, we raised groups of 100 tadpoles in 40.liter 
aquaria containing 10% Holtfreter’s solution and 0.01% PTU (Sigma) (Doyle 
and MacLean, 1978). PTU prevents thyroxine synthesis by preventing iodi- 
nation of tyrosine, an essential step in the production of thyroid hormone 
(Green, 1971). PTU was added to the aquaria when the tadpoles had reached 
stages 48 to 50 (Nieuwkoop and Faber, 1967). The PTU had no detectable 
effect on growth or development of these tadpoles, as compared with 
animals reared in the absence of PTU. until stage 53 or 54. Having reached 
this stage of development on a normal time course, the PTU-reared animals 
continued to increase in size without progressing in morphological stage. 
The precise stage at which a PTU-reared group ceased progressing morpho- 
logically varied slightly among different groups of tadpoles, with some 
blocked at stage 53154 and others at stage 54. 

To examine the effects of local application of thyroxine, we injected 
thyroxine into one eye of a group of PTU-reared tadpoles. These experimental 
animals were housed singly in plastic boxes containing 2 liters of PTU 



The Journal of Neuroscience Thyroxine and Development of an Uncrossed Retinal Projection 931 

medium. Tadpoles were anesthetized briefly in 5 x 1 OF5 M tricaine methane- 
sulfonate (MS-222), and small amounts of l-thyroxine (Sigma) in 50 nl of 
Wesson Oil were pressure-injected into one eye (see Tables I to Ill for doses). 
The animals were returned to the boxes for the duration of the experiment 
and were fed yeast. After 3 to 12 weeks, the optic nerve from either the 
thyroxine-injected eye or the untreated eye was cut and exposed to crystals 
of HRP. Twenty-four hours later, the tadpoles were killed and their brains 
were processed as described previously (Hoskins and Grobstein, 1985a). 

As the retina of X. laevis grows, new cells are added at the periphery 
(Hollyfield, 1971; Straznicky and Gaze, 1971; Jacobson, 1976). To analyze 
patterns of retinal growth during our experiments, we marked the retinal 
periphery of the stage 54 tadpoles at the beginning of the experiment by 
making intra-abdominal injections of 5 ~1 of [3H]thymidine (specific activity, 
8j to 86 Ci/mmol, 1 mCi/ml; New England Nuclear) just prior to the intraocular 
injections of thyroxine. At the end of the experimental period, the eyes of the 
animals were fixed in 1% paraformaldehyde/2% glutaraldehyde in 0.1 M 
phosphate buffer, pH 7.4, embedded in paraffin, and processed for autora- 
diography as described previously (Hoskins and Grobstein, 1985b). Parasa- 
gittal sections which included the optic disc were scanned, and a sample of 
three alternate central sections through the optic disk was chosen for 
analysis. Using a modification of the method of Beach and Jacobson (1979a), 
we quantitated shifts in the pattern of retinal histogenesis by measuring the 
lengths of retina generated at the extreme dorsal and ventral peripheries of 
the eye, between the border of heavily [3H]thymidine-labeled cells and the 
peripheral germinal zone, during the experimental period. Three sections 
taken at the level of the optic disc were analyzed for each eye. The symmetry 
or asymmetry of retinal growth was then determined by computing a ratio of 
micrometers added in the ventral periphery to micrometers added in the 
dorsal periphery. To control for the possibility that increases in length were 
caused by changes in cell size rather than addition of new cells, we also 
counted the number of cells added in the dorsal and ventral peripheries of 
the same sections. The extreme edge of the retina, the germinal zone, was 
not counted, as it was not possible to tell which cells within it were destined 
for the ganglion cell layer. 

Results 

Effects of PTU rearing. X. laevis tadpoles normally complete 
metamorphosis in 6 to 8 weeks (Nieuwkoop and Faber, 1967). In 
PTU-treated tadpoles, development as measured by progression 

through successive morphological stages stops at about stage 54. 
The blocked animals remain viable and continue to grow for a year 
or more (MacLean and Turner, 1976). To determine the effects of 
PTU rearing on the development of the ipsilateral retinothalamic 

projection, we assayed retinal projections in tadpoles kept in PTU 
for between 1 and 3 months past the chronological age at which 
the projection normally develops. The brains illustrated in Figure 1 

represent the range of results observed. In no case was there any 
sign of a projection to the ipsilateral rostra1 visual nucleus (RVN), 
corpus geniculatum thalamicum (CGT), or uncinate field (UF). In 
some animals there was a very sparse projection to the nucleus of 
Bellonci (NB); in others this projection also was absent. The range 

of results seen was identical to that observed in normal stage 54 
tadpoles (Hoskins and Grobstein, 198513). We conclude that, like 
many other metamorphic events, the development of the ipsilateral 
retinothalamic projection is blocked by treatment with PTU. 

PTU treatment also blocked the onset of the normal asymmetric 
pattern of cell addition to the retina but did not prevent addition of 
neurons at the retinal periphery, as shown by our autoradiographic 
studies of the same animals. Figure 2 documents incorporation of 
[3H]thymidine at the retinal periphery in a tadpole maintained in PTU 

for 11 weeks after the injection of [3H]thymidine. The displacement 
of the autoradiographic grain border from the germinal zone at both 
dorsal and ventral peripheries indicates that neurons were added 

while the tadpole was reared in PTU. The amount of displacement 
is equivalent dorsally and ventrally. Such symmetrical growth is 
characteristic of retinas of X. laevis tadpoles through stage 54 (Beach 

and Jacobson, 1979a), and quite different from the pattern of 
increased growth in ventral retina and a decreased rate of growth in 
dorsal retina, which in normal tadpoles begins at stage 55 and which 
can be induced precociously by treatment with thyroxine at younger 

stages (Beach and Jacobson, 1979a, b). 

The effects of PTU on general morphological changes and on the 

development of the ipsilateral projection are reversible. When PTU- 
reared tadpoles are shifted back to normal rearing medium (10% 
Holtfreter’s solution), normal morphological changes resume and the 
animals complete metamorphosis within a few weeks. In several 
such frogs, including one which as a tadpole had spent 8 months 
in PTU, we studied optic nerve projections using methods described 
previously (Hoskins and Grobstein, 1985b). The projections formed 
were typical of normal postmetamorphic animals. Contralateral pro- 
jections to the optic tectum and thalamus were present, and projec- 
tions had also been made to all of the usual terminal fields in the 
ipsilateral thalamus. Thus, even a long delay at stage 54 does not 
prevent the eventual development of normal optic projections, once 
treatment with PTU is terminated. 

Effects of exogenous thyroxine on development of the ipsilateral 
projection in PTU-reared tadpoles. The results in the preceding 
section suggest that the development of the ipsilateral retinothalamic 
projection depends on the increased levels of thyroxine which are 
normally associated with metamorphosis. However, PTU treatment, 

in addition to preventing thyroxine synthesis, might have other 
unknown effects which block development of the projection for 
reasons unrelated to the block of thyroxine production. To verify the 
involvement of thyroxine in the development of the projection as 
well as to investigate the level at which the hormone acts, we studied 
retinal projections of PTU-reared animals after injecting thyroxine into 
one eye. 

Small amounts (3 to 17.5 ng) of thyroxine in 50 nl of oil were 

pressure-injected into one eye of a series of PTU-reared tadpoles, 
which were subsequently returned to and housed in PTU solution 
throughout the experimental period. After a period of 3 to 12 weeks, 
we examined the optic projections from either the thyroxine-treated 
or untreated eye of each tadpole, using anterogradely transported 

horseradish peroxidase (HRP) as described previously. Optic projec- 
tions were reconstructed from serial 40-pm frozen sections, using a 
Zeiss drawing tube at x 25. Reconstructed optic projections of the 
experimental tadpoles were assessed by comparison with similarly 
reconstructed projections from normal animals. 

The results of these studies are summarized in Tables I to Ill, 
which include details of the amount of thyroxine injected and the 

time between injection and sacrifice for each case. The optic nerve 
projections from the thyroxine-treated eye were analyzed in 17 cases 
(Table I and the first three animals in Table Ill). In all but one of these 
(No. 133 of Table I), there was clear evidence that the injected 
thyroxine promoted development of the ipsilateral projection, in that 
projections were observed in ipsilateral terminal zones (RVN, CGT, 
UF) never innervated in PTU-reared animals without thyroxine treat- 
ment or in normal stage 54 tadpoles. As is evident in Table I, not 
every animal showed reaction product in all of the ipsilateral terminal 
zones. The ipsilateral NB and RVN were most often innervated. 
These projections are the ones most reliably (and in the case of NB, 
heavily) labeled in normal metamorphosing tadpoles. The ipsilateral 
CGT and UF are the last to become innervated during normal 
development and seem to undergo a good deal of further develop- 
ment after the conclusion of metamorphosis. In five experimental 
cases, label was present in all four of the normal ipsilateral terminal 
zones. This, and the intensity of the labeling, suggests a degree of 
development in these animals comparable to that normally reached 
in early postmetamorphic stages. 

The induced fibers were not distributed randomly on the ipsilateral 
side of the brain, but instead were found only in the normal terminal 
zones. We looked in particular for the existence of projections to the 
ipsilateral tectum. These were lacking in 18 of the cases and present 
as a few fibers in 8 cases. This is similar to the situation in normal 
postmetamorphic animals where a sparse ipsilateral retinotectal 
projection can sometimes be observed (Levine, 1980; S. G. Hoskins 
and P. Grobstein, unpublished observations). Induced ipsilateral 
retinothalamic projections were seen at the shortest post-treatment 
time investigated (3 weeks) and with the smallest thyroxine dosage 
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Figure 1. Retinothalamic projections of stage 54 PTU-reared tadpoles. A, Transverse section through rostra1 thalamus of an animal in which one optic 
nerve was exposed to HRP after more than 2 months of PTU rearing. On the contralateral (CONTRA) side, a substantial projection to the NB is apparent 
(so/id arrow). On the ipsilateral (/PSI) side, only a small amount of reaction product is present (see enlargement of boxed region on the right; small arrows 
indicate grains of HRP reaction product). This was the only ipsilateral terminal field which showed any evidence of innervation. Scale bars = 100 pm to left, 
20 gm to rrght. 6, A second example, oriented as in A. Again, a substantial projection to the contralateral (CONTRA) NB is present (so/id arrow). In this 
tadpole, no reaction product was found in the ipsilateral (/PSI) terminal fields (see boxed region and enlargement to the right). A single stained fiber can be 
seen at the lateral wall of the brain. Scale bars = 100 @rn to left, 20 pm to right. 

used (3 ng). Induced projections were not, however, seen in three 
additional control tadpoles analyzed 6 weeks after receiving injec- 

tions of oil without thyroxine. We conclude that the block of devel- 
opment of the ipsiiateral retinothalamic projection brought about by 
PTU treatment can be overcome by exposure to exogenous thyrox- 
ine. 

Many of the tadpoles studied showed not only an induced ipsilat- 
eral projection but also other signs of metamorphic change as 
defined by external morphological criteria (Nieuwkoop and Faber, 
1967). In these cases (Table I), we assessed whether the degree of 
development of the induced ipsilateral projection was enhanced 

relative to that of the animal in general by comparing the ipsilateral 
projections of the hormone-treated eyes with the ipsilateral projec- 
tions typical of normal untreated tadpoles at the equivalent stage 
(as described in our previous study; Hoskins and Grobstein 1985b). 
Ten of the 14 tadpoles clearly had projections from the thyroxine- 
treated eye which were morphologically advanced relative to the 
animal’s stage, as judged both by the number of terminal zones 
labeled and the intensity of the labeling. An example is illustrated in 
Figure 3, left. 

The finding that ,the induced ipsilateral projections produced by 
thyroxine-treated eyes were in many cases enhanced relative to the 
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Figure 2. Retinal growth during PTU rearing. To the left is a camera lucida drawing of a sagittal section through the retina of a PTU-reared tadpole which 
was injected intra-abdominally with [3H]thymidine, returned to PTU, and killed 11 weeks later. D, dorsal; V, ventral; pe, pigment epithelium; on, optic nerve; 
gc, ganglion cell layer. Scale bar = 250 pm. Addition of new cells to the dorsal and ventral retinal peripheries (boxed regions on the left) during continued 
PTU rearing is indicated by the presence of silver grains over retinal ganglion cells (arrowheads) in the photomicrographs to the right. Grains are also 
apparent in the other layers of the neural retina. Scale bar = 20 pm. 

TABLE I 

Assessment of the ipsilateral retinothalamic projections from thyroxine-treated eyes of PTU-reared tadpoles which advanced slightly in developmental 
stage after injection of thyroxine into one eye 

Animals identified by number in the first column recerved thyroxine doses as indicated in the second column. The third and fourth columns show the 
developmental stage reached at the time the animals were killed and the number of weeks that had elapsed after the thyroxine injection. The next four 

columns Indicate whether HRP reaction product was detectable in the four major retinothalamic termrnai zones ipsilateral to the optic nerve exposed to 
HRP. The last column indicates whether the observed projectrons were more advanced than those expected of animals at the developmental stage 
reached. 

Tadpole 
Thyroxrne 

(ng) 
Final 
Stage 

Weeks 
Elapsed RVN NB CGT UF Enhanced 

Overall? 

128 9.00 57158 6 

134 17.50 57 7 

138 9.00 56157 8 

139 9.00 56157 9 

137 9.00 56 8 
133 17.50 56 7 

160 3.75 56 6 

158 3.75 56 6 

168 3.00 55 12 

164 3.00 55 11 

146 3.75 55 3.5 

143 3.75 55 3 

162 3.00 54155 11 

149 3.75 54155 3.5 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

No 
Yes 
Yes 
yes 
yes 
no 
no 

9s 
9s 
yes 

yes 
yes 
no 

ves 

a (-I-), uncertain; +, detectable reaction product; -, no detectable reaction product. 
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Figure 3. Retinothalamic projections in PTU-reared tadpoles. Left, Retinothalamic projection in a PTU-reared tadpole which advanced to stage 56 during 
the 6 weeks following injection of thyroxine into one eye. The projection from the thyroxine-treated (Thyrox-treated) eye was analyzed. A substantial 
projection to the ipsilateral (/PSI) NB is apparent (open arrow). Analysis of adjacent sections indicated that reaction product was also present in the ipsilateral 
RVN, CGT, and UF, which are not innervated until stages 57, 60, and 64, respectively, in normally developing tadpoles. This ipsilateral projection is 
significantly enhanced compared to the ipsilateral projections typical of normal or PTU-reared tadpoles at stage 56 (see right). Scale bar = 200 pm. Right, 
Retinothalamic projection from the untreated (Untreated) eye of a PTU-reared tadpole which advanced to stage 56 following injection of thyroxine into the 
other eve. The iasilateral Droiection to the NB is at the extremelv sDarse level typical of normally reared tadpoles at stage 56, and not apparent at this low 
magnification. &a/e bar L 260 pm. 

. 

tadpoles’ morphological stages suggested that the action of thyrox- 
ine was, at least in part, directly on the eye. To further evaluate this 
possibility we assessed the ipsilateral projections formed by the 
untreated eye of thyroxine-treated tadpoles, reasoning that any 
secondary or indirect effect of thyroxine should affect both eyes. 
The results for this series of animals, which had survival times and 
injection dosages comparable to the cases in Table I, are presented 
in Table Il. Of eight tadpoles, only one showed any indication of a 
projection enhanced relative to what would be expected from the 
animal’s stage according to external morphological criteria. Seven 
of the eight had the sparse projections typical of normal tadpoles at 
equivalent stages. An example, treated comparably to that of Figure 
3, left, is illustrated in Figure 3, right. That the seven “unenhanced” 
cases were not judged unenhanced because of a failure of antero- 
grade transport of HRP was checked by noting the extent of reaction 
product in the contralateral tectal lobe of each case. These were 
labeled satisfactorily in all cases, indicating the optic nerves had 
been exposed adequately to HRP. 

The results indicate that tadpoles prevented from synthesizing 
thyroxine fail to develop mature ipsilateral projections. Intraocular 
injections of thyroxine and oil, but not of oil alone, can cause the 
development of significantly enhanced ipsilateral projections in ani- 
mals which remain at tadpole stages. The projections which form 
precociously are specific, in that the retinal afferents run to the usual 

thalamic terminal zones and form terminal fields of appropriate 
morphology. The fact that the induced ipsilateral projections pro- 
duced by thyroxine-treated eyes are enhanced relative to the tad- 
poles’ morphological stages suggests further that thyroxine acts 
directly on the injected eye. Overall, the data in Tables I and II 
indicate that eyes treated directly with thyroxine are much more likely 
to develop enhanced ipsilateral projections than are the untreated 
eyes of similar tadpoles. Taken together, the analyses of projections 
made by thyroxine-treated or untreated eyes suggest that the thy- 
roxine does not exert its effect on retinofugal projections through a 
general systemic action but instead by a local induction of the 
population of retinal ganglion cells. 

Four animals studied (Table Ill) provided evidence not only that 
thyroxine acts locally on the eye but that such action may be 
sufficient to cause the development of an ipsilateral projection. These 
tadpoles were injected with 3.75 ng of thyroxine in 50 nl of oil and 
remained at stage 54 throughout the experimental period. In three 
cases, the projection from the treated eye was analyzed. In all three, 
there were projections to each of the four major ipsilateral terminal 
zones, indicating a degree of development normally seen only in 
late metamorphic or early postmetamorphic stages. In the fourth 
tadpole, the projection from the untreated eye was assayed (Fig. 4, 
E-H). The ipsilateral projection was typical of that seen in PTU- 
reared, non-thyroxine-treated tadpoles, or in normal stage 54 tad- 
poles. 

TABLE II 
Assessment of the ipsilateral retinothalamic projecbons from untreated eyes of PTU-reared tadpoles which advanced slightly in developmental stage 

after injection of thyroxine info one eve” 

Tadpole 
Thyroxine Final 

W Stage 

135 17.50 57158 7 
140 9.00 56157 9 
157 3.75 56 6 
151 3.75 56 4 

169 3.00 55156 12 

165 3.00 55156 11 
150 3.75 55 4 

163 3.00 54155 11 

Weeks 
Elapsed RVN NE CGT UF Enhanced 

Overall? 

(=I 

+ 

+ (+) - no 
+ no 

no 
+ (+I + yes 
+ no 
+ no 

- no 
no 

a Conventions are as in Table I. 
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TABLE III 

935 

Assessment of the ipsilateral retinothalamic projections from treated and untreated eyes of PTU-reared tadpoles which remained at stage 54 following 
injection of thyroxine into one eye” 

Tadpole Thyroxine Final Weeks 
(ng) Stage Elapsed Eye Analyzed RVN NB CGT UF Enhanced 

Overall? 

152 

147 
145 

148 

3.75 

3.75 
3.75 
3.75 

54 

54 
54 
54 

4.0 thyroxine treated + + + + yes 
3.5 thyroxine treated + + + + yes 
3.0 thyroxine treated + + + + yes 
3.5 untreated - + - no 

a Conventions are as in Tables I and II except for the addition of column 5, indicating which eye was analyzed. 

Labeling in the four major ipsilateral terminal zones in one of the 
animals which remained at stage 54 and developed an enhanced 
ipsilateral projection is illustrated in Figure 4, A-D. Comparable 
results were observed in the other two tadpoles. Reaction product 
was found at the lateral edge of the cellular portion of the ipsilateral 
RVN, and as in the ipsilateral RVN of normal adults, reaction product 
was absent from rostra1 sections of the nucleus. The terminal zone 
extended continuously into the neuropil caudal to the cellular portion 
of the ipsilateral RVN, just below the lateral tip of nucleus ventrola- 
teralis (Fig. 4A), as it does from stage 60 on in normal cases. 

The NB terminal fields seen ipsilateral to the eyes injected with 
thyroxine typically contained quite intense, dense deposits of reac- 
tion product. The terminal fields were much more heavily filled with 
reaction product than were the occasional sparse terminal fields 
seen in normal tadpoles at stage 54. Variations in density of reaction 
product like those seen in subregions of the ipsilateral NB of 
metamorphic (stage 60 on) and postmetamorphic X. laevis were 
seen. The body of the NB terminal field was oval shaped and lay in 
the neuropil between the wall of the diencephalon and the lateral 
extent of the gray matter (Fig. 4B). More caudally, both the body 
and appendage of the terminal field showed dense and sparse 
subregions of reaction product. The terminal zone is, in fact, strikingly 
similar in distribution and intensity of label to that seen in normal 
postmetamorphic frogs (Hoskins and Grobstein, 1985b). In both 
cases, two label-dense areas are found in the NB. The dense areas 
intersect at their medial extremes and enclose a central label-sparse 
zone. In the induced terminal field, as in normal postmetamorphic 
frogs, the regions with dense reaction product converge medially in 
more caudal sections. The more dorsal of the two strips remains 
intense in subsequent sections and projects furthest caudomedially 
in the brain (Fig. 4C). It should be noted explicitly that the ipsilateral 
projection illustrated was produced in the brain of a stage 54 tadpole. 
At this premetamorphic stage in normal Xenopus, traces of ipsilateral 
labeling are seen only occasionally and, if present in the ipsilateral 
NB, are not clustered into dense and sparse subregions. The 
projection illustrated is most comparable to the l-month postmeta- 
morphic case described in the preceding paper (Hoskins and Grob- 
stein, 1985b). 

The CGT in thyroxine-treated tadpoles was evident as a dense 
clustering of HRP reaction product lateroventral to and separate 
from the NB (Fig. 4C). The induced CGT was not wedge shaped, 
as it is in the adult, but contained a significant amount of reaction 
product, not seen in normal animals until stage 60 or later. 

In normally developing tadpoles, an ipsilateral projection to the UF 
is not reliably detected until stage 64, at which time labeling is quite 
faint. In the stage 54 hormone-treated cases, reaction product was 
found dorsomedially in the brain, just rostra1 to the optic tectum, and 
extending ventrolaterally, as illustrated in Figure 40. The labeling, 
both in intensity and distribution, was comparable to that seen in 
normal animals near the completion of metamorphosis. 

Patterns of retina/ histogenesis. The fact that a projection to the 
ipsilateral thalamus can be induced in an animal which shows no 
external signs of advancement in stage suggests that the effects of 
the injected thyroxine are not widespread. A similar argument comes 
from the fact that, in the vast majority of hormone-treated tadpoles, 
the untreated eye does not produce an enhanced ipsilateral projec- 

tion (see Table II). A third line of evidence relates to the growth 
patterns of the untreated eye. As described earlier, cells are added 
to the r.etina symmetrically until stage 55, at which time ventral retina 
begins to grow more rapidly than does dorsal retina (Beach and 
Jacobson, 1979a). Since the shift in the pattern of retinal histogen- 
esis can be brought about directly and precociously by intraocular 
injection of thyroxine (Beach and Jacobson, 1979b), the growth 
dynamics of the ventral retinal periphery provide an additional assay 
for the presence of elevated levels of thyroxine. 

Figure 5, A and B, shows representative sections of both eyes of 
the previously described animal which remained at stage 54 but 
developed a substantial ipsilateral projection from the thyroxine- 
treated eye. Similar results were observed in the other two compar- 
ably treated tadpoles of Table III. Ventral retina grew substantially in 
the thyroxine-treated eye during the experimental period, as indi- 
cated by the large displacement of the autoradiographic grain border 
from the retinal periphery. Counts of neurons confirmed what is 
evident from the photomicrographs, that the displacement resulted 
largely from addition of neurons at the retinal periphery and not 
simply from a stretching of the retina. The untreated eye continued 
to grow in the symmetrical fashion characteristic of PTU-reared 
tadpoles (see Fig. 2), as indicated by the small and equivalent 
displacement of the grain border from the dorsal and ventral retinal 
peripheries. Similar results were observed in the previously described 
stage 54 tadpole in which the optic nerve projection from the 
untreated eye was examined (No. 148 of Table Ill). Again, the 
thyroxine-treated eye showed enhanced ventral growth, whereas 
the untreated eye continued to grow symmetrically (Fig. 5, C 
and D). 

The observations on the case illustrated in Figure 5, C and D, 
confirm that the failure to observe an induced ipsilateral projection 
from the untreated eye was not due to failure of the injection of 
thyroxine, since the injected hormone clearly altered the growth of 
the eye. The observations in both tadpoles indicate that the effects 
of thyroxine were largely confined to the injected eye. If  any thyroxine 
had escaped from the site of injection, it must have been present in 
the circulatory system in concentrations too low to produce a 
detectable shift in growth pattern in the retina of the untreated eye. 

Discussion 

The results presented in this paper confirm that thyroxine is 
required for the development of the ipsilateral retinothalamic projec- 
tion by showing, first, that the projection fails to develop in tadpoles 
whose thyroid function is blocked by rearing in PTU and, second, 
that injections of thyroxine will overcome the effects of PTU and 
promote both advancement in morphological stage and develop- 
ment of the ipsilateral projection. The present results also indicate 
that the presence of thyroxine in one eye alone is sufficient to cause 
the development of an ipsilateral projection in the absence of 
numerous other metamorphic changes which normally occur during 
the stages when the ipsilateral projection develops. Thus, it appears 
that the hormone acts directly on cells of the eye to induce the new 
pathway (see also Hoskins and Grobstein, 1984). 

Thyroxine and the development of the ipsilateral projection. With 
regard to dependence on thyroxine, the retina can be subdivided 
into a central region composed of neurons which are born early and 
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make their contralateral projections in the absence of the hormone, 
and a peripheral, bilaterally projecting region composed of neurons 
born beginning at about stage 55, which is not produced if thyroxine 
is not present. As discussed previously (Hoskins and Grobstein, 
1985a), the intermingling of ipsilaterally projecting and contralaterally 
projecting cells in the latter region of the adult retina puts constraints 
on the types of mechanisms which can be proposed to control the 
trajectories of the ipsilaterally projecting axons. If  axons of ganglion 
cells determined for projections to the ipsilateral thalamus followed 
the axons of their nearest neighboring retinal ganglion cells out of 
the eye, along the optic nerve, and through the optic chiasm, they 
would almost without exception be routed to the wrong, contralateral 
side of the brain, since contralaterally projecting retinal ganglion cells 
far outnumber ipsilaterally projecting ones (Hoskins and Grobstein, 
1985a), and a substantial contralateral projection has formed well 
before an ipsilateral projection begins to develop (Grant and Ma, 
1983; Holt and Harris, 1983). Our earlier work indicated that the 
absolute timing of development and any normally occurring inter- 
actions among the developing fibers, both of which have been 
shown to play roles in some developing systems (Gottlieb and 
Cowan, 1972; Lund, 1978; Macagno, 1978) do not seem critical for 
control of projection laterality for the ipsilateral fibers. The present 
results, together with previous ones (Hoskins and Grobstein, 1984, 
1985a), indicate that a mechanism which relies heavily on “mechan- 
ical guidance” of new fibers (Singer et al., 1979; Silver, 1984) or on 
the following of pathways formed by previous fibers (Bentley and 
Keshishian, 1982; Ho and Goodman, 1982) is also inadequate to 
explain the initiation of a new pathway in this system. 

In principle, one could imagine that the change in the laterality of 
optic fiber projections could be due to an alteration at a variety of 
points in the visual system, for example, at the optic chiasm or within 
the ipsilateral thalamus itself. Arguing against the former is the 
observation that the untreated eyes of thyroxine-treated tadpoles fail 
to form advanced ipsilateral projections. Were the development of 
an ipsilateral projection the result of a critical change at the optic 
chiasm, one would have expected the optic nerves from both eyes 
to have formed ipsilateral projections. A similar argument can be 
raised against the second possibility, namely, that the injected 
thyroxine affects the thalamus so that it somehow attracts axons, 
causing some to project ipsilaterally at the chiasm. It does not seem 
likely that thyroxine escaping from the eye into the general circulation 
would alter the thalamus on only one side of the brain. Rather, the 
results presented above are most consistent with the idea that 
thyroxine acts locally, at the level of the eye. In general, our findings 
strongly indicate that the critical change responsible for the devel- 
opment of the ipsilateral retinothalamic projection is a change in the 
cells of the eye itself, and that the change can be mimicked by the 
localized action of thyroxine. Both in the present experimental case 
and in normal development, the appearance of an ipsilateral projec- 
tion is correlated with a change in the pattern of cell addition to the 
retina. In the previous paper (Hoskins and Grobstein, 1985b), we 
showed that ipsilaterally projecting cells are part of the population 
born after this thyroxine-induced change. It seems likely that the 
same is true in the experimental situation reported here, although 
this point was not examined directly. 

Mode of action of thyroxine. Since ipsilateral projections are not 
formed in tadpoles maintained in a premetamorphic state by PTU 

rearing, even after many weeks, it might appear that some signal 
triggered by the increase in thyroxine level, or perhaps the thyroxine 
itself, is involved, at stage 54, in “labeling” some ganglion cells so 
that they will subsequently project ipsilaterally. Several lines of 
existing evidence, however, suggest a different role for the hormone, 
by showing that the retinal region which will project ipsilaterally is 
determined quite early in development. These findings, summarized 
below, indicate that thyroxine probably plays an inductive role upon 
a previously regionally individuated group of neurons. 

In retinas of adult frogs, ipsilaterally projecting ganglion cells are 
most common ventrally and temporally; that is, in the region of the 
retina produced by the differential growth normally initiated by 
thyroxine beginning at stage 55. Eyes rotated 180” at embryonic 
stages 26 to 36 show increased growth, beginning at stage 55, of 
the regions of the periphery descended from the portion of the 
retinal rudiment which was originally situated ventrally. Such a result 
suggests that regional determination of future proliferative response 
occurs at least as early as embryonic stage 26 (Beach and Jacob- 
son, 1979c). That is, the ability to undergo increased growth begin- 
ning at stage 55 does not appear to be a property conferred upon 
particular cells based on their position in the retina at stage 55, but 
rather a property intrinsic to cells of embryonic ventral retina, and 
one which is retained even in the face of environmental perturbation. 

Eye rudiments rotated as early as embryonic stage 32 later 
produce ipsilaterally projecting axons from retinal loci appropriate for 
the original rather than the rotated axes of the eye (Kennard, 1981) 
suggesting that the region of the retina which will contain ipsilaterally 
projecting cells is, similarly, determined long before the cells which 
actually project ipsilaterally are born. The results of experiments 
involving compound eyes (Straznicky and Tay, 1977) also suggest 
early determination of the ipsilaterally projecting region. In general, 
then, the role of thyroxine seems to be to bring about the expression 
of new properties in some of the neurons which arise late in 
development as descendants of a previously committed region of 
the retina. The fact that tadpoles at stages 48 to 50 will undergo 
changes in external morphology (Tata, 1968) or retinal growth pattern 
(Beach and Jacobson, 1979b) if treated with thyroxine supports the 
idea that cells may be determined for responsiveness to the hormone 
well before it is normally present in significant amounts. Thus, with 
regard to the ipsilateral retinothalamic projection, stage 54 may not 
be the stage at which the ability to project ipsilaterally is acquired, 
but rather the stage at which the ability to project ipsilaterally is 
expressed, due to the presence of increasing titers of thyroxine. 

Our previous studies indicated that laterality of axonal projection 
is a regionally heterogeneous property of the frog retina (Hoskins 
and Grobstein, 1985a). The present observations suggest further 
that, in terms of its response to thyroxine, the retina is not only 
regionally heterogeneous but locally heterogeneous as well. Not all 
cells in the retinal region generated after stage 54 project ipsilaterally; 
there are also many contralaterally projecting cells in this region. In 
principle, thyroxine could produce a heterogeneous population of 
neurons either by inducing a homogeneous population of cells in 
the germinal epithelium of the stage 54 retina to begin to divide 
asymmetrically, or by differentially affecting an already heteroge- 
neous population of precursor cells. Local heterogeneity within the 
region of the embryonic retina which will give rise to the bilaterally 
projecting region of the adult retina is suggested by studies of cell 

Figure 4. lpsilateral projections from thyroxine-treated (T4-TREATED; A to D) or untreated (UNTREATED; E to H) eyes of stage 54 PTU-reared tadpoles 
which had 3.75 ng of l-thyroxine in 50 nl of oil injected into one eye. The projections made by the thyroxine-treated eye to the ipsilateral RVN (A), NB (B), 
CGT (C), and UF (D) are illustrated. With the occasional exception of the NB, none of these terminal zones normally are innervated at stage 54. Reaction 
product in the RVN (A) is in the usual lateroventral region of central sections of the nucleus (arrow). The projection to the NB (6) is much more dense and 
extensive than that typical of PTU-reared tadpoles at stage 54 (Fig. l), and is subdivided into dense and sparse subregions (arrows), as is the ipsilateral NB 
terminal field in normal metamorphosing animals, beginning at stage 60. Density of innervation in the case illustrated is comparable to that seen normally in 
early postmetamorphic animals. The projections to the CGT (C, arrowheads) and UF (D, between arrowheads), appear equivalent to that of a normal frog. 
The ipsilateral projections formed by the untreated eye of a similar tadpole, in contrast, are at the sparse level characteristk of some PTU-reared or nonal 
tadpoles at stage 54 (see Fig. 1). The RVN (E), CGT (G), and UF (H) are devoid of reaction product. The NB (F) contains a small amount of reaction 
product (arrowhead) at the lateral edge of nucleus posterocentralis (PC). Scale bar = 50 pm. 
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Figure 5. Retinal growth In thyroxine-treated, PTU-reared tadpoles. A and /3, Comparable sagittal sections through the thyroxine-treated (Thyrox-treated) 
and untreated eyes of the tadpole whose optic nerve projectrons are illustrated in Figure 4, A to D. [3H]Thymidine labeling was evrdent at the dorsal periphery 
(thm arrows) in both retinas. The labeling was also peripherally located in the ventral retina of the untreated eye (boxed region In B and enlargement to the 
right). In the thyroxine-treated eye, the border between [3H]thymidrne-labeled and unlabeled regions was displaced centrally (boxed region in A and 
enlargement to /ert) indicating enhanced ventral growth. C and D, Similar illustrations for the tadpole whose optic nerve projections are illustrated in Figure 
4, E to H. Scale bars = 300 pm for retinal sections, 10 pm for enlargements. 

lineage in X. laevis embryos. When HRP is injected into one of the 
two blastomeres produced at the first cleavage, and the descend- 
ants of the labeled cell are mapped at an early tadpole stage, the 
vast majority of stained cells are found confined to one half of the 
brain, on the same side as the labeled blastomere (Jacobson and 
Hirose, 1978). Dorsal retina similarly appears to be descended from 
either one blastomere or the other, as it is found to be composed 
either of labeled or of unlabeled cells in cases where a single 
blastomere was labeled at the two-ceil stage. In the ventral part of 
such retinas, however, stained and unstained cells are mingled, 
indicating that they are descended from both blastomeres. Ventral 
retina is thus more heterogeneous in lineage than is dorsal retina. 

The parallel between lineage heterogeneity and projection heter- 
ogeneity in ventral retina is suggestive, but further work is necessary 
to establish its significance. Most of ventral retina projects bilaterally, 
but so, too, does a substantial amount of dorsal retina (Hoskins and 
Grobstein, 1985a). Furthermore, ventral retina seems to be distinctive 
not only in lineage heterogeneity but in other ways as well. The cells 
which produce the ventral ret‘ina migrate into the embryonic eyecup 
from the optic stalk relatively late (Holt, 1981) and axons from ventral 
retina reach the brain later than do those of dorsal retina (Rubin and 
Grant, 1980; Holt and Harris, 1983). Exact determinations of the 
extent of the distinctive retinal regions were not made in any of the 
cases described. A finding that the retinal region which receives 
contributions from both blastomeres in fact corresponds in extent 

to that which projects bilaterally would significantly strengthen the 
evidence for a causal relation between lineage heterogeneity and 
projection heterogeneity. 

Control of the ipsilateral projection in mammals. There are inter- 
esting parallels between our findings in the frog and those on 
mutations which affect both retinal melanin and the laterality of 
axonal projections in mammals. In melanin-deficient mammals, an 
abnormally large proportion of retinofugal fibers crosses in the 
chiasm, and fewer fibers than usual project ipsilaterally (Lund, 1965; 
Guillery, 1969; Guillery and Kaas, 1971). There is a correlation 
between the number of misrouted optic fibers and the amount of 
melanin pigment missing from the retinal pigment epithelium (Sander- 
son et al., 1974) suggesting that melanin may be in some way 
influential in the control of axonal trajectories. Melanin is produced 
in the embryonic eyecup early in development, and some melanin- 
containing cells are found in the early eyestalk, raising the possibility 
that the pigment cells themselves may influence the trajectories of 
developing axons (Strongin and Guillery, 1981). However, it seems 
unlikely that melanin is involved in “labeling” retinal ganglion cells 
directly since, in at least some situatrons, the accuracy of the 
trajectory taken at the optic chiasm by an axon from a cell in a 
particular region of the retina is not affected by the absence of 
pigment in the immediately adjacent retinal pigment epthelium (Guil- 
lery et al., 1973). Rather, the amount of misrouting in the entire 
population of retinal fibers reflects the overall severity of the melanin 
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deficit (Sanderson et al., 1974). A further parallel between the frog 
and many mammals is that, in both, the ipsilaterally projecting region 
is heterogeneous, containing contralaterally as well as ipsilaterally 
projecting cells (Guillery, 1982). 

In the frog, our evidence suggests that thyroxine causes the 
production of an ipsilateral projection by triggering the production of 
a new population of neurons, some of which project ipsilaterally. 
Intriguingly, there is a suggestion that a similar event may be involved 
in the development of an ipsilateral projection in mammals since, as 
in the frog, ipsilaterally projecting cells in the normally developing 
cat apparently begin to be born later than contralaterally projecting 
ones (Walsh et al., 1983). A delay in the occurrence of the event 
which determines ganglion cells for ipsilateral projections in devel- 
oping cats might result in the reduction of the retinal area which 
contains such cells and a consequently reduced ipsilateral projection 
in albinos. Since both thyroxine and melanin are synthesized from 
the amino acid tyrosine (Garcia et al., 1979; Norris, 1980) the 
possibility of a common signal, or of a common mechanism which 
underlies both substances’ effects on axonal projection laterality, is 
raised. In this context, it is also of interest’ that strabismus, a 
misalignment of the two eyes which often accompanies albinism in 
mammals, has also been noted as a symptom of the human 
hypothyroid syndrome, cretinism (Costa, 1972). 

The involvement of hormones in metamorphic change and in 
development of the nervous system. The present findings are of 
interest both in understanding the basis of metamorphic changes in 
the anuran nervous system and in considering the involvement of 
hormones in nervous system development generally. Both changes 
in neuronal connectivity during anuran metamorphosis (reviewed in 
Kollros, 1981) and direct effects of thyroxine on neuronal tissue 
(Kaltenbach, 1953a, b; Kollros and McMurray, 1956; Kaltenbach 
and Hobbs, 1972; Gona and Gona, 1977) have been documented 
previously. The present case, however, is distinctive in that it repre- 
sents the first in which it has been shown that the local action of 
thyroxine can result in the production of a new pathway to a target 
some distance away. Given our previous results on the birth dates 
of ipsilaterally projecting neurons (Hoskins and Grobstein, 1985b), 
as well as the fact that induced ipsilateral projections are always 
accompanied by enhanced asymmetric growth in the hormone- 
treated eye, it seems likely that the ipsilaterally projecting axons in 
the thyroxine-treated tadpoles originate from retinal ganglion cells 
which were produced as a result of the hormone injection. This 
would suggest that thyroxine is controlling the production of a new 
population of ganglion cells as well as influencing in some way the 
axonal projections of some of these cells. 

The effect of local thyroxine action in the present case is dramatic 
in the context of the nervous system, but the mitogenic and mor- 
phogenetic effects of thyroxine on some non-neural tissues are well 
established. For example, a metamorphic transition in hemoglobin 
type has been shown to result not from changes in the hemoglobin 
content of existing blood cells but rather from the thyroxine-depend- 
ent production of a new, adult-type blood cell population, and the 
coincident thyroxine-mediated destruction of the larval red blood cell 
population (Forman and Just, 1981). Similarly, the thyroxine-depend- 
ent formation of gland rudiments in the skin of X. laevis tadpoles 
seems to involve a thyroxine-triggered alteration in the mitotic pattern 
of the skin cell population, rather than direct effects of the hormone 
on the morphological characteristics of existing skin cells (McGarry 
and Vanable, 1969). In these cases, as in the present one, thyroxine 
seems to act by altering a proliferative pattern and producing a new 
kind of cell. 

In light of the above evidence that thyroid hormone influences 
patterns of proliferation and subsequent cell differentiation in sys- 
tems as diverse as the nervous system, the circulatory system, and 
the epidermis, it is worth considering the possibility that such effects 
will be found in other parts of the metamorphosing anuran nervous 
system as well. At the same time, it is already clear that neither the 
action of thyroxine on the nervous system nor metamorphic change 

in general can be understood solely in terms of altered patterns of 
proliferation. Thyroxine is known to have a variety of effects on the 
morphology of post-mitotic neurons. A thorough review of such 
effects is beyond the scope of the present discussion, but it is worth 
noting, for example, that the ability of thyroxine to specifically affect 
microtubule formation (Francon et al., 1977) may underlie its effects 
on dendritic morphology in the visilal cortex (Schapiro et al., 1973) 
and cerebellum (Faivre et al., 1983). Such effects may also be 
relevant to the involvement of thyroxine in the production of ipsilat- 
erally projecting axons in the present situation. 

The finding that a neural pathway to a distant target can be 
induced by thyroxine is novel both in the literature on metamorphosis 
and in the literature on the involvement of other hormones in neuronal 
development. Since the relevant thyroxine-sensitive cells are re- 
stricted in the retina, both geographically (to peripheral and non- 
nasodorsal retina) and in terms of birth date, it may be possible to 

isolate them and characterize the mechanism(s) by which the hor- 
mone brings about proliferative and morphological changes in the 
ipsilaterally projecting cells. It will also be interesting to see whether 
other hormones known to influence the development of the nervous 
system do so by affecting patterns of proliferation as well as 
morphological differentiation of their target cells. 

References 
Beach, D. H., and M. Jacobson (1979a) Patterns of cell proliferation in the 

retina of the clawed frog during development. J. Comp. Neurol. 783: 603- 
614. 

Beach, D. H., and M. Jacobson (1979b) Influences of thyroxine on cell 
proliferation in the retina of the clawed frog at different ages. J. Comp. 
Neurol. 783: 615-624. 

Beach, D. H., and M. Jacobson (1979c) Patterns of cell proliferation in the 
developing retina of the clawed frog in relation to blood supply and position 
of the choroidal fissure. J. Comp. Neurol. 783: 625632. 

Bentley, D., and H. Keshishian (1982) Pathfinding by peripheral pioneer 
neurons in grasshoppers. Science 278: 1082-1066. 

Costa, A. (1972) The clinical pattern of cretinism as seen in northern Italy. In 
Human Development and the Thyroid Gland, J. B. Stanbury and R. L. 
Kroc, eds., pp. 31-50, Plenum Press, New York. 

Dodd, M. H. I., and J. M. Dodd (1976) The biology of metamorphosis. In 
Physiology of the Amphibia, B. Lofts, ed., Vol. Ill, pp. 467-599, Academic 
Press, Inc., New York. 

Doyle, M. J., and N. MacLean (1978) Biochemical changes in developmen- 
tally retarded X. laevis larvae. I. The lens crystalline transition. J. Embryol. 
Exp. Morphol. 46: 215-225. 

Faivre, C., C. Legrand, and A. Rabie (1983) Thyroid deficiency and corrective 
effects of thyroxine on microtubules and mitochondria in cerebellar Purkinje 
cell dendrites of developing rats. Dev. Brain Res. 8: 12-20. 

Forman, L. J., and J. J. Just (1981) Cellular quantitation of hemoglobin 
transition during natural and thyroid-hormone induced metamorphosis in 
the bullfrog, R. catesbiana. Gen. Comp. Endocrinol. 44: 1-12. 

Francon, J., A. Fellows, A. -M. Lennon, and J. Nuney (1977) Is thyroxine a 
regulatory signal for neurotubule assembly during brain development? 
Nature 266: 188-l 90. 

Garcia, R. I., G. Szabo, and T. B. Fitzpatrick (1979) Molecular and cell biology 
of melanin. In The Retinal Pigment Epithelium, K. M. Zinn and M. F. Mann, 
eds., pp. 124-147, Harvard University Press, Cambridge, MA. 

Gona, A. G., and 0. Gona (1977) Local action of thyroxine implants on 
cerebellar maturation in frog tadpoles. Exp. Neurol. 57: 581-587. 

Gottlieb, D. I., and W. M. Cowan (1972) Evidence for a temporal factor in 
the occupation of available synaptic sites during development of the 
dentate gyrus. Brain Res. 47: 452-456. 

Grant, P., and P. M. Ma (1983) Development of visual pathways in Xenopus 
laevis: An autoradiographic analysis. Sot. Neurosci. Abstr. 9: 759. 

Green, W. L. (1971) Chapter 4. In Mechanisms of Action of Antithyroid 
Compounds in the Thyroid, S. C. Werner and S. H. Ingbar, eds., pp. 41- 
51, Harper & Row, New York. 

Guillery, R. W. (1969) An abnormal retinogeniculate projection in Siamese 
cats. Brain Res. 74: 739-741. 

Guillery, R. W. (1982) The optic chiasm of the vertebrate brain. Contrib. 
Sensory Physiol. 7: 34-73. 

Guillery, R. W., and J. H. Kaas (1971) A study of normal and congenitally 
abnormal retinogeniculate projections in cats. J. Comp. Neurol. 743: 73- 
100. 



940 Hoskins and Grobstein Vol. 5, No. 4, Apr. 1985 

Guillery, R. W., G. L. Scott, B. M. Cattnach, and M. S. Deal (1973) Genetic Kollros, J. J., and M. McMurray (1956) The mesencephalic V nucleus in 
mechanisms determining the central visual pathways of mice. Science anurans. II. The influence of thyroid hormone on cell size and cell number. 
779: 1014-1016. J. Exp. Zool. 737: l-26. 

Ho, R. K., and C. S. Goodman (1982) Peripheral pathways are pioneered by 
an array of central and peripheral neurons in grasshopper embryos. Nature 
297: 404-406. 

Hollyfield, J. G. (1971) Differential growth of the neural retina of Xenopus 
laevis larvae. Dev. Biol. 24: 264-286. 

Holt, C. E. (1981) Cell movements in Xenopus eye development. Nature 
287: 850-852. 

Levine, R. L. (1980) An autoradiographic study of the retinal projection in 
Xenopus laevis, with comparisons to Rana. J. Comp. Neurol. 189: l-29. 

Lund, R. D. (1965) Uncrossed visual pathways of hooded and albino rats. 
Science 749: 1506-l 507. 

Lund, R. D. (1978) Development and Plasticity of the Brain, Oxford University 
Press, New York. 

Holt, C. E., and W. A. Harris (1983) Order in the initial retinotectal map in 
Xenopus: A new technique for labelling growing nerve fibres. Nature 307: 
150-151. 

Hoskins, S., and P. Grobstein (1981) Development and thyroxine depend- 
ence of the ipsilateral retinothalamic projection in Xenopus. Sot. Neurosci. 
Abstr. 7: 287. 

Macagno, E. (1978) Mechanism for the formation of synaptic projections in 
the arthropod visual system. Nature 275: 318-320. 

MacLean, N., and M. Turner (1976) Adult hemoglobin in developmentally 
retarded tadpoles of Xenopus laevis. J. Embryol. Exp. Morphol. 35: 261- 
266. 

Hoskins, S. G.. and P. Grobstein (1984) Induction of the ipsilateral retino- 
thalamic projection in X. laevis by thyroxine. Nature 307: 730-733. 

Hoskins, S. G., and P. Grobstein (1985a) Development of the ipsilateral 
retinothalamic projection in the frog Xenopus laevis. I. Retinal distribution 
of ipsilaterally projecting cells in normal and experimentally manipulated 
frogs. J. Neurosci. 5: 91 l-919. 

McGarry, M. P., and J. W. Vanable (1969) The role of thyroxine in the 
formation of gland rudiments in the skin of Xenopus laevis. Dev. Biol. 20: 
426-434. 

Nieuwkoop, P. D., and J. Faber (1967) Normal Table of Xenopus laevis 
(Daudin), Elsevier-North Holland Publishing Co., Amsterdam. 

Norris, D. 0. (1980) Vertebrate Endocrinologj, Lea and Febiger, Philadelphia. 
Rubin. E., and P. Grant (1980) Ontoaenv of the retina and ootic nerve in X. 

Hoskins, S. G., and P. Grobstein (1985b) Development of the ipsilateral 
retinothalamic projection in the frog Xenopus laevis. II. lngrowth of optic 
nerve fibers and production of ipsilaterally projecting retinal ganglion cells. 
J. Neurosci. 5: 920-929. 

laevis. II. Ontogeny of the optic fiber projection in the retina. J. Comp. 
Neurol. 789: 671-698. 

Jacobson, M. (1976) Histogenesis of the retina of the clawed frog with 
implications for the pattern of development of retinotectal connections. 
Brain Res. 127: 55-67. 

Jacobson, M., and G. Hirose (1978) Origin of the retina from both sides of 
the embryonic brain: A contribution to the problem of crossing at the optic 
chiasm. Science 202: 637-639. 

Sanderson, K. J., R. W. Guillery, and R. M. Shackelford (1974) Congenitally 
abnormal visual pathways in mink (Mustela vison) with reduced retinal 
pigment. J. Comp. Neurol. 754: 225-248. 

Schapiro, S., K. Vukovich, and A. Globus (1973) Effects of neonatal thyroxine 
and hydrocortisone administration in the development of dendritic spines 
in the visual cortex of rats. Exp. Neurol. 40: 286-296. 

Silver, J. (1984) Studies on the factors that govern directionality of axonal 
growth in the embryonic optic nerve and at the chiasm of mice. J. Comp. 
Neurol. 223: 238-251. 

Kaltenbach, J. (1953a) Local action of thyroxine on amphibian metamorpho- 
sis, I, Local metamorphosis in R. pipiens larvae effected by thyroxine- 
cholesterol implants. J. Exp. Zool. 722: 21-39. 

Kaltenbach, J. (195313) Local action of thyroxine on amphibian metamorpho- 
sis II. Development of the eyelids, nictitating membrane, cornea, and 
extrinsic ocular muscles in Rana pipiens larvae effected by thyroxine- 
cholesterol implants. J. Exp. Zool. 122: 41-51. 

Kaltenbach, J. C., and A. W. Hobbs (1972) Local action of thyroxine on 
amphibian metamorphosis. V. Cell division in the eye of anuran larvae 
effected by thyroxine-cholesterol implants. J. Exp. Zool. 779: 157-165. 

Kennard. C. (1981) Factors involved in the development of ipsilateral reti- 
nothalamic projections in Xenopus laevis. J. Embryol. Exp. Morphol. 65: 
199-217. 

Singer, M., R. H. Nordlander, and M. Egar (1979) Axonal guidance during 
embryogenesis and regeneration in the spinal cord of the newt: The 
blueprint hypothesis of neuronal pathway patterning. J. Comp. Neurol. 
185: l-22. 

Straznicky, K., and R. M. Gaze (1971) The growth of the retina of Xenopus 
laevis. An autoradiographic study. J. Embryol. Exp. Morphol. 26: 67-79. 

Straznicky, K., and D. Tay (1977) Retinal growth in double dorsal and double 
ventral eyes in Xenopus. J. Embryol. Exp. Morphol. 40: 175-185. 

Strongin, A., and R. W. Guillery (1981) The distribution of melanin in the 
developing optic cup and stalk and its relation to cellular degeneration, J. 
Neurosci. 7: 1193-l 204. 

Tata, J. R. (1968) Early metamorphic competence of Xenopus larvae. Dev. 
Biol. 18: 415-441. 

Kollros. J. J. (1981) Transitions in the nervous system during amphibian 
metamorphosis. In Metamorphosis: A Problem in Developmental Biology, 
L. I. Gilbert and E. Frieden, eds., pp. 445-459, Plenum Press, New York. 

Walsh, C., E. H. Polley, T. L. Hickey, and R. W. Guillety (1983) Generation 
of cat retinal ganglion cells in relation to central pathways. Nature 302: 
611-614. 


