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Someone saw Nasruclin searching for somcthin 

on the ground. 

":at have you lost Mulia?" he asked. ''My 

key, " saia the i;Lu1J.a 	So they both went down 

on their hnees and looked for it 

After a time the other man athc3. "Where 

exactly did you drop i1;?" 

"In iy own house". 

"Then why are you looi:ing here?" 

"There is more light here than inside my own 

houses" 

From Idries Shah 

"The Exploits of the IncoTIparab].e 

yu1la Nasrudin," 
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The optic nerve of the lower vertebrates maps the 

neural retina onto the contrala-teral midbrain optic tectum in 

continuous an01 retinotopic order. Evidence is reviewed demonstrat—

ing that this mapping via nerve connections is ordered in the 

programiJe governing embryonic development, prior to the onset of 

visual i.'unction. The suggestion is discussed that the develonment 

of the map requires the acquisition by retinal ganglion cells of 

"neuronal succiCicties" which determine the positions in the 

retinotectal map to which their axons will project. The organisation 

of the map in the South African clawed toad Xcn 	lacvis is 

treated as a problem in embryonic pattern foi!naion i.e. as a piaibleu 

of the reiiible formation of spatially ordered sequences of col). 

differentiation. The literature concerning the ass nmbly of the 

map a in rarticular the developmental 'programme of the early eye 

rudiment is reviewed. 

The behaviour of the retinotectal map following a variety 

of surgical interventions has been examined, in the current study by 

electrophysiological recording. The results presented here fall 

into two classes: those dealing, with the mechanisms of map assembly 

and those dealing with retinal pattern formation. 

Map assembly has been investigated by examination of the 

visuotectal maps regenerated after removal of half a tectuin in late 

tadpole stages and uncrossing the optic chiasma after metamorphosis. 

Contrary to previous findings with half,  tectal ablation in anurans, 

it was fo Uri . that the ax Or sderuived of tectal targets were able to 

compress onto the resiuual half teoturn, synapsing with "foreign" 



teeta]. si Los. 	This iceul L brings the onuran data into line with 

+he situation in teleosts1  where such comlDressi.on has been known 

for some time. It is inferred that the failure to demonstrate 

compression in previous anuran experiments was duo to insufficient 

elapsed time from operation to electrorhysiologicai recording. 

ikttern formation in the retina has been studied here 

followiu 	srtial extirpation of the embryonic eye and following 

-L- rallsec",ioli of the embryonic eye along the midiline. 

reduplication of of map order has been found after both of these operat-

ions. These conditions for formation of these abnormal maps have been 

studied. It was round that after partial extirpation, eye frag;nenis 

which costa inc-cl the central regions of the retina produced maps with 

normal order, while fragments which lacked these regions produced 

mirror-roduli cat ed maps. This was however, only true of frag:nents 

in which the plane of ablation was parallel to the anteroposterior 

or dorsovertral axes of the eye.Fragrnents with planes of ablation 

oblique to these axes exhibited a wider variation in map order. These 

results are discussed with reference to similar findings on pattern 

formation in insect imaginal disc fragments and asphibian limb 

regeneration. The occurrence of mirror-reduplication after midline 

transection was found to be strongly dependent on ionic conditions. 

It occurred after operation and healing in 25 solution but not after 

operation and healing in i00% solution. This finding is discussed 

with reference to the role of healing rate and cell communication 

processes in retinal pattern formation. 

rI)c- resu'vcs presented her aid those cijecuesed in the 

literature review are interpreted in terms of a new model for retinal 



p::.ern .1-oration. This moIel s1ests that positional 	-t±On 

III the Tctiaa is specified on a radial (r) rather than a Oartsian 

(x,y) coordinate system. Each cell or group of cells would have its 

position specified in terms of distance from the contre (r) and 

displacemea -t around the circumfarence () 	The model is compared 

with models for pnttern formation in other systems. The limitations 

and prediotiors. of the mode]. are described. 
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CHAPTER I : 	THE REPINOTECTAL SYSTEM AS A CASE STUDY IN 

EMBRYONIC PATTERN FORATICN 



Since the advent of the molecular biology"revolution", students 

of developmental biology have concentrated largely on the problem of 

cell differentiation; that is to say, the creation of the approximately 

10  differentiated cell types out of a single cell (the zygote). An 

extremely plausible schema has been developed within which the problem 

of cell differentiation is reduced to the problem of differential 

gene control (Davidson, 1969). The "operon" model of gene control in 

prokaryotes (Jacob & onod 1961) has suggested broadly similar models 

for coordinate control of gene batteries in eukaryotic development 

(Britten & Davidson, 196; Davidson & B±itten, 1913). Considerable 

knoixl edge has accumulated concerning the patterns of transcription 

during embryogenesis (reviewed: Davidson, 1969) and study of these 

patterns and their mode of control has come to occupy a central place 

in modern developmental biology. 

Valuable though this orientation has been it has lead to a 

marked neglect of the insights accruing from classical experimental 

embryology. In particular it has largely stopped short of the analysis 

of the initial acquisition by cells of developmental commitments, the 

problem of determination. For the embryo does not simply form a 

collection of 10  cell types, but 10  cell types in functional arid 

ordered spatial relation to each other. This aspect of embryogenesis 

may be conceived of as  problem of establishing a spatial pattern of 

differentiation commitments across a developing array of cells. The 

greater part of the early development of some eggs (those classically 

termed mosaic) is assimilable to the gene control schema outlined above. 

here asymmetric early mitoses can be conceived of as partitioning sne 



2 

nt-ro1 elementa'  pre--loca1izcd in the egg cytoplasm, differentially 

between clonal compeais. In the termInology of classical 

embryo].ogy, mosaicggc have identical prospective potency and prospect—

lye fate. This imply indicates that the developmental options open 

to early cells are identical with those they express in. normal dcvelopi. 

However, another class of eggs (those classically termed r(-,gulative) 

are characterisod by a prospective potency wider than prospective fate. 

This indicates that the developmental options open to the early cells 

of these embryos are wider than those expressed in normal development. 

A regulative system possesses the capacity, within certain limits to 

develop an orderly and normal pattern in a size--invariant fashion. 

Control of pattern formation here regulates to accommodate to experiment--

-.ally induced deletion or addition of cells. Such systems would seem 

to require the existence of intercellular communication to establish 

this coordinate spatial control of pattern. Here the problem of 

pattern formation is not directly assimilable to the gene control 

schema above. Indeed it- seems likely that soc;11ed "mosaic' eggs also 

display a regulative phase earlier in development (Weiss, 1939).  Rather 

it stands as a problem in its own right. Recently several authors 

have attempted to restore interest in this aspect of embryogenesis 

(-iaddington, 1966; Woipert, 1969;1971;  Goodwin & Cohen, 1969; Lawrence, 

1970; Gaze 1970). 

The bulk of the review that follows in subsequent chapters 

concerns pattern formation in developing neural systems and will 

concentrate on the evidence that this patterning is under epigenetic 

control prior to the onset of function in a manner analgous to that in 

non—neural embryogeriesis. While i-t is not my ini,ention to review in 



an exhaustive fa"hion the 1 iterture on pattern iorinat.ion, 	sketch 

of the relevant conclusions and ideas will facilitate comparison with 

the data on ueuroembryolor. 

A1 	The Field Conet. 

A region within which regulative communication exists may be 

termed a field (for recent reviews of the field concept see: Wad ington 

1966; Wolpert, 1969,1971; Cohen & Robertson 1972; Cooke 1975).  Field 

properties are displayed in early embryogenesis by the entire embryo. 

Thus removal of 50% of the cells of an onphibian cleavage stage embryo 

results in the remainder forming a more or less perfect but miniature 

embryo. Subsequently a primary spatial pattern becomes determined, 

mapping out the rough organ plan of the embryo. Deletion, arplification 

or translocation of material between organ regions at this stage does 

not result in the harmonious re—establish:cnt of the primary pattern. 

The regions of the pattern (primary organ rudiments) are rraneipatad" 

from global regulative control. Within the 'emancipated" regions, 

however, field, properties may persist (or reappear) such that the 

more refined spatial pattern of each organ is established thrcugh a 

regulative spatial control system (see Harrison 1918,1921; Swett 1926). 

A striking generalisation emerges from examination of the 

many known field systems. Most fields are 50 - 100 cells in linear 

extent and no normal field is known which exceeds 100 cells in linear 

extent. Abnormally large fields created either by mutations (Waddington 

1956; Bryant & Schubiger 1971)  or by continued cell proliferation 

(Gehring 1966; Nothiger & Schubiger 1966) do not form giant atterns 

but duplications the basic olemant of which retains norra1 size. 
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This striking size constancy of fields across a broad evolutionary 

spectrum (cellular slime moulds to anphban and avians) is suggestive 

of common physical constraints on the patterning mechanism. In-terest-

ingly, calculations assuming patterning via passive diffusion of a 

"morphogen" (see discussion below) indicate size limits of this order 

of magnitude (Crick 1 i7Q) 

A.2. 	Position Effects and Pattern Formation 

With the discovery of the regulative phenomenon, it was 

recognized that cells must acquire differentiation commitments as a 

result of their position in an array (Driesch 1.908) 	Wolpert (1969, 

1971) has recently given a formal treatment to this observation. It 

is suggested that cell differentiation is initiated as a function of 

(1) position within the field (2) the developmental history of he 

cell and (3) the genetic characteristics of the cell. Cells in the 

field are thought of as having access to information about their 

position in the field, specified by some quantity which varies monoton-

ically between the boundaries of the field. A variety of formal 

models have been constructed to simulate the transmis'sion of positional 

information in different systems (Wolpert 1969; Wolpert et al 1971, 

1974; Lawrence 1966, 1570;  Goodwin & Cohen 1969; Wilby & webster 1970; 

Summerbell et al 1973).  The simplest of these is that based on 

passive diffusion of a substance produced at one boundary (source) 

and destroyed at the other (sink), resulting in the formation of a 

concentration gradient across the field (Lawrence 1966; Wolpert 1969). 

The value of substance concentration at either boundary is fixed and 

cons euently thc slope of 'the gradient will increase or decrease with 

loss or addition of cells. The differentiation of cells in the field 



would be a rcsoonse to the local con centration of the substance 

It will readily be seen that with boundary values fixed pattern fom-

ation will occur in a size-invariant fashion. Other mechanisms would 

involve the positional signal being propagated rather than diffusing 

passively (Goodwin & Cohen 1969; Wilby & Webster 1970)  or depending 

on a developmental "clock" rather than a spatial map (Sumineibel1 et 

a1. 1973). 

Whatever the mechanism, the concept of positional information 

introduces naturally two new definitions. Firstly, it allows a field 

to be redefined as that population of cells which are having their 

positional infoiiiiation specified with respect to the same boundaries. 

Secondly, it introduces naturally a dissociation between those cell 

state variables related to position in the field and those related 

to the "interpretation" of that positional information as a commitment 

to follow a particular developmental pathway. "Interpretation" 

would be a function of developmental history Find genetic character, 

allowing an identical mechanism for specifying positional information 

in different fields to result in qualitatively distinct patterns 

(limb and retina for example). 

Evidence for such a dissociation of cell-state variables comes 

primarily from study of insect systems where tissues of differing 

genetic and epigenetic character may be combined in the same pattern 

field by means of genetic mosaics (Stern 1968), horneotic mutants 

(review: Postiethwait & Schneiderman 1974; Gehring & Nothiger 1973) 

or transplantation (Locke 1960; Stumpf 1968). In these experimental 

situations the common observation is that the test tissues differe!itiate 

in harmony with their positions in the field but in acco'iance with 
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their own developments,] or genetic programe. Thus different pattern 

regions appear to have identical mechanisms for the specification of 

positional information but differing interpretation programmes. 

Similar results have been obtained with chick embryos from cross—

transplantation of h?uia limb bud cells to differing proximo—distal 

levels of the wing bud (reviewed: Saunders 1972), and from cross—

species transplantation of presumptive anterior ectoderm in amphibians 

(reviewed: Speinann 1938) 

It should be noted that the observation that differentiation 

commitments are acquired in relation to cell position does not logically 

entail a theory of positional information. Two other candidates for 

the explanation a-f pattern formation should be briefly considered. 

These theories posit qualitative rather than quantitative differentials 

as underlying pattern formation ( a controversy of some vintage: see 

Spernann 1938 and Child 1941). Prcpattern theory arose from the work 

of Stern and his students on pattern for;nation in genetic mosaics 

(review: Stern 1968). The theory proposes the existence of "regional 

differences existing independently of and preceding the establishment 

of a subsequent pattern" (Stern 1968) and posits an isomorphism between 

pattern elements and pre—existing singulaxi-ties in the prepattern 

landscape. Empirical test of the theory led to the observations on 

genetic mosaics quoted. above. Contrary to expectation a distinct pre—

pattern was not found to under).y each distinct pattern Stern was thur 

forced to postulate an invariant prepattex'n with the cells of each 

pattern field being competent to respond only to a subaet of the 

singularities present, the remainder beihg cryptic in the given field. 

Such a reformulation of the theory leaves it little explanatory value 

and renders i empirically mdi inguishable from positional infor:raton 



theory. At the formal level only one class of models has been 

proposed that might account for the croation of prep a-tterns: those 

descending from the theoretical analysis of Turing (1952) which 

demonstrated the possibility of establishing standing waves of 

morphogen concentrations via instabilities inherent in auto- and 

cross- catalytic reactions. Doubts about the precision of patterns 

formed by such a mechanism have been raised by Maynard,-Smith (1960) 

and. by Bard & Lauder (1974). Furthermore, since the pattern "wavelength" 

is established by physical factors such as diffusion const'nts, 

themselves invariant, the model will not display regulative behaviour 

without the inclusion of additions.]. assumptions (Geirer & Meinhardt 

1972), involving a regulative gradient of the positional information 

type. 

A more viable alternative to positional information theory is 

to be found in Rose's theory of polarized inhibition (hose 195,1970). 

On this theory, a field is composed of cells competent to activate any 

of a number of genetic subroutincol in a nolygenic programmes Each 

subroutine would underly one element of the pattern, and the total 

programme would constitute a genetic hierarchy with the top of the 

hierarchy being that set of genes determining the most distal pattern 

element. All cells will tend towards activation of this set of genes 

but once activated in a set of cells, an inhibitory signal is released 

preventing these genes being activated in the remaining cells. Similar 

inhibitory mechanisms will operate to restrict activation of the next 

subroutine and so on. Those cells with the highest metabolic rate 

would evolve most rapidly towards the activation of distal genes. A 

- - 	gradient of metabolic rats across the fici1 woui.d ensur spatial 

coordination of the pattern. Celia as they reached the stage in 
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dcvolopmcnt where the, became competent to ac vate part of the 

dettrmjnatjcri programme would torLu the most distal elerient in the 

hierarchy for which they were not already rcc34 ving inhibition. In 

many empirical situations Rose's model is indistinguishable from a 

formulation of positional information utilizing substance gradients 

(webstcr 1911). In many sense it is a theory of positional information.  

However it does make a number of distinct and testable predictions. 

It predicts the finding of regionally specific inhibitors, a prediction 

which seems to be borne out in some systems (reviewed: iose l970) 

It further predicts am axial anyiimetry in regulative behaviour, in that 

cells may move up but not down the hierarchy. it therefore predicts 

that distal fragments of a pattern will not form proximal elements may 

regulate to produce distal elements, such indeed is the finding from 

Rose's experiments on Tubularia fragments (Rose 1967). It is not 

however true that most regulative systems display such asymmetry. This 

-then raises the question as to the generality of the mechanisms 

proposed by Rose. For this reason the discussion in subsequent chap-tars 

will be phrased in terms of positional info:r;nation -theory. 

A.3. 	Polaritv  

A further component of the patternforming process which may 

be seen distinctly from the specification of positional information 

is the establishment of in the field. The observation that 

developing tissue shows a polarity in pattern formation was made at 

least as early as the seventeenth century by Gilbert (quoted in 

Oppenheimer 1967). since that time many fields have been found to 

acquire axes cf asymmetry which correspond w±th the major axes of the 

eabryo These polarized •Ievclesman ta. axes dmteriune the orientation 
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of thc pattern and may serve to aetcrine th location of boundary 

regions and the direction in which positional information is subsequently 

specified. independent and temporally distinct polarizations in the 

order: anteroposterior, cicrsoventral and mediolateral have been 

demonstrated in the amphibian and chick limb (Harrison 1921; Detwiler 

1933; Swett 1937;  Takaya  1941; Chaube 1959; Saunders 1972) the amphibian 

ear (ogawa 1921; Choi 1933; Harrison 1936) and the amphibian retina 

(Szekely 1954; Jacobson 1968a; Eakin 1942). In addition polarisation 

in the anteroposterior axis has been demonstrated in a number of other 

amphibian systems (heart, gills, ectodermal cilia and gut reviewed:  

Huxley & Do Beer 1934),  An anteroposterior before do.rsovontral rule 

in the acquisition of developmental asymmetries has also been observed 

in the epigene-tic creation of clonal boundaries in the Do]iia wing 

disc (Garcia-Bellido et ml 1973) Axes of asymmetry are also 

apparent in the inhomogeneities of many eggs0 

While polarization of developmental axes may be a prerequisite 

for positional signalling;  the two are not necessarily identical. 

Amphibian limb bud fragments with irreversibly polarized anteroposterior 

axes can nevertheless show size-invariant regulation of pattern 

(Harrison 1918, 1921; Swett 1926) Here clearly the axis is determined 

but not the positional values. Putheimore the acquisition by a region 

of organ specific differentiation commitments may precede the determin-

ation of axes (Chaube 1959). 
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- Lf 	 mcnci.ioi Takin 

A final generalisa-ti.on concerning pattern foraat.ion mm,r he 

offered about the numbe- of develoaaeLLtal decision,,- being ma.ae at any 
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given time within a pattern field The rwmber of cl-wi ccc or ccci si ow: 

is generally smai.l, often involving-a bifurcation into only two cell 

types. For example, the axial mesodein forms either notochoid or 

somites; clonal as'lyis of chic),- limb bud. mesencirme (Abbot ci al-

1974) suggests the formation of two clonal compari;ments, one giving 

rise to either rnyobiasts or fibroblasts and the other either chon.dro—

blasts or fibroblasts; the wing disc of os21iila has been shown to 

form increasingly restricted clonal compartments by a series of binary 

restrictions (Garcia—Belli.lo et al 1973) 	Interestingly Kauffman 

(1973) has recently proposed a macicl of the determination process in 

Drosoohila imaginal discs, based largely on trausdetermination 

frequencies, which suggests the operation of bistable genetic circuits 

(see also Clay-ton 1953).  It is therefore a tempting, if somewhat 

premature, suggestion that developmental decision taking jjjvy involve 

sequences :of binary choices of differentiation commitments. 

B. 	IEIYROBIOLOGY Mn) LfBRYOLOGY 

Analytical study of the development of the nervous system 

poses two general questions: firstly, by what mechanisms are gene 

activities mapped onto the stereotyped patterns of neural connectivity 

which presumably underly species—typical behaviour modes; and, secondly, 

to what extent are these mechanisms similar to those operating in 

non—neural embryogenesis. It should, of course, be stressed at the 

outset that, in comparison between pattern forming systems (neural 

or otherwise), similarity at the level of Dhenomanologicai analysis 

need not imply identity of the ±'undarre.rttal mechanisms. It is possible 

that different developing sys Lcms utiliac different components of 



ce.Xular behav.c; (ionicaiiy controlled membrane cxcLatcry 	aLes, 

metabolic O's cilia-tions etc.) to effeetpositional signalling. It 

is thus the virtue of a formal analysis that it allows us to see 

similarities which may exist beyond a possible mechanistic diversity. 

B.1. 	Neurojficit 

The most extensively researched model system in ne:mbryolor 

is the retinotectal map of lower vertebrates, the projection via the 

optic nerve of the retinal ganglion cells onto the midbrain optic 

tecturn The map is retinotopically ordered (Sperry 1944;  Gaze 1958) 

and inverted through 180°  such that nasal (anterior) retina maps to 

caudal (posterior) tectui, temporal (posterior) retina to rostral 

(anterior) tectuni, dorsal retina to venirciateral tccturn and ventral 

retina to medial (dorsal) tectuin (see Pig. i) • Like many other 

components of the basic integrative architecture of the nervous system;  

(reviews: Weiss 1941; Sperry 1951, 1963,1.965 Gaze 1970;  Jacobson 1970), 

the retinotectal projection is determined in ontogenesis, prior tc the 

onset of visual function. The orderly nature of the retinotectal map 

was first observed by Stroer (1940) in a study of fasciculation in 

the Triturus optic nerve. It had also been 1own since the work of 

Hatthey (1925) that the amphibian optic nerve possessed the capacity 

to regenerate with restoration of normal visual function. It was not 

until the work of Sperry, however, that the significance of these 

findings was realized. Sperry reasoned that regenerating (or growing) 

optic axons must display distinct "target` specificities for appropriate 

sites ct the tee-turn such that the retinotopically ordered map could 

be recssem'olecl in regeneration (or assembled in ontogenesis). The 

mechanics of nap assembly, on this view, would. involve a process of 
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FIGUIdd 1 	Diagrarustic mepresentation of the ie 	oteetaL and. 

visuotec;tai projection in the lo;er vertebrates. The projection 

is shorn from the left retina to the right toctum and from the 

right vianal field to the left tcctum. The solid arrows indicate 

the nasotensoral (pj)  oxis ci the retina or isual field end its 

representation on The Lcctum 	Ths dotted lines represent the 

dorsoventral (n v) axis of the retina or v na].:Cield and its 

representation on the tectum The rostral and caadal l)O1CS 

of the tectum are indicated as H and. C respeotiv31. 	Note that 

the visual field map is equivalent to a 1800  oiation of the 

retinal map. This is due to caucia inversion of the isaai image 

on the retina. 
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specific cell reccgiition, and the embryonic dcterinat±on of the 

man would reduce to the proccas of acquisition by the map elements 

(retinal ganglion cells and tectal cells) of position—related target 

specificities, or neurosnecificities. That is to say the assembly of 

the retinotectal map constitutes a prohem in neural pattern formation. 

In a series of experiments, to be summarized below, Sperry confirmed 

the essential features of his interpretation and paved the way for a 

cell biological analysis of neural morphogenesis (a project still in 

its infancy). 

Historical priority for the analysis of prefunctional 

epigenetic patterning of the basic integrative architecture of the 

nervous system belongs, however, to the work. of Weiss (reviewed: Weiss 

1936,1941) on the "homologous response" of transplanted. omphihian limbs. 

He observed (Weiss 1922, 1926, 1937a,b,c,d)  that the muscular response 

pattern of a limb transplant was synchronous and homologous with that 

of the adjacent host limb, even in cases where this pattern was 

positively dysfunctional for the animal (as in the case of reversed 

limbs). This provided the first firm evidence that connectivity 

patterns were established according to a developmental prograame without 

reference to their functional outcome. Historical priority also 

belongs to Weiss for the first clear statement of the hypothesis that 

chemical "specificities" imparted to the nerve fibres determine 

their connections (Weiss 1936, 1941).  His "modulation" hypothesis 

(Weiss 1937b,  1936,1941,  1942; Weiss & Hoag 1946) proposed that 

rnotoneuxones terminated randomly in the limb and acquired specificity 

labels from the muscles on which they terminated (ryotypic. modulation). 

The real virtue of his work lay not so much in its truth or falsity 

but in its orovision of a research tradition and stimniation of 
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experiments in a field which had hitherto bccn dominated by heuiis tic  

hypotheses. These u ested that functional feedback from initially 

random and. dilfuse connectivity patternsselected- those connections 

which were of greatest benefit to the animal. Many tests of Weiss' 

hypothesis were subsequently undertaken, including the crucial nerve 

cross experiments "Sperry & Miner 1949; Sperry & Arora 1965; Mark 1965) 

and the essential prerliction of random reinnerva-tion has not been 

confirmed., Recent analyses of cutaneous local sign in skin rotation 

experiments (Jacobson & Baker 1968,1969; Sklar & Hunt 197.) following 

on from the work of Miner (1956) have also failed to substantiate the 

hypothesis. Nevertheless it is from this historical context that the 

work of Sperry emerges. 

Sperry' s innovation in neurospecificity theory was the 

suggestion that growing axons possess intrinsic destination specificities 

rather than having their specificity conferred on them by their 

termination site (Sperry 1951,19631965: reviews). Utilizing behavioural 

mapping of visual responses (optokine-tic reflexes and lure location) 

in adult amphibians and fish, he provided, systematic tests of such a 

neurospecificity hypothesis. He reconfirme (Sperry 1943b, 1944) the 

restoration of visual function following nerve section and in subsequent 

experiments went on to examine the effects of various mismatch 

situations on map assembly. Rotation of an eye by 1300  (Sperry 1943a) 

resulted in persistently inverted visual responses, which, as in Weiss' 

experiments, were not corrected by learning over time. Contralateral 

transplantation of an eye reversing only the nasotemporal axis resulted 

in inverted respoiies in that axis and correct responses in the 

dorsoventral axis (sperry 1945) 	Cutting the optic chiastna and cross— 

uniting pre--- and p, s.-- chiasmatic stumps to produce ipsilateral 
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(inste:ai of thi normal ooaLraia-teral) connections, re'dted in 

inversion Of responses about the niid—saggitaJ. plane (sperry 1945) 

As mentioned above, nerve cross experiments were also performed in 

other systems (Sperry & Miner 1949; Sperry & Arora 1965; VIark 1965) 

with the result that a target specificity of the nerve for its 

appropriate muscle was demonstrated thus extending the generality 

of the earlier findings. Extension of the work on the retinotectal 

system to teleost fish (S)perry 1948) yielded additional confirmation 

of the earlier amphibian work. Thus geometrical mismatch between 

nerve and. target had no effect on the connectivity pattern finally 

achieved. 

To account for these results Sperry (195,l951,i963,1965) 

proposed a model of neural pattern fo11 :rnation ruid rc±inotectal map 

assembly, the "chemoaffini ty" hypothesis, which invokes mechani snis 

similar to those thought to operate in better characterised non—neural 

cases of pattern formation (Harrison 19211  1936,1945; Swett 1937)  and 

morphogenesis (Tomes & Holtfreter 1955). 

B. 2. 	Retinotectal Connectivity and the Postulation of Chemossecificitr 

Sperry's chemoaffinity hypothesis made a number of postulates: 

firstly, he postulated that both retina and tectum acquired a 

neurospecificitv pattern in the course of a polarized field—like 

differentiation (Sperry 1945,1951). The retina being essentially a 

two dimensional cell sheet, two pattern axes would be sufficient to 

suecify uniquely the position of each retinal locus, and he suggested 

by analogy with somatic pattern formation (iarrison 1921)1936; Swett 

1937) that hesc axes would be the anteropostcri.or and the dorsoverrt:al. 
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The tectthlt was also presumed o undergo field. differentiation in 

the same two axes. Secondly, he post Tht9d that atchirig between 

optic terminais and tectal elements was mediated via ;nacromolecular 

labels, whose synthesis was the response to retinal and tectal field 

polarization. Similarly labelled retinal and tecta] elements would 

form a stable synaptic connection. Again ana1or to somatic inorpho-

genesis mechanisms is apparent in the notion of cull affinities as 

mediating the pattern of cel.i. contacts (Townes & Holtfreter 1955). 

The notion of chemodifferentiatjon resulting from potion-related. 

pattern formation is clearly analogous to positional information 

theory 
11 (discussed. previously) 

The chemoaffinity version of the neurospecificit7 hyjothesis 

has occasioned some controversy in its exegesis in the hands of 

different authors (erg. Sperry 1963; Gaze & Keating 1972; Yoon 1971; 

Hunt & Jacobson 1973c), the controversy arising essentially from the 

issue of the precise mode of acquisition of neurospec:i.fici-ty markers 

and the precise nature of their deployment. Since this has led to 

further confusion as to precisely which hypothesis was being tested 

by whom, it may be as well at this point to outline a brief history 

of the hypothesis, as I see it. 

In the first place, I will define a neurospecificity hypothesis 

as one which argues that in the development of neural projection 

systems ( e.g. retinotectal or neuromuscular systems) there is a 

tendency towards invariance of the connectivity pattern which pre-

exists and is independent of function. As summarized above neuro-

specificity hypotheses of somewhat differeit natures had their origiur 

in the thouK of 	ss :..id. Sperry. BY 145 Sperry's chemoaffinity 
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h poihesi had begun to -take shapes  though not yet in an unauibiguous 

form. The short outline of the hycthesis given above leaves open a 

number of possibilities: :ere the identities of different loci stable 

and. independent of each other in all contexts (e.g. would the field 

regulate for loss or-addition of material and if so, over what period)?: 

were these identities deoloyed independently of each other during map 

assembly (e.g. would matching between a given retinal element "A" and 

tectal element 	occur irrespective of -the presence or absence of 

other elements)? in other words were the acauisition and deployment 

of neuronal specificities context sensitive or context independent 

(Hunt & Jacobson 1973c)? By 1963 (Sperry 1963; Attardi & Sperry 1963) 

the hypothesis had reached a "stronger" formulation,. The matching 

of similarly labelled retinal and tectal elements was now seen as 

involving a non—contextual stability and deployment of neuronal 

specificities. That is, retinal element "A" would form stable synapses 

only with -tectal element "a" irresoective of the available extent of 

other retinal and tectal elements. This variant of the hypothesis 

provided the rationale for the "crucial" size disparity experiments 

of Attardi & Sperry (1963).  This experimental stratei, which was to 

provide a paradigm for much of the work in the field o the present 

day, involved the ablation of selected regions of the goldfish retina, 

thus leaving vacated tectal sites, and examination of the pattern of 

connectivity formed after regeneration of the optic nerve. Concordant 

with the predictions of the "strong" formulation of the hypothesis, 

Attar.i & Sperry found that optic fibres had regenerated to -their 

appropriate tectal sites, crossing vacated sites without synapsing, 

to reach their targets. 

It must however be recognized that what was under test in the 
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Atarii & Sperry experiments and in.-.ubsequent work was not the 

rieurocpec.ificity hypothesis or even t}e ches.oaffinity hypothesis, 

but rather a specific form of the general hypotheEs This has been 

variously stressed by several authors (Ge & Keatin 1972; Hunt & 

Jacobson 19730. It is also important to realize that "Sperrys 

hypothesis" is a specific development of the more fluid and ambiguous 

concepts expressed in his earlier papers 



CHAPTER 2: THEEbF-ASSE;iBLy OF THE RE2iNOTj'CTAL PROJECTION: 

A REVIEW OF THE LITERATURE 



A 	i'; .L'l1\vJTY LXPiIffLT 

The work of tttard.i & perry 196 30 had. suggested an 

invariance of connectivi-ty pattern between retinal and tectal elements. 

Retinal element "A" would synapse always with tectal c1erent "A", 

irresnoctie of the presence or absence of other elemonbs. Other 

authors eaploiting size disparity paradigms (Gaze et al. 1963l965 

Gaze & Keating 1972)  argued that the connectivity pattern was not 

established, by such a point—to—point specificity, but rather a system—

to—system specificity("systems matching": Gaze & Keating 1972). 

According to this view the relative ordering of fibres (the topology 

of the map) is always conserved but not the point—to--point connectivity 

(thô geometry of the map). The map will expand or compress so as to 

project the entire extent of retina onto the entire extent of tectu:n. 

This view predicts the formation of "inappropriate" connections in 

size disparity experiments. 

Gaze et al. (1963,1965)  introduced the "compound eye" (szekely 

1957) in 	as a variant of the half eye paradigm used by Attardi 

and Sperry in goldfish. This technique involves the recombination 

in early larval life ( Nieuwkoop & Faber stage 32) of identical half 

retinae with opposite polarity. Thus a "double nasal" compound eye 

results from substitution of the temporal half of one eye with the 

nasal half of the other. This produces a composite eye with embryo—

logically nasal poles at either extremity of the anteroposteri.or axis 

and a temporal (least nasal) region in the vertical midline of the eye. 

Similarly a "double temporal" eye results from the substitution of 

the nasal region of one eye by the temporal region of the opposite 

eyes On the Attardi and Sperry (J963) hyootbsis each half of a 
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"cIoibie nasal" eye would be expected to map ii register, and with 

Lrror-image polarity, to the caucial bail of the tccbun only. :[ II 

fact, while each tectal locus ciidincIeed receive input from two 

visual field lo'i disposed symmetrically about the vertical midline 

of the field, the entire tCCtU.ITI was covered. There as no cleafferented 

region in the rostral half of the tectum. Similarly, "doub) e temporal" 

eyes mapped to the entire tectumrather than just to the rostral half. 

Gaze et al. (1963,1965) interpreted those results as a "spreading" of 

fibres into vacant and "inappropriate" tectal regions. Soerry's (1965) 

suggestion that this reflected "appropriate" mapping to hypertrophied 

half tecta was refuted by uncrossing the optic chiasma (Straznicky et 

al. 1971) allowing each tectum to receive input from both eyes. The 

"experimental" tectum was found to be capable of receiving a complete 

input from the normal control eye, thus substantiating the suggestion 

that it was a normal tectum (at least in terms of Sperry's proposed 

rules of mapping). 

This result however, as the authors commented, left open the 

possibility that the two halves of the compound eye had regulated 

their specificity structures to yield a normal structure in each half. 

Thus from this work one is left with two possible classes of explanation: 

contextual map assembly ("sys-termis matching"; Gaze & heating 1972) or 

regulation of retinal specificities (Yoon 1971; Meyer & Sperry 1973), 

The apparent conflict in the results of retinal size disparities in 

Xens and goldfish was reinvestigated in a repeat of Attardi & Sperry's 

work by Horder (1911) and Yoon (1972b). Here again complete tectal 

coverage was obtained. The divergence between the results of Attardi. 

& Sperry and those of horde-r end of Yoon nay be attributable to 

three possible causes: 
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AtL:ar&ii &. Sperry ueed histological techniquej which 

would only have picked up myelinatecj fibres (Gaze 39(0) 

and the possibility remains that unmyeliriated fibres had 

found their way to the lluninnervated,, tecturn. 

Attarcli & Sperry allowed only 17-25 days to elapse after 

surgery before histological analysis. A longer time 

period may have shown complete tectal coverage (&e 197). 

Attardi & Sperry in most cases removed only retina, being 

careful to leave the pigment epithelium uridamaed, whereas 

Horder and loon destroyed both tissues. If regulation plays 

a part in the soreading phenomenon it may be that it 

requires the triggering effect of pigment epithelium trauna 

(Cronly-Dillon (1968) has shown restoration of retinotopic 

map ordering after regeneration of the retina from pigment 

epithelium in newts). 

The results of tec-tal size disparities have also been investigated 

(Jacobson & Gaze 1965; Gaze & Sharma 1970; Sharma 1972; loon 1971, 1972a; 

Straznic)r 1973; Meyer & Sperry 1973). Early attempts With goldfish 

(Jacobson & Gaze 1965) with half tectal removal in the rostrocaudel 

axis resulted in only the appropriate half projection on the tectuj n. 

However Gaze & Sharma (1970) found compression of the whole projection 

in goldfish with half tectal removal in the rnediolateral axis. These 

authors concluded that compression was possible in the one axis but not 

the other. Subsequently Yoon (1971, 1972a) obtained compression in 

both axes and concluded that the failure to demonstrate this in the 

earlier work had been due to damage to the optic tracts, loon further 

showed that the compression was reversible by using tectal implantation 

of tantalum foil or gelatin harriers which were removable Thus agn 



the results from such experiments allow of a dual in1;erpretnticn: 

either contextual map assembly or tectal regJation iYoon 1971, 1972a). 

Howe -er, the results of similar experiments in ariurans have given a 

somewhat different answer. Q raznicky (1973) iniing Xenoous and. 

Meyer & Sperry (1973) using yLa 	i11a ablated half a tectum in 

post—metamorhic juveniles (Stranicy) n in adults (i.ieyr & STry)a 	 er.  

Here an input from only the appropriate half of the retina was obtained, 

consistent with a context invariant point.-to-point sascificity. iieyer 

& Sperry argue that the discrepancy betwean the retinal and tectal size 

disprity experiments and between the anui'an and goidf:iah work allow 

of a simple interpretation. They argue that embryonic systems have 

the capacity to regulate in a field—like fashion and that this regulation 

Will he displayed. in the Xenopus compound, eye paradigm (the operation 

being done at Nieuwhoop & Faber stage 32) and in goldfish size U:isparity 

experiments, since the goldfish continues actively to grow throughout 

much of its adult life. They argue however that teotal operations 

in anurans done at stages when growth has ceased, will eliminate such 

regulative ability and generate the results seen. Thur they oronoce 

a variant of the 1963 hypothesis: that the deployment of specificity 

labels is context independent and that 'the acquisition and maintenance 

of these labels is, in embryonic and growth phases, context dependent 

in the sense of being capable of undergoing field regulation. 

At this point one of the methodological problems inherent in 

the system becomes apparent. If one wants to design an experiment 

to distinguish between the contextuality and regulation variants of 

the hypothesis, one is confronted with a. three variable system 

(retinal specificity, tectal specificity and rules of map assembly) 

in which each of the variables has to Toe assayed by the others. 
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Thus the reti ra1 proper-ties aae assarcd n tc'ns of co,  nectiri y 

with the tcctum, tectal properties assayed in terms of input Connections 

from the retina and the rules of map assembly (which may themselves 

not be ivariint) inferred from the connectivity pattern. A orion 

arguments have been raised agains-t the regulative hypothesis (Feldman 

& Gaze 1972; Gaze 1974) but concrete ex)er1menta1 evidence is hard to 

come by. Two pieces of evidence tell against the regulative 

hypothesis. Sharma (1972) created tectal size disparities in the 

Goldfish by removing ros'trocaudal median strips, leaving one third 

of the rostrocaudal tectal extent on each side of the strip. If 

the tee-turn indeed were to regulate (Yoon 1971 1972a) the contralate-ral 

eye would be expected to either compress singly into one of the strips 

or to send a complete double projection to both strips. In the event, 

neither of these outcomes were observed. Rather a single projection 

distributed itself retinotoica11y over the remaining tec'tuun (both 

strips) ignoring the gap in the middle.. The second piece of evidence 

again concerns tectal "regulation" in goldfish. Cook & 11,01-der (1974) 

followed the time course of map compression after hemitectal ablation, 

obtaining the same gradual compression as reported by Yoon. They 

then sectioned the optic nerve and followed the time course of 

reestablishment of the map. Here they found that again only the 

appropriate half retina at first projected to the half tectum, followed 

by the same gradual compression as after simple hemitectal ablation. 

This result is difficult to reconcile with a regulative hypothesis, 

which would predict immediate compression of the projection after 

regeneratIon. Equally, however, it is difficult to reconcile with 

the systems matching (Gaze & Keating 19721  variant of an contextual 

hypothesis of map assembly. It would seem thost likely that bch 

retina and tee-turn do possess differentiated, specificity structures 



which moy nor!ally direct map ;ismhly on a cei!-to-ce1j riatchirg 

basis. However, after the creation of size disparities this 

mechanism may not determine the map configuration that is thcrrno-

dynnica11y most stthlo (Steinberg 1963) an-J. thus the minimum ener' 

configuration of the system will result from an interaction of point-. 

to-point specificity matching and contetual (competitive ?) ma- 

, 

ap 

assembly. It should be noted however, that there are no grounds 

for asserting the genera1izabiljtr of these data, which may therefore 

not apply to the retinal specificity structure or to Xenous lt is 

still necessary to have a more direct assay of the specificity 

structures of experimental tissues. 

B. 	110Db OF MAP AESIhLBLY:i1JDlL ON DiUOPHi?i !JU) bTIGTLRTIQ:: 

In the preceding,  section, dicucsi.on turned on the question of 

the specificity of map assembly: the invariance or othenrise of the 

connections formed by a given optic terminal with tectal elements 

under a variety of experimental situations. These experiraen-ts 

comprise attempts to analyse the context sensivity of the final 

map configuration. It is also relevant to thic question to understand 

the mechanics of map assembly: the process whereby an incoming optic 

fibre complement sorts out at the tee tum kttempts have been made 

to follow this process in time course studies of regeneration in 

(Gaze & Jacobson 1963; Gaze & Keating 1970) and in Tritl2rus 

(Cxonly-Dillon 1968) and in time course studies of Xenoous development 

(Gaze, Chung & Keating 1972; Gaze, Heating & Chung 1974). These 

studies, together with others, imp licatea competitive process in 

man asscmb1y. That :ie the fibrc!s do not seem to home in directly 

on their aprriatc tcct.1 site irespoctive of the presence and 
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behaviour of the re;t of the fibro population, but rather the fibres 

nscLcamble" themselves o form the map through a mode of competition 

for synaptic sites, 

B • 1. 	eationEtudies 

The classical work of Sperry had already indicated, that the 

cut optic nerve of amphibians and teleosts woul(i regenerate and 

re—establish appropriate functional connections with the tectum, 

However, Sperry undertook no time course studies to follow the 

reassembly of the maps The ideal design for tracing this time 

course would be serial recording from the same animal as the map 

reassembled. Due to the difficulty of keeping adult animals alive 

after electrophysiological recording)  however, the experiments to 

date have involved recording from different aaimals at various sta:es 

after optic nerve section. Such a study is then burdened with the 

possibility that the map configurations observed at later azd later 

time from the date of nerve section are not in fact stages in map 

reassembly, but (abnormal) terminal configurations in themselves. 

Gaze & Jacobson (1963) used this procedure to follow map 

reassembly after optic nerve section in adult Xeno-ous. These studies 

were then repeated and extended 'by. Gaze & Keating (1970). Gaze & 

Jacobson distinguished four patterns in these regenerating animals: 

Pattern 1 maps attained complete tectal coverage from one or two 

restricted regions (usually the nasal or temporal pole), the regions 

themselves being internally disorganised; Pattern 2 maps were erganis ccl 

in the mediolateral but not the rostrcoaudal tectal axis; Pattern 3 

maps were esenb ally nral; Patte'n 4 involved a partial or co:cp2. etc 
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restoriion of the normal map, 	th in addition an ab'berent ipsilateral' 

projection on the contralateral tcatu and an abberent tcontralateralty 

projection on the ipsilaterai tectum. Patterns 1,2 and 3 appeared to 

form a temporal sequence in that the earliest time studied yielded 

Pattern 1 predorninantly. with Pattern 2 increasing in frequency at 

intermediate times and. Pattern 3 appearing last, The Pattern 4 maps 

which Gaze & Jacobson interpreted as a "super-regeneratiorill  were 

shown by Gaze & Keating to occur only when the optic nerve was cut 

and not when it was crushed.. They suggested that Pattern 4 was a 

result of optic fibres escaping from the optic sheath and failing 

to cross at the chiasma. On the assumption that these patterns do 

indeed represent a temporal sequence in regeneration, Gaze & Keating 

suggested that a competitive sorting-out process would account for 

the results. Patterns 1,2 and 3 indicate an initially diffuse map, 

becoming ordered in the mediolateral axis and then finally in bath 

axes. The soi.xig out in the modiolateral axis would he expected to 

precede that in the rostrocaudal axis due to the mode of arrival of 

the optic fibres at the tectum, beginning at the rostral edge and 

sweeping caudally. Thus sorting out in a rnedioiateral axis would be 

possible in the advancing rostral strip of fibres. 

Cronly-Dillon (1968) studied the time course of regeneration 

after optic nerve section in adult newts, recording at 5 and at 9 

months after operation. It should be noted that the mode of 

regeneration in newts is different from that in Xenopus: in newts 

the entire retina undergoes degeneration after optic nerve section 

and is reconstituted, presumably from the pigment eoitheiiurn, though 

with contribution also from the ciliary margin (Levine & Cronly-Dillon 

1974). At 5 months Cronly-Dillon found that central retina had 



regained normal connection!-.,but that perirherel rptir.7. had diffuze 

tecte.l representation with enlarged mui±i-.unit receptive fields. 

By 9 months the normal map had been restored. He interpreted his 

results as indicating that central retina was more highly specified 

than peripheral retina and that while the central fibres homed ir 

directly on their tectal targets, the peripheral fibres gradually 

sorted out by a competitive mechanism. However 7  since the retina 

may well he regenerating almost entirely from central nigment 

epithelium, the results may indicate no more than a centro—peripheral 

gradient cf neuronal maturation times. 

B • 2. 	Stiidie.i on the Develoaina_Lu 

The modes of growth of retina and. 1.ectum durind development 

are different. whereas the retina grows in concentric rings at the 

ciliary margin (Straznicky & Gaze 1971), the tectum grows, approximately 

from front to back (Straznicky & Gaze 1972). This involves consicierab].e 

problems in maintaining a constant retinotopic projection during 

growth. Straznicky & Gaze (1972) therefore predicted that there 

would be a necessity for connections to slide during development. 

Similar results and conclusions have been obtained from autorad.iographic 

analysis of the mode of growth of the goldfish retina and tectum 

(Meyer 1974a). 

Results consistent with this prediction have been obtained 

from electrophysiological studies of the developing map in Xanous 

tadpoles (Gaze, Chung & heating 1)72; Gaze, heating & Chung 1974) 

The map was cxartined fvm ste 44  to c4, io ordering  of the map 

was apparent biorc t.;e 4t 	y Z3 aE 	6 the 	had j2.rjhi eyed, the 
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normal polcri ty of the adult rn1p tah it still t fared froui the 

adult map in two imoortnt :rcspec-&s: fi ratly the multi .-unit 

receptive field sizes were considerably larger than -those in the 

adult (histological studies of Laaar 	cott unpublished indicate 

that the terminal arberizatjonc cf young optic terminals may extend 

for 300 	503 microns); secondly, the map displayed consderab1e nor,_ 

linearity ( that is to say ecpial electrode steps across the tectua 

did not correspond to equal steps across the visual field), with 

the caudal half of -tile tecturn receiving a considerably expanded 

representation of the temporal visual field. In addition the map 

did not cover the entire teotum unti). stage 66. Prior to this stage 

the caudornedial segment of -the tecturn is electrically silent. The 

snap thus shifts from an initial rostrolateral position caudally and 

medially across the tectun, paralleling the direction of the waze 

of mitosis an(J, presumably, differentiation in tecial cievoloarnent 

(Straznichy d Gaze 1972). Anatomical studies of map genesis, 

utilizing degeneration andautoradiography techniques, (Scott 1974) 

are consistent with the electroohys±ologiaal studies and again show 

a caudal and medial movement of the tectal ones receiving innervation. 

Gaze et al. (1972, 1974) interpreted their results as indicating a 

shifting of connections during development. As more temporal fibres 

are formed at the retina and reach the tectum so they must displace 

existing fibres caudally from the rostral pole in order to preserve 

the polarity of the map. Again a competitive innervation mechanism 

would seem to be implica-ted. The non—linearity of the pre—stage 66 

map, howevei-, indicates that the sliding of connections does not take 

place equa].ly across the ext-ent. of the tectum. Until stage 66, the 

tectal extent occupied by the nasal half-.fieid. (temaoral hesiretina) 

does not a- 	to like the extent of the temporal half— 



f eld (nao.l ho:nirotiria) which expands cent 	ousiy into the newly 

m;turing caudal extent of tectun. Thus thc'e is o relative comneecsion 

of the nasal half—field and a relative expansion of the temporal 

half—field which is not attributable to the increased rostral 

curvature of the tadeole tectum (Gaze et al. J.c74). This may mean that 

until metamorphosis the connections fored by the temnorni field 

(nasal retina) do not shift apreciaby . One is still left however 

with an apparent shifting of nasal field. (temporal retina) fibres. 

In order to critically asses these results it is necessary 

to examine alternative possibilities for their explanation. It 

may be that coil—to—cell connections remain constant and that the 

iftinD' connections that apparently underly the maps are in fact 

due to cell migraticn either in the retina or the tcctum This 

latter mode;  shifting of terminal sites carrying their optic 

connections with them has been observed in the development of the 

visual systci of Dapania (LoFresti, 1acagno & Levinthal 1973; Macagno, 

LoPresti & Levinthal 1973). This possibility in Xenoous would seem 

to be excluded by the autorad.iographic studies of Etra±iicky & Gtze 

(1972). with short duration labelling, no labelled cells were seen 

to migrate caudally from their site of origin. Labelling studies 

(Horder & SpItzer 1973; Hunt 197.5) seem to argue against the other 

possibility the migration and resorting of cells within the retina, 

Horder & Spitzer (1973)  did not find translocation of labelled single 

cells from their site of (random) injection into the eye. Furthermore 

heavy labelling of growing retinae (Hunt 1975) yield regular and 

peripherally decreasing gradients of label, consistent with the 

eunposition that cells re;afn more or less imicbile at 	 us their loc 

of origin. The fid possibility- that the 	are due to optical 
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aLno.alitis of the t-..d.001e visJ. system is not so easy to overcome, 

Histological (Scct 1974)  and field potential analysis (Chung et al, 

1974 eb) indicate the presence of functioning synapses between optic 

terminals and tie tadpole toctuia. Preliminary studies indicate that 

tadpole optics are normal (Land: uupib1ished). Thus, the inference 

that connections are olidi 	during the development of the Xenonus map, 

would seem in the main justified and a common comoetitive sorting 

zncchaniani may govern the disposition of fibre terminals both in 

development Yid in regeneration of the map. 

B.3. 	Competitive _Innervation Mechanisms 

The studies quoted on development and regeneration, of the 

retinotectal map indicate that suboptmal connections (in terms of 

the final map configuration) can 'oc formed between retinal and 

tectal elements and that these suboptimal connections may be 

competitively displaced by more anpropriate fibre tesminals. This 

does not in itself allow one to infer whether the optimal connections 

are or are not context invariant. Experiments in which the time 

course of map compression was followed after half tectal ablation 

in goldfish (Gaze & Sharma 1970; Thon 1971, 1972 a) also show the 

gradual displacement of connections by the deprived fibre complement. 

Competitive phenomena of this nature are not solely restricted to 

the retinotectal system. Experiments involving nerve section and/ or 

cross—reinnervation in neuromuscular systems in salamanders and 

-teleosts also show competitive displacement of a foreign nerve by a 

appropriate nerve (Sperry & Arox-a 1965; ark 1965; Marotte & Mark 

1970; Stirling 1973). Ulille then cc;meetitive innervation mechanisms 

woulci seem o 'so of some ubiquity it e not oossi Ole to infer iron 
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this tha-L the specifielty liels of retinal and tectal elements 

are deployed in a contcxt--sensitive iriannc.r in map asemb1y. The 

competitive sorting out evidenced above may reflect only the short—

term kinetic properties of map assembly. That is to cay, 'suboptimal" 

connections may form transiently during the sorting-out of the rnap 

These connections need not reflect the overall thermodyn,mic contraints 

involved in forming the long term equilibrium configuration of the 

map. The dangers of inferring from Short term kinetics to long term 

equilibria have been thoroughly discussed by Steinberg (1970) in 

relation to in vitro cell—sorting experiments. Thus while information 

concerning the process of map assembly is of relevance, it cannot 

decide for or against tiSperryt s  hypothesis', which is phrased simoly 

in terms of terminal equilibrium conditions. 

C 	CONTROL _ESSAY SYSTE.1S FOR _R1jPINOrfECTAL_SPECI11IO:LTIES  

We have seen that after the creation of size disparities in 

the Xeroous retina and after the creation of both retinal and tectal 

size disparities in goldfish, the extent of tectal coverage cannot 

be unequivocially taken as an assay of the retinal or tectal specificity 

structures present. Either context-dependent spreading and compression 

or regulation may account for complete tectal coverage from the 

whole visual field. Two broadly similar attempts have been made 

to build independent assays • into the system by introducing a normal 

eye, mapping in concert with the experimental eye to the same tectum 

(Strazniccy et al. 1971; Jacobson & Hunt 1973;  Hunt & Jacobson 1973 c). 

The technique intrcduccci by Strazn oky et al. was the post—

metamorphic uncrossing of the optic ehiasaa, resulting usually in 



ecIi tectum liciny dually innervated by loth oyes This assay was 

developed for the analysis of the tectal specifici Ly ructuic 

contralateral to. a OOpouad eye. Thw3 after chi:. uncross a normal 

eye and the compound eye project to the same - otum. The ability 

of the normal eye to e oblisi] a co:piote map across the tectuin 

contralateral to the compound eye was taken to indicate the normality 

of that tectwn. No comment was offered by those authors reacIing 

the specificity structure of the compound eye. Hunt & Jacobson 

introduced the"three eyed' assay. Here a normal eye, as standard, 

is implanted in the same orbit as the experimental eye, with a 

resulting dual projection to the contralateral tectum from both eyes. 

These authors were concerned to assay the specificity structure of 

the experimental retina. They reason that in such a "competitive 

inne:evation" assay the extent of overlap of the two projections 

gives a quantitative measure of the normality of the experimenta]. 

retina. For example, in an eye fragment recombination expe:rirnent 

(Hunt & Jacobson 1973b)  to be discussed in more detail in Chapter 3., 

an embryonically nasal fragment with on embryonically ventral fragment 

projected in register across the entire tectum with no regions of 

non—overlap of the projections. Although these eyes were not assayedt 

by competitive innervation, the reasoning involved, in the interpretation 

is the same and will serve to illustrate the implicit assumptions being 

made. They argued that the total overlap indicated that both fragments 

had altered their specificity structures, on the grounds that had 

the specificity structures remained unchanged the nasal fragment should 

have projected to the caudal half of the tectum, the ventral fragment 

to the medial half of the tectum leaving a rostro—lateral quadrant 

empty. This interpretation depends oi an assumption which the authors 

do not explicitly state. On the hjpothcods that the fragments conserve 
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i;heir partial sets of specificity vaJuc, the. prelictior, of partially 

overlapping projections rests on the assumption that the axon 

terminals of the two fragments will interact competitively on the 

basis of their specifici-ty markers for •tectal sites. If such 

interaction does not take place (i.e. if the axon terminals of the 

two fragments behave as independent populations) then con-toy-i; 

dependent spreading (as in compound eyes) will generate the same 

final map configuration. 

It is important to notice therefore that in such competitive 

innervation assays, only projections with areas of non—overlap are 

interpretable; totally overlapping projections are compatb1e with 

a number of interpretations depending on the criteria of fibre 

population inneractions. Thus the interoretability of these assays 

depend on a knowledge of the conditions under which fibre populations 

will interact at the tecturu. The data on this point are ambiguous. 

There are two reported examples of interaction generating non-overlapping 

projections, Feldman & Gaze (1975 b) reconstituted normal eyes by 

removal and replacement of the temporal half of the eye. In contrast 

to the NN or TT compound eye (for which this' experiment served as 

control) where both fragments project in register across the whole 

te.ctum these reconstituted normal eyes showed nasal retina mapping 

to caudal tecturn and temporal retina to rostral tecturn with no 

region of overlapping projection from the two fragments. The other 

example is that of small eyes produced after partial recovery from 

FUdR—induced growth arrest f  mapped in a competitive innervation. 

situation (Hunt: personal communication). These eyes interact with 

the normal eye to map only to the centre of the tectu, while similar 

miccophthal;uc eyes alone map across the entire tecturw These 



results might ho taicen to indicate a vinUica-tin of competitive 

innervation assays were it not fax the existence of situations where 

interactions clearJy do not ta:e placer such a situation can be 

ohtaned serendipitously from partially succesful uncrosing of 

the optic chiasma (Case, Feldman & Keating personal COLTfllrnicatiOn) 

where the whole of one (normal) eye and a part of the other (normal) 

eye both project in register across the entire tectusi. Here the 

specifici-ties of the partial projection axe known to be a partial 

set (since they come from a normal eye) and optical abnor:'alities 

in this eye (giving the appearance of responses only fro;; a ciail 

part of the visual field) can be ruled out by a co:ciplee visuotecta). 

map to the other tectiirn, Thus a known partial specificity set, 

mapping in concert with a complete set, has projected to the entire 

tectuin, and interaction on the basic of soecificity sets can be 

excluded, it is not clear what are the reasons for the discrepancy 

between these results and those obtained froT the FUdEi treated small 

eyes. Among the possibilities may be:- 

non—simultaneous initial input of the two populations in 

the chiasma uncross situation compared with simultaneous 

initial input of the two popu].aticnc in the FUIR assay. 

later time of dual input (juvenile life as compared with 

larval life) in the chiasma uncross situation. 

dual input comes from different orbits in chiasma uncross 

situation and from the same orbit in FUdR result, 

effect of FtJdR on ganglion cell properties other than 

its specificity values. 

Thus the interpretation of competitive innervation assays 

remains prabiemetic 	Clearly, when areas of non—overlap of prcections 



are obtaine.1, some ort of interaction has tac.ri place. however 

doubts remain as to the situations n which interac;tion will and will 

not take place, arul as to the precise nature of the interaction. is 

interaction affected. by conditions of timinL', L' site of input atc? 

Are the cellular prQpertiea involved, in interaction those governing, 

normal map assembly (specificity values) or are they some other oet 

of properties related, for example, to retinal position or division 

history which are not normally involved in map assembly? Are the 

cell properties involved in interaction the sane in different 

experimental situations? Similar doubts surround another promising 

assay system: the in vitro cell agegaticn assay of Barbara et al. 

(1973). Radiolabelled dorsal retinal suspensions incubated with 

dorsal and ventral half 'teota yield a 2:1 ratio of adhesion with 

ventral tecturn. Similarly ventral retina yields a 2:1 ratio of 

adhesion with dorsal as opposed to ventral 'tecium. It is not yet 

clear whether this specificity, which parallels that of ..ap assembly, 

actually involves the identical cell properties. 

In conclusion, in the retinotectal system, where the inference 

of cellular and, molecular mechanisms lies at considerable distance 

from the experimental data, it is necessary to adopt a critical and 

tentative evaluation of much of the data on map assembly. in an 

experimental situation any, all or none of three parameters may be 

changes.: retinal ganglion cell properties and their deployment, tectal 

cell properties and their deployment, the cell properties being deployed 

in map assembly. It is necessary, where possible, to introduce 

additional controls in order to be able to hold two of the 'three 

rarameters constant. To infer directly from the experimentally 

introduced, deransment and, the fil map to the mechanism operating 
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ignores the possibility that th same final configuration may be 

achieved from several starting configuratione while some additional 

control assays are bing developed they also zest on the unexplored 

conditions of fibre population interaction. A comparison of results 

obtained with the ohiasma uncross and "three eye" assays may allow 

of some conclusions as to the importance of timing factors and site 

of input of the populations in generating interaction. Finally, 

the possibility has to be recognized that the maps generated after 

experimental trauma may not involve the same cellular properties in 

their map assembly as are involved in the normal situation, or may 

involve additional properties. For example, we know as yet nothing 

of the constraints on maximum density of fibre packing at tectal 

synaptic sites. PossibLy the discrepancy between size disparity 

experiments using Xonopus and goldfish tecta may be related to a 

difference in such constraints, 

If then, the methodological problems associated with direct 

experiments on the rules of map assembly are numerous, we are not 

drawn to abandon all experimentation. While the retinotectal map 

does not assay specificity structure, it can be used for an analysis 

of the relative ordering or polarity of that structure. Hopefully, 

from analysis of the topography of the structure in a variety of 

experimental situations we may be able to piece together an understand-

ing of the nature of the cellular properties being deployed, leading 

eventually to a more analytic understanding of map assembly. At the 

very least we can use the retinotectal map to assay retinal polarity 

and hence to analyse the nature of the developmental events involved 

in establishing and transmitting retina]., pattern. 



CHAPTER 3 	THE OrOGENJ3Is OF THE PLTINAL AND TECTAL 

PATTERHE A REVIEW OP THE LITERATURE 
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Sperry (145) predicted, by an-,10 	with the work of harrisons 

school on developmental polarity of the limb and ear buds, that the 

retina would be polarized along the anteroaosierior (iP) and dorsoventral 

(DV) axes of the embryo, with AP polarity*being established before 

DV. This prediction has been confirmed. several times in a number 

of amphibian species (Szekely 1954; Jacobson 1968a; Sharma & hollyl'ield 

1974a;HunW & Piatt cuoted. in Hunt 1975),  The technique irwolved in 

establishing this observation is that classically used by Harrison's 

school, rotation. of the organ rudiment. Jacobson (1968a) found in 

Xenos that axial polarization occurred during a critical 5 hour 

period in tailbud. stages. Rotation of the eye anlage prior to ieuwkoop 

& Faber stage 29/30 resulted in normalnaas. Rotation by iL0 degrees 

at stage 29/30 resulted in AP reversed. DV normal maps. Thus at Fae 

29/30 the retina acquired. an  AF polarity from the surround and at 

stage 31 a DV polarity. Subsequent control (',peii.ments (Hunt & Jacobson: 

cuoted. in Hunt 1975)  involving rotation of nrc—stage 28 eye anlage 

through a variety of angles other than 180 degrees all yielded normal 

naps, while the same experiment with stage 31 and older anlage yielded 

map ±otations corresponding to the degree of eye rotation. Thus it 

can be asserted that the realignment of axes that occur in pie—stage 

28 anlage are indeed the result of a realignment with the major embryo 

rather than a simple reversal of axes intrinsic to the retinal rudiment. 

These results open up a number of auostions. what is the nature 

of these reference axes? what is the mechanism of their determination? 

Her stcLle is tia 4etni:nation? Hon re the axes transmitted. to 

progeny gariglion cells 	of wkioh have not yet been born ai the 

stage 1571)? Of a a xil deeraination; Ctraanicky & Oaze  



J' I. 	The 1 Luf€ pi' the (.Jrisoec'ified 	 ;1i 	vents o' 

:1) at ermi. nation 

Hunt & Jacobson 
(11.972b) examined. the nature of the unspecified 

state by explantation of eye aniage to culture et Various stages 

from 22 to 28, followed by their retranspiantation to final host 

orbits when they had achieved the morphology characteristic of stage 

39 retinae. It was found that these eyes foraod. retinotopic maps 

with the tecturn. The polarity of the map axes, when the eyes were 

implanted in host orbits with rotation, was found to correspond with 

those of the original orientation of the, eye anlage in the donor 

embryos. Thus these eye aniage possessed presumptive axes as far 

brick as stage 22 (optic bulge stage). In the absence of further 

contact with surrouncting tissue these axes were stable rnd became 

irreversibly determined. In situ rotation from stages 22 to 28 or 

transplantation with 180 rotation into stage 22 to 28 host orbits 

resulted in normal maps, aligned with the host embryo axes. Thus 

the pre.sunn -tive stage 22 to 28 axes are stable but reversible. It 

seems likely that presumptive axes will be present at any stage of 

explania-tion, as part of the general neural plate axes 

The specificity characteristics and the spatial localization 

of the external axial cues have been investigated in a number of 

studies (Hunt & Jacobson 1972a; Hunt & Jacobson 1974c; hunt & Piati: 

quoted in Hunt 197.). Hunt & Jacobson (1972a) showed that axial 

replacement would occur on transplantation of pro-stage 28 eye aiilage 

to the flank. This demonstration that axial cues were not localized 

solely in the periorbital tissues, but present throughout the flank, 

was ensistent wii;h ernlier observations that anphician iim'o sad ear 

anlage could acquire polarity on heterotopic flank grafting (Harrison 
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1921; Sett 1)"'I. Hurt & J.coLaoo (l74c) h;LVC. obtTii, ned some 

information on the time ch'.racter)a3-t1cs of the extrinsic axial ouee. 

The generation of inverted. maps after in situ rotation of stage 23/24 

eye nige, folloired. by 	plant:tion to culure at stage 27 and final 

iraplaittion in normal orientation in the host, indicates the presence 

of axial cues before the stage 23-31 period of determination. The 

same experiment using transplantation to stage 32 and older hosts 

indicates the persistence of axial cues past the determination period 

(Hunt 1.975  quotes cases of axial replacement of pre-stagc 25 atniage 

in stage 38 hosts). These authors also followed the time course of 

axial replacement, by varying the time intervening between in situ 

rotation of stags 24/25 anlage and explantation to culture. No 

inversions of the map were found after 1.5 hours of rotation, but 

an increasing incidence of rotation was found. with 2, 4 and 6 hours 

of rotation. Thus axial replacement can occur after. as little a--

2 

s

2 hours. Furthermore many AP irr'jerted DV normal maps ':cre found s  but 

no AP normal DV inverted maps or partial inversions, suggesting that 

axial replacement may be an all-or-none event exhibitiag the same 

AP before DV rule as normal axis polarization. Finally, these authors 

found. that ommiting the tissue culture step in the first experiment 

(i.e. in situ rotation followed by transplantation in normal orientation 

to final host orbit) resulted. in a few cases of AP inverted. DV normal 

maps (o-io%) with the remainder normal. This indicates that the axial 

replacement occurring after in situ rotation in the donor has the 

siame stable but reversible characteristics as were found for the 

original presunptive axes (Hunt & Jacobson 1972 a,b). Hunt & Piat-t 

(quoted in Hunt 1975) examined the species soccificity of the axial 

cues by intermediate transplantations of stage 24 Xenoaus anlago to 

the orbits of stage 30 Ah"stom i ct:tur, or stage. i6 	I 
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The occurrence ci.' ro baed. but ordered nius in,  Y'uc finEd hosts 

indicates that the cues for a.dai. npcc].tJ.catlon E.'.re evolutionarily 

conserved. across species lines. 

The mechanism of the axial determinationtrigger has been 

examined by Hunt & Jacobson (1974a) and by Hunt, Bergey & Holtzer 

(19). Hunt & Jacobson (1974a) asked the question: is the trigger 

for determination intrinsic or extrinsic to the retina? Early eye 

anlage (stage 22/23) were transplanted. into stage 29 or 31 hosts in 

normal orientation and retransplanted into stage 27/23 final host 

orbits in 180 deee rotated orientation, when the eyes had reached 

stage 27.  Had premature contact with the determination stage environ-

ment precipitated determination -the rcsulting maps should have been 

inverted. In fact, they were nornol, indicating that the stage 27 

eyes were still labile. In a parallel series of experiments early 

stage 28 eyes were transplanted in norma). orientation to stage 23 

intermediate hosts reached stage 27, the eye was, as before, tested 

for axial lability by rotated implantation in stage 27/28 final 

host orbits. The development of rotated maps indicated that contact 

with pre-stage 28 environment had not delayed. determination. Thus 

the timing of the determination trigger relates 	the stage of the 

eye and not to the stage of the environment. The authors concluded 

that the trigger for axial determination was inherent in the eye anlage. 

Further analysis of this trigger mechanism was undertaken by 

Hunt et al. (1974)  using 5-hrornodeoxyuridine, which by an unknown 

mechanism tends to differentially suppress the exoression of terminal 

cytodifferontiation without effecting cell maintcn.nco or reulication 

(holtzer et al. 1972).  It aapers I'ro:;t 	with a number of other 
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developing systems that BUdS exerts its effects only on mitotic cell 

populations (i.e, those cells which have withdrawn from the mitotic 

cycle 4.n preparation for terminal cytodi Alf erentiation are unaffected) 

and that the effects are reversible by restoration of the tissue to 

a normal medium. Eye anlage were treated in situ by injection of 

BUdR at various stages, followed by rotated implantation in the 

orbits of final hosts when the eyes reached stage 31/32. If the 

BUdR treatment had blocked axial determination, axial replacement 

should take place on the final host, resulting in normal  maps. 

BUdR treatment at stage 24 ± 1 completely blocked the cytodifferent—

iation of all neuronal types in the retina and normal maps developed 

(indicating that determination had not taken place by stage 31,/-J,2.) 

Treatment from stage 27—  blocked cytodifferentiation of photoreceptors 

and interneurones but permitted cytodifferentiation of ganglion cells 

(which withdraw from the mitotic cycle I 2 hours earlier than the 

other neuronal precursors).Inverted maps developed from these eyes, 

indicating that axial determination had occurred by stage 31/32. 

Treatment from stage 29/30 failed to block cytodifferentiation of 

any of the retinal neuronal populations and axial determination again 

occurred normally in these eyes. Thus the tripping of the trigger 

for axial determination would seem to occur in concert with the onset 

of ganglion cell cytodiffernetiation. This conclusion is consistent 

with the observations of Jacobson (1968b) on 	and Crossland 

et al. (1974) on chick that axial determination occurs at the stage 

where the first cells of the retinal neuroepithelium (ganglion cell 

precursors) are withdrawing from the mitotic cycle. The BUdR results 

also have the virtue of disengaging cell. division, from the determination 

trigger. As a result of BUdR differentiation blockade, the retinal 

neuroeithelium becomes greatly enlarged. The results then allow 



the conclusion that the dot nination tri,er is not related to 

cell aivcion by a critical c:ii mass effect. J 	of course 

possible, tha the trigei ir . rnaliy eni;rained to a mitotic 

'oountdown' with detcrminaton oocucring as soon as possible after 

the release from BUdR blockade in these experiments. 

In summary the undetermined eye anlage has stable but reversible 

axes. Reversal can take place either in the orbit or on the flank 

and appears to be accomplished in an all-or-cone fashion within a 

matter of hours with indications of a general AP-before-DV rule. 

While the cues for axial determination are extrinsic (and. operate 

across species boundaries), the trigger for determination is intrinsic 

to the eye, yolked to the initial stages of the ganglion cell 

cytoclifferentia-tion prograrnme The axial cues show a similar 

temporal "safety margin" to that classically displayed by induction 

system; that is to say they, are present both before and after 

passage through the critical stage 2-3l deteriaination period.. 

A considerable concordance between these results and those 

classically obtained by Harrison's school may be noted.. The ability 

of the retina to acquire polarity on the flank parallels that of the 

limb bud in heterotopic grafts (Harrison 1921; Takaya 1941).  The 

finding that the dorsal and ventral midlines do not possess axial 

cues(Swett 1938a) is again born out (Hunt & Jacobson 1973a)  The 

finding of an intrinsic ocular trigger for determination is anticipated 

by similar studies on the limb bud. (Swett 1937,  1938a). Furthermore 

the finding of a stable but reversible polarity prior to determination 

is conmor to both ss of work (Hu. & Jaco' on 1972'b; Swet 1936a). 

Thus i 
4  seems J.ikely tiat we are dealing sitri the sae embryological 



procec in thoc divoi e sycc 	Ue may e:pet 'o fn'i co:afirii. 

in the retina of the finding (Nicholaz 1922 ; Sett 1938b) that i-b 

is the immediate surround which confers polarity on the tissue, rather 

than the global surround, Nicholas (1922) found that rotation of 

the limb bud with a urrouncling ring of tissue resulteel in an 

inverted limb, rather than the axial replacement found when the 

limb bud alone, was rotated. The interpretation of this finding is 

however complicated by the observations of Swett (1938b) transplanting 

the dorsal surround ventrally and vice versa. He found that the 

rotated limb bud repolarized when the ventral material was transplanted 

dorsally, but retained its inverted axial polarity when the dorsal 

material was transplanted ventrally. He further found that the 

orientation of the ventrally located graft was irrelevant. It seems 

likely, therefore, that the graft was not repolarizing the limb 'bud 

but rather blocking repolarizing vectors originating from the 'body 

wall, allowing the precocious determination of the presumptive axial 

orientation of the inverted buds If this is the correct interpretation, 

we may plausibly conclude that the dorsovtral axis is propagated 

from the ventral region dorsally, Results (to be disc;asse& in more 

detail below) obtained by Hunt (1975) indicate a dorsoventral different-

ial of developmental "potency" in the retina, with ventral retina 

more "potent" than dorsal. There are, as yet, no data on the direction 

of propagation of AP cues. 

Another finding, of an extremely tentative nature, which may 

be common to both the retina and the classical systems, is the non-

independence of the AP and. DV axes. Harrison (1936) found an increased 

proportion of twinned. structures develcpig fro.-,.I ear 'sud.s after 

rotation or- both AP and. DV axes, as comparea with rotation of only 
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ona axis. He interpreted -this as inllcating a pcssib1 interactive 

effect of AP and DV axes. An interaction of the AD and DV axes, 

predicted on the phase shift model of Goodwin & Cohen (1969), has 

been invoked (Goodwin 1972)  to account for the map distortons- in 

double ventral cornpond eyes (Straznicky et al, 1974).  It seems 

probable that some sort of interaction of the two axes occurs, but 

the nature of this interaction is not clear. This is especially 

pointed up by the finding (Hunt, personal comniurdcation) that A? 

organized, DV disorganized and AP disorganized, DV organized maps 

can be produced. Thus in some sense, whatever the possible interactions 

it appears that AP and DV information can act as independent tissue 

labels. 

The final point which deserves comment is the results of 

heterotopic flank grafting (Hunt & Jacobson 1972a; Harrison 1921). 

If the specification of axes in the tissue is thought to allow rank 

ordering of the cells in space by reading of positional information 

(Woipert 1969, 1971)  along the axes, the finding of normal pattern 

formation after heterotopic crafting allows of the following 

interpretations:- 

a) 

nterpretations:-

a) cells in an array can read relative rather than absolute 

positional signals (since, assuming the positional siial 

to be a substance gradient, the absolute values of gradient 

concentration on the flank will he lower than in the orbit. 

Hence cells cannot be interpreting their positional inforu-

ation by means of differentiation triggers responding to 

critical threshold values of the gradient). 

or b) the extrinsic polarity vectors induce the formation of an 

intrinsic organizer (or gradient source) within the anlage 



and. pitionaI infornati on is than propateci internally 

within the anlage. 

or c.) the polarity vectors simply establish heteropolar axes 

with no internal rank ordering along the axes (rather 

like an arrow with a head enl a tai1 as compared. with a 

gradient ). 

Again, the observation that the presumptive axes of the ore-stage 28 

anlage are stable in vitro (hunt & Jacobson 1972'o) indicates the 

absence of a need for continual propagation of the extrinsic axial 

cues across the retina. This in turn would seem to indicate either 

the presence of an intrinsic ocular organizer to maintain the 

presumptive axes, or a local homeostatic mechanism, whereby the 

retinal cells remember and maintain their axial organizations 

A.2. Stability of the Determined State. 

The determined axes are resistent to rotation (Jacobson 1963a), 

in vitro culturing for several days (Hunt & Jacobson 197211) transplant-

ation to the flank (Hunt & Jacobson 1972a) and serial backgrafting 

to the pre-stage 28 environment combined, with a delay in achieving 

innervation (Hunt & Jacobson 1974S).  Thus at least in the intact 

eye anlage, after stage 31, the axes are stable, and resistant to 

axial replaccment challenges. The nature of the determination, however 

remains unelucidated by these findings. Hunt & Jacobson (1973b)  have 

raised the question: is axial determination a property of the entire 

retinal cell sheet or of the individual ganglion cells? A number 

of experiments have been designed to obtain ansrem to this question 

(Hunt & Jacobson 1973b, 1.974; Berman & Hunt 1975; Hurt 1975) 	These 

experiments have involved dh'ruption of retinal integrity by various 
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xecostructi.ons of eye.,;., by midline 	aasetion of eyes by fusion 

of eyes and by partial ablation of eyes. 

Hunt & Jacobson (1973b) reconstructed eyes from nasal-right 

fragments and either temporal-left or ventral fragments, whose side 

of origin was not stated. Mirror-reduplicated projections, occupying 

in register the entire tectal extent were obtained. The authors argue 

that not only does this indicate an alteration of presumptive fate 

by the transplanted fragments (temporal or ventral) as assayed by 

their polarity, but also an extension of the set of specificity 

labels in both fragmeirts, as assayed by the extension of their maps 

across the entire tectal extent. As argued in Chapter 2, extent of 

tecial coverage cannot he taken unequivocally as an assr of the 

set of specificity labels present since the conditions of fibre 

interaction remain unknown. The polarity of the map obtained from 

the fragment is a more reliable indicator of the preservation or 

alteration of presumptive fate in these experiments. The map 

obtained from the temporal left fragment does indeed indicate an alter-

ation of presumptive fate. Both AP and. DI.1  axes of the fragment have 

reversed yielding a total mirror-redup1icat6d map, analagous to the 

double nasal (ii) compound eye maps (Gaze et al 1963, 1965). The 

map shown in the authors' text figire for ventral fragments is not 

so unequivocally interpreted. The distortion of the map axes is such 

that the map may be interpreted as consistent with the ventral fragment 

having retained its polarity, if it is a ventral right fragment, but-

not 

ut

not if it is a ventral left fragment.  

Hunt & Jacobson (19746)  have obtainj-d evidence of mirror 

reduplication of the projection after surgical. transection of stage 
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32 oyes along the horizont;d or Vertical nicU..nes. Vertical midline 

transections roultec1 in 40 double nasal maps. 6(Ycl,  normal, while 

horizontal midline transections resulted in 4O danble ventral, 60% 

normal maps. Double temporal and doulie dorsal maps were never 

obtained. Fusion of two eyes implanted into t}io same orbit also 

yielded double nasal and double ventral maps, but these results 

cannot be considered as corroborative evidence since the eyes were 

fused in NT-TN or DV-VP orientation and are thus equally consistent 

with retention of the original poia±ity. 

The necessity for caution in interpreting these results is 

indicated by results obtained, from eye fragments alone, made by 

partial ablations of the eye. (Berman & Hunt 1975; Feldman & Gaze 1975a) 

Nasal, temporal and ventral fragments (approximately half of the 

tissue mass) were made at stage 32 (Feldman & Gaze 1975a) and at 

stage 25/26, stage 31/32 and stage 33 t 1 (Berman & Hunt 1975). 

All three types of fragments yielded a majority of normal maps, with 

axial orientation corresponding to the orientation of implantation 

(Hunt & Berman 1975). A few cases, however, yielded mirror-reduplicated 

maps which wore specific for the type of fragment (NH maps from 

nasal fragments, TT from temporal fragments and VV from ventral 

fragments). Again map orientation corresponded to orientation of 

implantation and was unaffected by hackgrafting to stage 27/28  hosts 

or 48 hours in vitro (Hunt & Bcrmman 1975). The incidence of 

reduplication was related to the stage of the tissue and to its site 

of origin: young fragments yielded fewer redu]ica'tions than older 

and temporal fragments fewer than nasal or ventral fragments. Some 

instances of partial reduolications were observea (Feldman & Gaze 1975a; 

Berrii & Hunt 1975; Hunt & Berman 1975), 



If1  then, Single eye fragonts c'n yiei d. mii'ror-redup] i cat ed. 

projections, it is possible t;hat the results obtained in eye reconstnot-

ions and. midline transections may result from graft elimination in 

the results of Hunt & Jacobson (1973h, 1974b). In order to sustain 

the interpretation offered by Hunt & Jacobson that reprogramming 

is occurring in the reconstructed eyes and. midline transec-tions, it 

is thus critical to Irnow that the tissue fragment in which reprogramming 

is thought to have occurred is indeed the tissue fragment originally 

occupying that site and not one derived from the rcpro6xa4mrning tissue. 

This could be achieved by control experiments in which one of the 

fragments is cytologically tagged (radio labelling or mutant tissue 

markers such as albino or anucleolate heterozygote), However Hunt 

(1975) has elegently demonstrated the possibility of genuine 

reprogramming. Nasal-right/temporal-left eyes were Prepared in the 

right orbit (Hunt 1975) and. after 12 or 30 hours of contact the N 

fragment was removed. In some of the 12 hour and nearly all of the 

30 hour cases, the resulting maps were AP inverted., DV normal, In 

a few 30 hour cases and about 50% of 12 hour cases inversion of both 

axes was obtained, indicating a probable intermediate state in the 

reprogramming process which has the above Al inverted DV normal 

orientation as its final state (Hunt & Jacobson 1973h), (here again 

the AP-before-DV rule is in evidence). Finally a few 12 hour cases 

and all control cases (temporal-left fragments grafted alone into the 

enucleated right orbit) showed an AP normal DV inverted map correspond-

ing to the original polarity. This work demonstrates unequivocally 

that reprogramming can take place but does net tell us in which of 

the other experimental series reprogramming is responsible for the 

results and. in which graft  loss Lind reconstitution of a mirror-

reduplicated. projection from the remaining fr;meut. Hunt (1915) 



offers some eircumstantia]. cvi eoc in favour of the reprogramming 

mechanism for the reconstructed. eye :oesu1te. Of these, the most 

convincing is the observation of patchwork pigment patterns and 

supeinunary choroicial fissures, consistent with the retention of 

-the graft tissue. }Jowever the finding that mirror—reduplication 

can be produced as the end result of what seem to be two different 

processes (regeneration from an isolated fragment and reprogramming-

of 

eprogramming

of one fragment by another) illustrates the necessity for adequate 

controls and cautions against inference from final map configuration 

to initial starting point. 

The evidence would thus seem to point to the possibility of 

reprogramming and hence to the hypothesis that axial determination 

may be a property of the entire retinal Ganglion call sheet, rather 

than a mosaic property of individual ganglion cells. However, no 

mechanism has been suggested for the reprogramming events and it is 

difficult to detail precisely the situations in which reprograrriming 

maps occur and what rules it may follow. 

A.3. 	Growth and the Elaboration of the Pattern 

A problem mentioned in eonneotion with axial determination was 

the elaboration of the retinal pattern with growth. Since, at the 

stage of axial determination, only 1% of the adult total of retinal 

ganglion cells are present (Straznicky & Gaze 1971)  a major problem 

remains in understanding how the other 99% of cells generated at the 

ciliary margin are incorporated into the pattern. Finally this 

question comes down to the understanding of how new ganglion cells 

acquire their neurospecificity "lahels'. The mapping data, discussed 
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in Chapter 2;  indicate that an ercierly,  etiflOtOp1C map is ?resent 

on the tectum from tadpole stage 50 onardH (Gaza et al 1972, 1974). 

Thus the pattern is not specified dc ncvo t retaiornhosis  When the 

adult state is achieved. In seeking an tmders-taiiding of this 

continuous and sequential development of the pattern, we are again 

faced with the inability to assay pattern values in the Xenonus system. 

Only relative axial ordering can, for the present, he studiec. 

One can imagine three broad classes of mechanisms for programming 

of new ganglion cells:- 

Inheritance of pattern value commitments by ganglion cell 

progeny from their mother cells - a clonal inheritance 

model. 

Continuous field—like respecification of positional 

information throughout development a "regulation" model. 

Local interactions between new ganglion cells and their 

nearest specified neighbours - a local cueing model. 

The suggestion by several authors (Yoon l9711972jb., 1973; ieyer & 

Sperry 197) that the retinotectal map "regulates" in the face of 

surgically introduced size disparity contain' implicitly a regulation 

model for normal growth. Such a model would also be compatible with 

the reprogramming results which indicate some degree of developmental 

lability at least until stage 32. Hunt's (1975)  suggestion that 

pattern elaboration occurs by new cells cueing on the older central 

cells would also seem to be a variant of the regulation model. 

At precent, attempts to decide among the alternatives presented 

above by inspection of tho data are necessarily limited owing to the 

striking poverty of relevant data. Ho-tcver, certain approaches may 
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he made. Not only will the behaviour of eye fragments and, reconstruct-

ed eyes be relevant hero, but also studies involving attempts to 

disript the noriai pattern of cell communication (Holtzer & Hunt 1974: 

quoted in Hunt 1975)  and studies of the normal pattern of communication 

(Dixon & Cronly-Dillon 19721  1974; Jacobson 1973). 

Clonal Inheritance Models: 

It is clear from the reprogramming results that the retinal 

pattern after stage 32 is not a clonal mosaic. The differentiation 

commitments of eye fragments can be altered to at least the extent 

of reversal of the pattern axes. In this context however, two 

criticisms may limit the possible use of such data. Firstly all 

results reflect the outcome of operations at stage 32, only a matter 

of hours after developmental lability in the intact eye primordium 

has vanished.. It is not yet known if such modifiability persists 

into later developmental stages. The second limitation to the validity 

of these experiments in the contcxt of developmental elaboration of 

the pattern is a general one concerning surgical intervention techniques 

as a whole. One can never be entirely sire that the behaviour 

produced after any given intervention (e.g. fragment recombination) 

is representative of the normal mode of behaviour. That is one is 

never sure to what extent a perturbed system behaves similarly to 

the unperturbed one. Fortunately, however, the reprogramming 

experiments are not the only ones which speak in favour of developmental 

lability. 

Holtzer & Hunt (quoted. in Ew 1571 5) atst€a a test of the 

cell lineage model by eiimiation of 60-90 of the ganglion cell 
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precursors at the ciliary margin Growth as arrested ty treatment 

of stage 39/40 eyes with FUdE an inhibitor of thymidj late synthetase, 

After 3 weeks growth resumed and. in most oases the treated eye had 

reached the size of the untreated. contralateral eye by juvenile 

stages. napping of these eyes resulted in normal maps from those 

eyes transplanted to final hosts with zero degree rotation and 

inverted maps from -those eyes transplanted with 180 degree rotation. 

Prelabelling the eyes with 3H thymidine prior to FUc1E treatment 

allowed autoradiographic tracking of the cell lineage of the final 

map. Acute examination revealed that FUdR treatment had killed 

most of the precursor cells by thymineless death: only a few heavily 

labelled cells were seen in patches at the ciliary margin. At 2 weeks 

the holes in the ciliary ring had been filled in by the progeny of 

the survivor cells (as evidenced by the finding of circumferential 

gradients of label). At 5 weeks a radial gradient of label was 

found superimposed on the prior circumferential gradients, indicating 

the resumption of normal radial growth. Thus the ciliary margin was 

reconstituted by a circumferential spreading of cell lines which in 

the normal eye would have extended. radially. Had these cell lines 

given rise to their presumptive specificity labels, the map should 

have been partitioned among a few giant "pie—slice" sectors each 

containing no internal order. The finding of normal maps indicated 

the existence of some form of intercellular communication. Thus e 

cell lineage model seems inadequate -to account for the harrnohous 

meshing of the new ganglion cells into the axial pattern. 

Some additional evidence against a cell lineage model is provided. 

- by studies on. the regeneration of Ne retinae (Levine & CronlyDillon 

1974) 	They found that after retinal degeneration 
inki. ced by optic 



nerve see hion ftc retina would regenerate bo h from the ciliary 

margin and, by Jetapiasia r  from the central Pigment epithelium, 

When the front of thti eye (the liJTfbuS including the ciliary margin) 

was excised and cpi&ced in 180 degree rotated orientation, the 

resu1-tn; maps were wholly or p i;ially rotated.. Thus the ciliary 

margin supplies cells carrying specificity labels and not simply 

an uncommitted cell population to be polarized subsequent to total 

reconstitution of the retina. However, the ciliary margin is producing 

cells located anatomically more central to itself and these cells 

carry specificity labels appropriate to their position. Thus the 

ciliary margin is giving rise to cells carrying labels to which these 

cells would not normally give rise. Here again some global cueing is 

indicated, although the situation in Xenopiu and. Triturus may not be 

strictly comparable in view of the different modes of retinal 

reconstitution, 

The FUdR experiments described above may, howcvcr, have been 

prematurely interpreted They do indeed seem to rule out a clonal 

model where the entire pattern of adult elements is present at the 

ciliary margin from stage 32 onwards, However the deployment of 

clonal commitments may be sequential rather than being expressed 

together at stage 32 That is to say, development of the pattern may 

proceed by the gradual compartmentation of an originally common 

P001 of cells, such gradual creation of clonal compartments has 

been observed in the development of Dr22ohila leg discs (Bryant & 

Schneiderman 1969) ancl wing discs (Garcia—Belliclo et aJ. 1973), If 

the "determa±natio" events were conceived of as partitioning the 

retina into nasal and teiiipora and. then dcrl and ventral copartrnen-bs 

(see Chapter 8) the few civaips of viable cliary margin ganglion 



cell precursors after FUdR treatment would be sufficient to rec on t titte 

these compartments. Provided further comparimenta-tion steps did 

not occur until after stage 40 a normal map would be expected to 

result. It seems unlikely that the results of retinal regeneration 

in adult Trit.urus will admit of a similar explanation. Hcove.r not 

only is direct comparison with the Xonoius results probLc::nt.o, as 

argued above, but it is not nccesarily true that the centripetally 

growing cells derived from the ciliary margin themselves carry any 

information concerning pattern values (either in normal centrifugal 

or in regeneration centripetal growth) 	It may indeed by that such 

information is transmitted after the regeneration process is complete r  

from the (presumably) spatially intact pigment epitheliel cells (sec-

discussion 

see

discussion below of local cueing models). 

At present then, we are still restricted to the information 

from stage 32 recominants and transeetions concerning developmental 

lability. 

Re 	tiopd.els: 

Given the interpretation of the FUdR experiments offered by 

Hunt (i.e. that they preclude a clonal inheritance mechanism and 

require some form of cellular interaction), he has suggested (Hunt, 

1975) that new ganglion cells are "specified" by the older central 

ganglion cells. He has found "scrambled" maps after surgical removal 

of the central cells at stage 39. However, the experimental data for 

this situation has not yet been published and the possibility remains 

that the disorder was due to cptici abnormalities or disruption of 

the retinal tissue rather than a. failure to acquire stcificity values, 
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If cne again invokes the dubious comoarison between Xenou and. 

Triturus resu.lts, it is clear that the centre. and the periphery can 

act as independent domains as far as axial polarity is concerned 

(Levine & Cronly-Dillon 1974). Not only are peripherally rotated maps 

- obtained but also totally rotated maps. Totally,  unrotated maps 

(as would be predicted on a central cucing model) are never found. 

Finally, if Hunt's model is taken to imply that the entire 

pattern of specificity values are present at stage 32, regulating 

in a size invariant fashion with growth, contrary evidence is also 

to be found in the FUdPL studies quoted. above. Nhile most eyes 

recover from the treatment and go cn to generate normal sized eyes, 

in a small percentage of oases (Hunt 1975) recovery was incomplete 

resulting in mioropbthalmia. When these small eyes were mapped in 

concert with a normal eye in a competitive innervation assay (see 

Chapter 2) they were found to map only to the centre of the tectus. 

The difficulties in interpreting such an assay have already been 

mentioned in Chapter 2. If one tentatively accepts that competition 

between fibre populations in this situation does depend on the 

specificity labels of optic terminals, this result would indicate 

that the small eyes possess only a partial set of specificities. 

While none of these results alone is greatly convincing, together they 

do rather suggest that growth does not simply expand a pre-existing 

Pattern but rather that more distal pattern values arise during growth. 

k final contraindication to a regelation model is provided 

by the patterns resulting from eye fragment construction in which 

the cut edges of the fragent were anposel (Stra.znicI, Gaze & 

Keating: quoted in Feldman & Gaze l975). Llthou.&1 both normal and 
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simple fragment experiments, there wa a. third class of result's 	In 

these the rows of field positions showed a distinct curvature towards 

the zone of apposit.ion, rather as if they had been bent"  round in 

the act of roundingup the fragment by apposition of the cut surfaces. 

Such a map configuration is hardly compatible with a regulation 

model. Instead it suggests that the new ganglion cells derived 

from the ciliary margin at the region of appoddion inherited from 

their progenitors the curvature imposed in the mechanical deforitu';icn 

of the fragment. 

Local Cucing_Models 

There is almost no evidence bearing on a local cueing 

mechanism. If one were able to find evidence of some sort of 

cellular interaction operating at later stages of development than 

stage 32 a local cueing mechanism would he indicated if a global 

regulation mechanism could he ruled outs such evidence is clearly 

indirect and somewhat unsatisfactory. There is however evidence for 

a cell interaction process which can be sDatially localized and 

which correlates with the events of axial-determination. This is 

the finding of gap junctions between the retinal ganglion cells in 

an electron microscopic study of the Xenopus retina from stages 26-31 

(Dixon & Cronly-Dillon 1972)e  Such specialized cell jinctions are a 

consistent feature of many early embryonic tissues and are probably 

the structuiaJ. counterparts of the electrotonic cell junctions 

demonstrated ctrophysiologieaily (review: Furshpan & Potter 1968). 

Th -L is to say these junctions probably allow the easy transport c± 

ions and email molecules between cells. 	 - -------- - 



	

As such, 	 oi,ira afe u.tt:r L v cil 	L 	for the 

	

locus of cell :n 	otionc of dvcatoprnoui.nl 	;nificanmu, TLer 

is indeed, some evidence to relate such juun'tiona.i communication to 

the presence of field characteristics, (Bonnet Trinhhaus 1.970; 

Palmer & Slack 1970). Dixon & Cronly-.Dilloa found that all retirad 

ganglion cells were junctionally coupled from stages 26--3i but that 

at stage 31 junctions disappeared from the central cells, remaining 

only at the periphery. Jacobson & Loewenstein (quoted in Jacobson. 

197.3) have found a corresponding functional effect. Niucrescent 

tracer molecules injected at one site in the pre-stage 31 retina 

rapidly spread to the other cells. After stage 31 cormnunica'tion is 

blocked. Thus the junctions are indeed, transmitting junctions. Both 

is space and time the distribution of these junctions shows an 

intriguing correlation with the devtdopment of the retinal pattern. 

Before axial commitment and the onset of terminal cy±od.ifferontia'tion 

(i.e. before stage 31) junctions are uniformly distributed.. At stage 

31, when the axial commitment is established (Jacobson 1968a) and 

the central ganglion cells complete their final DNA synthesis 

(Jacobson 1968'b), junctions disappear from the central cells and 

remain at the actively dividing (and therefore presumably undifferent-

iated) margin. It is unfortunate that the distribution of gap 

junctions was not followed in later stages but their disappearance 

from the centre after stage 31 suggests an autonomy of cell interaction 

in the periphery. There is of course no conclusive proof' that these 

junctions have any causal role to play in pattern formation. Indeed 

in some systems junctional communication has been demonstrated across 

developmental field. boundaries (Sheridan 1968 Pt'ter,Bu.rshnan & 

Lennox 1966; warner & Lawrence 1973;  Caveny 1974)0 

Granted for the moment the assunption that junctional 



co; ;nuni cation is involved in pa:t:tern f,ormiit: on the work of Dixon 

and. Cronly-Dillon contains a further suggestion. 	ot only are 

Cap junctions found between retinal ganglion cells but also between 

ganglion cells and the pigment epithelium (Dixon & Cronly-Dillon 

1974). Since in urodeles the retina may be derived by metaplasia 

from the pigment epitheliuin (review: Stone 1959) and such a retina 

posseses retinotopic order in its tootal projection (Levine & Cronly—

Dillon 1974),  the pigment epitheliuin ;ould also seem to possess a 

specificity structure. Indeed, there is no convincing evidence that 

the neurosi:ecificities expressed by the ganglion cell terminals at 

the tectum are intrinsic properties of the gang-lion cells themsbves. 

It may be that the development of pattern occurs in the pigaemt 

epithelium, with an "induced" expression in the ganglion cells. 

Evidence from a variety of pigment mutations in mammalian ret5.nogeni-

culate projections (Guilicry et al 1974) suggests that the pigment 

epithelium may be involved in specifying axonal decussation at the 

optic chiasma. 

B 	STIJDIES OF TECPAL PATTERN 

In comparison with the data accumulated on retinal patterning 

almost nothing is Imown of corresponding events in the tectum, for 

the obvious reason that it is much less accessible and much less 

manipulable from the point of view of embryological operation. 

While Sperry's ohemoaffinity hypothesis suggests that the retinctectal 

map assembles by means of affinity between similarly labelled retinal 

and tectal elements, in the case of the teotum this hypothesis is 

at some considerable distance frcm the experimental data. It is 

entirely possible on the basis o the data discussed so far that the 
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-teciun, indeed po eases no Specificity stuctu:re whatever and. that 

the optic fibre population sorts out internally with respect only 

to retinal specificity There is however, some evidence that the 

teoturui also is polarized. 

Attempts to analyse the time of tectal polarization by 

classic rudiment rotation techniques proved unsuccesfjl, Crelin 

(1952) excised the right tectal rudiment of Amblstoma between stages 

23-46 and rotated the right tectal rudiment from stages 2335. In 

both series after stage 30 there was decreasing ability to restore 

a histologically normal tecturn. Optic function was assayed by 

optokinetic reflex. Again visual function appeared to decline after 

stage 30. However, in no case was there evidence of definitive rotation 

the connection between histological appearance and specification is 

unknown and the optokinetic reflex is an extremely unsatisfactory 

assay of visual function. Indeed there is evidence that this 

reflex persists after tectal ablation (Mark & Feldman 1972) 

More successful results have been obtained by rotation of 

tectal segments in the adult animal, Sharm & Gaze (1971) rotated 

tectal segments in adult goldfish by 90°and obtained, on electro—

physiologocial mapping, a normal projection to the unoperated area 

of the tectum and an S—shaped ripple pattern within the graft 

similar to that obtained in insect cuticle pattern after 900 rotation 

(Locke 1967; Lawrence 1970). Essentially compatible, but more simply 

interpretable results were obtained after 1800 rotation of segments 

of adult goldfish -tcctum (Yoon 1973). Here projection to the graft 

was 1800 rota;ed, 1800 rotation of tectal segments in juvenile 

xenonus (Levine & Jacobson 1974) again yielded 180°  rotated projection 
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patterns within the -aft. 

These experiments have been interpreted as confirmation of 

tectal specificity. However, at best, this interpretation cannot 

be considered as necessarily trie. Firstly, the experiments involved 

in situ rotation rather than transioca-tion up or down an axis. mefore, 

they can indicate only polarity and not necessarily specificity as 

understood in Sperxy's (1945) terms. Secondly, the experiments 

were all performed on adult organisms whose tecta had already been 

innervated. Therefore, the results may be due to an alteration in 

the tectal cells occurring after innervation, such as an induction 

of specificity 'by the optic terminals. Indeed, it may be that the 

results simply reflect retinal/retinal recognition due to residual 

prcsynantic terminal membrane adhering to the tectal postaynaptic 

sites after the operation. The present data can therefore only be 

considered to provide weak evidence in favour of a tectal specificity. 



CHAPTER 4 	INTEODUCTIC)N TO THE RXIPERII.12121TTIS 



A 	 1. 	hiTli__PALiTIAT TiCT.\ A I1T)Ai-1JNjyj'1(IJ OF SYSTEi% 

IVL/\.TUIi1NG IN THE Ai1PEIb1AN 	çrp 

As suumarized. in Chapter 2, the results obtained with size.-

disparity experiments in AX2enopus, do not show internal consistency 

between eye and tectal operations. Compound eyes made at stage 32 

"spread" to cover the whole tecturn, whereas creating a size disparity 

in the tectum by half tectal ablation does not result in "compression" 

of the whole field either in late tadpole stages (Straznicky et 

al, 1971) or in adult life (Sfraznicky 1973). A further disruption 

of a counistent picture is to be found in the data from teleost 

partial tectal ablation (Gaze & Sharma 1970; Yoon 1971; Sharma 1972) 

where compression of the whole field onto the remaining tectum does 

occur. Meyer & Sperry (1973) confirmed the lack of plasticity in 

amphibian tecta, in experiments on partial tectal ablation in 

They argued that the apparent "spreading" and "compression" found 

in other studies reflects a phenomenon of embryonic field regulation 

in actively growing tissue (Xeno 	embryonic eye and goldfish eye 

and tectum ) and that in tissues, such as the adult amphibian 

tectum, where growth has ceased such regulation will not occur. 

Hence the apparent rigid specificity of connections found in half 

tectal amphibian experiments. 

In view of the arguments presented in Chapter 2 against the 

embryonic regulation hypothesis, it was decided to reinvestigate the 

apparent discrepancy posed by tectal size disparities in Xenopus. 

As in the experiments of Straznicky et al. (1971) half tectal 

ablation (rstrai or caudal) was performed in late tadpole life 

(stages 5 	) 	To maximize th chance of competitive resorting 
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of librec t:o zaudi LJ.011a-' \ i'iubls were included in the expsri aen. 

al  design. Firc-tly, the ontic chigma '.-as cut after metamo.rphosie 

and set,ndiy a longer time was allowed  to elapse between tectal 

ablation and electrophysjo1o:jcal maoing. The importance of 

competitive reascortment is reflected, in the results of Gaze 

Sharma (1970) with partial tectal ahlaton in goldfish. Siijficant' 

better "compression" was obtained when the optic nerve was cut,  

Generally, only partially compressed maps were obtained where 

optic nerve section was not performed. The importance of regonron 

time is clear from previous experiments on goldfish partial tecta 

(Gaze & Sharma 1970; Yoon 1971; i4eyer 1974b; Hope & Gaze: personal 

communication), With short intervening times between tocteJ 

ablation and mapping, only the appropriate half field is found. to 

map to the half tectum. 	i.tb longer elnsed time compression 

becomes increasingly complete. This tircm course of compression 

has been found to repeat itself when the optic nerve is reeectione:i 

following complete compression (Cock & Herder 1974) 	Thus ievai 

of lb - 24 months were allowed to elapse from the time of tcctl 

ablation to the time of mapping, as compared with 4 - 7 months in 

the case of Straznicky (1973). 

B 	THE STU3ILITY_AND NATURE OF THE RETINAL ?R0CRAME; RIXNJLATIGN 

MID _RXFATlOJ'IN SLTGICALLY PEITUhEff) JYh MD EYE: 	GINT 

B.1. 	Concej the in Tran,­.ected 

l::rnbrvoniEyes. 

The problem of the basis of polari-ty remains one of the oldest 

and most ce1 La1 questions in embryo1ogr, F'ai'zt note-J 'by Gilbert 4n 
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the so onteenth century in plan qraf b.n :qaiaantz (quoted in 

Oppenheimer 1967), it was compared to the phenomenon of maxietism 

Its physical l)asis however remains elusive to the present time. As 

a first step towards understanding this. basis tio 'broad classes of-

mechanisms 

f

mechanisms may be envisaged. Polarity may be seen either as a global 

property of the whole field or as a :Local property of individual 

regions or cells (Wolpert 1968) 	In a global rnechanim models such 

as gradient fields suggest themselves (Uoipert 1969; Lawrence, Crick 

& Iiunro 1972) whore polarity is assigned to cells by the slope of the 

system gradient. In a local mechanism, polarity would represent 

some inherent property of individual cells or subregions of the 

field. Here the underlying basis might be conceived of as oriented 

asymmetries of organdies such as microtubules or polarized transport 

systems. 

While the ariphibian retinotectal system, as argued in Chapter 

2 and 3, does not as yet allow of unequivocal assay of pattern, it 

does provide a fairly refined analysis of polarity, As summarized 

in Chapter 3 the post—stage 31 retinal axes are resistant to 

perturbation induced by rotation, back--grafting and delay in achieving 

tectal innervation. All these procedures involve use of the intact 

eye rudiment and tell us little of the processes underlying axial 

commitment and maintenance, An approach to further analysis has 

been undertaken by Hunt & Jacobson (1973b). They reported the results 

of a variety of eye recombination procedures (composite eyes formed 

from nasal right and temporal left or ventral fragments). The 

transplanted fragment (temporal or ventral) was found to reverse its 

polarity in these cases to yield mirror—reduplicated,"double—nasal" 

type maps. These authors argue that polarity car then not depend. on 



:tCal nochanicm but MnA. invol 	the global behaviour of tne 

entire eye rudiment, further experiments have been reported by 

these authors (J-iunti, jacobson 1974b) in which simple transection 

of the stage 32 eye rudiment along either the horizontal or vertical 

midline leads o 'iO  of the resulting maps being doub1e-vent:ca1 

and double-nasal (respectively) mirror recluplicants. 14ithout 

arguing the case in detail s  Hunt & Jacobson note that the finding 

of only two of the possible four classes of reduplication (double. 

temporal and double-dorsal maps were never founc) is consistent with 

models, such as gradient models in which one end of an axis (nasal 

or ventral) dominates the other (temporal or dorsal). 

The latter paradigm, midline transection, has been employed 

in the present study towards a further characterisation of the 

global polarity of the retinal field. However, when pilot experiments 

failed to confirm the finding of mirror- redupli.cation, reported by 

Hunt & Jacobson (1974b),  a search was initiated, for variables which 

might explain the discrepancy of results. Two additional variables 

were introduced into the experimental design: stage of operation 

and ionic strength of the operating and rearing media. Stages 

between 29/30  and. 37/38 were tansectcd along either the horizontal 

or vertical midlines of the eye. This allowed control for possible 

variation in staging criteria and in addition allowed examination of 

the effect of tissue discontinuity prior to the stage of axial 

determination, ionic strength of the operating medium was also 

considered as a possible variable, since to gross inspection, healing 

rate is proportional to ionic strength and since ionic strength 

may affect junctional coupling of developing cells (Loewenstein et 

al. 1967),  Hunt & Jacobson operdled in a solution of 25 Holtfreier's 



t o i.nher s (Hunt; 	ronal conrninicatior:) , w.ile most of 

the operations in the oreset expciirnents utilised 100. hin-

Twj.t -ty solution. Thus an additional control series was run in 

which state 32 vertical midline trausc-ctions were performed in 

a 2O Iloltfreter's / 5 Steinhcrg' o solution. Operated 

animals were left for twenty-four hours post operatively in 

the same ionic strength solution. 

It was hoped, in this way, to clear up the discre-pancy 

of results and, through an understanding of the reasons for 

the discrepancy, achieve a preliminary characterisation of 

the cell communication processes underlying polarity maintenance. 

B. 2. 	Cuncerninthe Techan_siof Pattern Re oration in le 

Fraainents:the Role of Central Retina and. Tissue 

Comoartments in_Determininr Rirror Redulication. 

Of the several abberations of pattern formation found in 

nature and in experimental situations, that of mirror-raduclication 

is among the most intriguing. The finding that abberant reduplication 

of pattern or parts of a pattern exhibited regular characteristics 

of mirror symmetry was first noted by Bateson (194) and was 

regarded by him as an important clue to the mechanism of evolution. 

In the light of current knowledge such hopes may seem more than 

a little anachronistically grandiose, nevertheless the phylogenetic 

ubiquity of the phenomenon suggests that it may throw light on 

a somewhat general mechanism of pattern formation. 

The experimental study of pattern restoration following tissue 
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removal in both developing and regeneratin systems hm tbro;rn 

furthor :Light on the phenomenon and its degreE of generality. In 

both insect (Bryant 1971; Schubiger 1971; Postiethwait & Schnciderm3.n 

1974; Gehring & Nothiger 1973) and amphibizni (Butler 1955) systems 

removal of tissue comprising part of a pattern or presumptive 

pattern iesds to two alternative and mutually OXCIUSIVO pathways 

of pattern reconstitution: either restoration of the entire pattern 

or mirror redup1 cation of the remaining pattern elements. Such 

behaviour can be formulated as a "rule of dietal transformation" 

(Rose 196.2; Nolpert 1971). The rule indicates that pattern 

reconsitution from a cut surface can only result in the formation 

of pattern elements which normally lie distal to that surface, 

Figure 2 shows the operation of the rule to produce the two alternate 

pathways. An idealized pattern is shown as consisting of a set of 

six monotonically varying gradient values (Wolpert 1969) with the 

pattern transected through element 3. Regeneration from the cut 

surfaces of fragments A and B will according to the rule, form 

the more distal pattern elements 4, 5 :and 6. Thus fragment A. will 

regenerate the complete pattern, while fragment B will form a mirror 

regenerate of elements 4,5 and 6. 

Studies of chick limb development (Saunders 1948; Sumerbe11, 

Lewis & Wolpert 1973) indicates a similar d.istilization of pattern 

value during development and the work of Sumnmerbell et al. suggests 

a possible mechanism. These authors suggest that a developmental 

clock operates within a region, the "progress on&', immediately 

subjacent to the apical ectodermal ridge. Wit).. i.n the progress zone, 

and only within it, can cells change their presunptive pattern aiie, 

as a function of the time they o:e theirprogenitors have spcn within 



FIGURE 2. The "Rule of Distal Transformation". The top diagram 

shows an idealized representation of a pattern consisting of 

6 discrete elements 'la-belled1 - 6). Corresponding to each 

pattern element is a pattern value, represented by six levels 

of a gradient. Transection between elements 3 and 4 produces 

two fragments, J\ and B. Cells at the cut edge produce the 

remaining three distal elements (4 - 6). These distal 

regenerates are represented, in dotted lines. Fragment A 

reconstitutes the complete pattern while fragment B produces a 

mirror image of itself. 
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the zone. Thus th.: louer a oe:il sonUs within the ,,one the 

more distal its pattern value. Such a 1c1oca" mecharii.sm  would 

im:nodiately explain the distal transformation of pattern value 

at a cut edge inrcgenera-t;ion cituations. In contrast with this 

mechanism, systems (such as Hydra, where pattern formation appears 

to 'be under the control of a posi,tiona]. tlwiapfl :Wol ert ct aL 1971, 

1974) which display classic regulative "field' properties, do 

not require growth for pattern reconstitution (hicidin & 1oipert 

1973; :coke 1973) and never show mirror reduplication after simple 

transection or tissue removal. Rather the gradient regulates to 

restore the entire pattern harmoniously over 'both fragments, It 

is tempting therefore to offer the generalization that distal 

transformation applies only to epimorahic systems, while morohallactic 

systems show field regulation. 

It has recently been reported that the Xeno.2us neural retina, 

after removal of half the eye anlage, forms either normal or mirror—

reduplicated retinotectal maps (Gaze 1970; Fe1rnan & Gaze 1975a; 

Berman & Hunt 1975). In the light of the foregoing discussion it 

seemed worth investigating this phenomenon further, in order 'both 

to probe the mechanism of pattern formation in the retina and to 

assess the possible generality of this mechanism by comparison with 

the other systems discussed. Wolpert (1971) has detailed the 

predictions from the distal transformation rule applied to the 

conventional picture of pattern formation in the amphibian retina. 

The retina is thought to be polarized along two independent and 

mutually orthogonal axes, one in the AP and the other in the DV 

orientation (Sperry 1945;  Szekely 1954; Jacobson 1963a).  If this 

is the case, after foraticn of half eyes, si.ther nasal or temporal 



fragments Should mirror reduplicate, 'but not bath while the 

eornplementary half should yield no:al maps (see Figure 2), However 

Feldman & Gaze (1975a)  and Berman & Hunt (1975) report two findings 

at variance with these predictions, Fix'st1y, 'both nasai and temporal 

fragments  will give rise to mirror reduplicated prcections; and 

secondly normal and iiiirrord maps are not found with equal frequency 

- the mirrored maps form a minority class of results. If however, 

the centre rather than either of the peripheries is regarded as the 

tvorgrnizingu region of the retinal pattern, both these findings can 

he accommodated. Proxirno-distal elaboiation of pattern will then 

correspond to a centre-peripheral anatomical organisation. Since the 

retina grows in concentric rings (Straznicky & Gaze 1971)  such a 

hypothesis suggests a similar connection between pattern formation 

and growth to that proposed for the chick limb, The hypothesis 

predicts that eye fragments lacking the centre (corresponding to 

distal fragment B in Figure 2) will mirror reduplicate, while eye 

fragments in which the centre is present (corresponding to proximal 

fragment A in Figure 2) will yield normal naps. Thus both nasal 

and temporal fragments would be expected to give rise to a proportion 

of mirrored maps as a minority class in experiments aimed at the 

construction of "half" eyes. 

The hypothesis has been tested systematically in two series 

of operations. In the Series 1 the role of the centre is examined 

by the construction of eye fragments ]own to either contain or 

exclude the centre, In this series the plane of section in creation 

of the fragments was parallel to the major embryo axes. Thus the 

plane of section ran eithe parallel to the nasotemooral or dorso--

ventral axes. In Series 11 the proposition was tested that the 



oroperies of the retinal pattern are disposed in a radially 

symmetrical fashion about the centre. Franents known to 

contain or lack the centre were again macla, but in this case 

tire plane of ablation was oblique (approximate angle of 41 5 ° ) 

to the major axes. Uhus nasovontral and terraoorodcrsal fragments 

were constructed. 

B.3. 	The Retinotectal iap from ]ye_Primorclia_Explantedto 

Further Tests of a 

±Iypot}lesis 

As suggested in the previous section of this Chapter, 

the finding of mirror reduplication as a resultant map from 

both nasal and temporal fragments, suggests the possibility 

that the properties of the rattern field. (which will incorporate 

new ganglion cells into the map) are disposed about the centre 

in a radially symmetrical fashion. The simplest means by 

which this could occur is found in aposi.tional coordinate 

system with radial rather than Cartesian coordinates. That 

is to say, a positional field in which cells differentiated 

as a result of receiving information about their distance 

from the centre (tfrt  component) and about displacement from 

a boundary zone about the circumference ("u" component). It will 

be seen that such a model is formally identical with that proposed 

for chick limb pattern formation (Sumimerbell et al 1973; Smith 

et al. 1974; Summerbell 1974). In the progress zone model for 

chick limb formation distal elaboration of pattern is linked to 

a developental clock. The authors suggest that the clock might 



register some such variable as the rnuiibr o cc) I cycles opant in 

the "progress zone" at the distal tip of the growing bud. Preliminary 

results (Cook 1975: 4 n press) would. seem to suggest a similar mechanism 

in the elaboration of somites in the tail bud. of Xenoaus larvae.  

A radial component ('r') in the developing retina might similarly 

be specified by cells registering their mitotic history up to the 

point where they leave the growth zone at the ciliary margin 

(Straznicky & Gaze 1971), 

Since a variety of types of coordinate systems might, UI 

principle 7  under].y the normal map, inspection of the normal map or 

its mode of development does not in itself allow such s )iypoi}iesio 

to be tested., it is necessary to intervene in the establishment of 

the coordinate system, to disclose the underlying components. According 

to the above hypothesis the "r" component would be patterned directly 

in the growth process in-tseif and as such would be relatively stable, 

The "s" component would however be established by the axial determination 

events of stage 23 - 31. If it were possible to disrupt these events, 

preventing the establishment of "e", the model predicts a map in which 

field positions are ordered in a cent.roperipheral axis but not in an 

angular or circumferential axis. 

An attempt to create such a disruption was therefore made 

by explanting small fragments of the anterior embryo (containing the 

eye primordia) at early neua'ula stages. It was hoped that in so doing 

the eye primordia might continue to develop in the absence of the 

global embryonic axial cues (Hunt & Jacobson 1972a) and so generate 

a maps  after transplantation to normal host orbits, which displayed 

only an "r' ooaponen-t, 
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C 

PTJJL 1)iFo3I1Ic;N__OP .t.Xi[AL CLTi3 UTNG CH.:iIICALLY PNhPPEID 

CYCL0P1JAN iJI;3 

The results of grafting axially undetermined organ rudiments 

to heterotopic sites on the flank (Harrison 1921 Runt & Jacobson 

1972a), summarized. in Chapter 3, have indicated, the existence of 

global axial cues within the head and flank, If this is indeed the 

case, nodal points of bilateral symmetry should occur where the 

dornoventral axes of each side meet (torsai and ventral mid.lines) 

and where the anteropos'Lerior axes of each side meet ( at the centres 

of the head and. tail). Nicholas (1924) attempted to test this by 

transplanting AmUoma limb buds to the dorsal and ventral midlines. 

Despite poor growth in these locations, some indication of d.oubing 

was obtained, 

It was decided to attempt a comparable experiment for the 

anteropcsterior axis by causing the development of an eye in the 

centre of the head. If there are indeed embryo-wide axes meeting at 

or propagating from, this point the resultthg map should. be reduplicated 

with a posterior pole at each extremity and an anterior pole centrally. 

In other words a double temporal projection should result. In view 

of the difficulty of placing a graft in the precise centre of the 

putative embryo field, it was decided to accomplish this by causing 

cyclopean development of the embryo. This can be accomplished by 

brief treatment of amphibian eggs at blastula stages with Lithium 

ions (Adelmann 1934, 1936; Hall 1942; Backstrom 19). For reasons 

which remain largely unknown (though the cff act may be due to 

- 	ireased. rotcp1asuic vi.scoity hauzi. . Ci tteri.o l94), Ii prevents 



co.I.'x.eot 0v1oni. 01. 1lv 	tE'ior oortion of the eriy axes, 

ino1uciin failure of osoaraicn and lateralization of tIle two eye 

primord.ia Instead a single centrally located cyclotean  eye 

develop. It was hoped that such cyclopean eyes tranpianted to 

normal hosts after .they IId passed the stage of axial cLetermination 

would successfully form connect:i.ons with the tectum and thus allow 

study of the spatial disposition of the global axial cues, 



CHAPTER 5 : MATERIALS AND IflTHODS 



r[1Cr 	l.JL; iifl) TIZY OF LLiC11O 	lCi cL J.PPS.NQ 

A.I.PreDar.Li.Jc'n of inie-ls 

Postmetamorphic adults were prepared for matping as follows: 

approximately 2 ml. d—tubocurarine (o.i) in distilled water were 

injected into the dorsal lymph sac to achieve paralysis; anaesthesia 

was then produced with ether vapour; the optic tecta were surgically 

exposed by removal of the cranial skin 9  the skull (using a dental 

drill) and the meninges and the animal was decerebrated; paraffin 

oil was applied to the tecta throughout exposure and subsequent 

mapping as needed to prevent drying. The optic tecta were then 

photoeraphea with a superimposed rectilinear grid (with an internode 

spacing of 100.200 microns) to facilitate placing of the electrode. 

For the majority of experiments to he described here pro—

metamorphic tadpoles (Nieuwkoop & Faber stages 53-61) were Used. 

Tadpoles were prepared by reflection of cranial ckin cartilage 

(or pre cart ilaginous membrane) and meninges to expose the optic 

tecta under i2000 NZ 222 (tricaine methane suiphonate: Sandoz) 

anaesthesia, The mapping was conducted with the tadpoles immersed 

in oxygenated full strength. Niu—Twitty solution inside a perspex 

dome with sufficient MS 222 to maintain a light level of anaesthesia. 

Two types of dome were used: either a hemispherical dome or a 

spherical dome with the animal centrally on a raised platform, 

(when it was desired to map positions lying below the horizontal 

meridian of th visual field. Electrode placing was accomplished 

by means of a 	Ve pul. at, or array which allowed controlled 

movenent in the v.ntsrecet'rjor and medisiatoral axes of 41c iectum 
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when appropriately alied. After the n of the mapping, 

the cardinal points of the tectum were rea(I off the micro mail ipulatcr 

micrometers (rostra3.. caudal and lateral poles and rostral and caudal. 

midlines) to allow diagrammatic reconstruction of the tecturn and 

of electrode positions within it 

A • 2. happing Procediie 

The animal was set up with the desired eye centred on an 

Aimark perimeter. Electrodes were placed on the tectun using the 

micromanipulator under visual guidance through a swing arm Zeiss 

dissecting microscope which viewed the tecturn from above and 

rostrally. Sequential electrode positions were generally 100-200 

microns apart. In the case of tadpole mapping glass electrodes 

filled with Woods metal and tipped with gold and platinum olectro. 

lytically (tip diameter 1-5 microns) were used. In the casc of 

adults laquered tungsten electrodes (tip diameter 1-5 microns) were 

used. 

At each electrode penetration the approximate depth of 

maximal response was crudely located using the microscope light as 

stimulus. The microscope light was then switched off. The effective 

stimulus area in the visual field was then localized. by movement 

of small black discs (subtending 2-50  ) against the perimeter. The 

position of the stimulus area was then transposed to a visual field 

chart from the coordinates of the perimeter. Responses to stimulation 

were action potentials from presynap-tic single or multiple units 

The responses were monitored. visually on an oscilloscope or aurally 

through a loudspeaker, 



A. 3 

The technique described above allows analysis of ratino-

tectal map at fairly high resolution (4...6 ganglion ccii diameters 

in the retina; 5-..10 cell diameters in the tectuni: Hunt & Jacobson 

1973c). It is worth discussing however, precisely what it is hat 

the mapping technique is analysing The available evidence suggests 

that the electrode is picking up from optic nerve terminals. The 

inference that recording is from a terminal is fairly direct: since 

fairly small electrode steps across the tectuin (20_.50 microns) 

results in a corresponding shift in the visual field, positions it 

seems unlikely that the electrode can he recording from fibres of 

passage, travelling past its tip. Had it been the case that fibres 

of passage were recordable, the same vis'.al field locus should have 

been detectable at several tectal loci in the direction of passage 

of the fibre. The argument that the recorded potentials are pre-

ynaptic is more indirect: firstly, single unit responses recordable 

in superficial tectal layers have the sarue receptive field ohezac'ter-

istics as those recordable in the optic nerve while single units 

deeper in the tectum have receptive field characteristics different 

from those in the optic nerve (Gaze 1970); secondly, high frequency 

electrical stimulation of the retina are recordable with unchanged 

waveshape in the superficial layers of the tectunL (Buser & Dussardier 

153). This would seem to indicate the visually driven superficial 

tectal uiits arepresynaptic. Since recordings are made. in the 

superficial layers, it is likely that most or all of the units recorded 

are presynaptic optic axon terminals. 

An important criti .isa of the maPping technique has been 



raised. by Hunt & Jacobson (197) 	They point out that the te:uc 

assays visuoteo- al maps not reti.notec-tal connections. Visuotectal 

rather than retinotectal because optical abberaticns or other 

factors may supervene between the topography of the visual field 

and its conversion into retinoto.icaJly organized impulse trains. 

Since direct retinal stimulation is not used the map is visuotectal 

Further, in most cases it is a prosyiiaptic n 	which is assayed rather 

than a pattern of connections. To establish a connectivity map, 

recordings must be made postsynapticaliy. while it remains an 

assumption that the map as standardly assayea represents the pattern 

of connectivity, the argument that the electrode is recording from 

axon terminals renders this assumption reasonable. This criticism 

was levelled particularly damningly at maps elicited from tadpoles. 

Hunt & Jacobson aa'gued that there was no evidence for functioning 

synapses at the stages mapped. However, recent anatomical (Scott 

1974) and electrophysiological (Chung et al 1974)  has confirmed the 

presence of functionally active synapses in the tadpole. 

The final criticism to be made of the technique has already 

been stated in a previous chapter (Ch.2.). That is, that since the 

rules 'governing assembly of the map are only hazily known, no 

unequivocal inference can be made from the map to the speãificity 

identities of the ganglion cell population. Only relative ordering 

or polarity can be directly assayed.. That is to say, reversals of 

an axis or part of an axis can be assayed. Deletions of part of an 

axis will not necessarily be picked up. For cases of translocati.on 

or tandem duplication of parts of an axis, the resolving ability of 

the technique is, as yet unclear. 



B. 	E)UDLL,Enhrs WITH !RP1tL ThOTAL J'33LdrIoL AND 	iiu 	u cios 

B.i. 	Tectal. Jthlation 

Under ' J. ~S 222 anaesthesia tadpoles at stages 54 
— 59 had 

their optic teotal ex-cosed as described in section Ael of this 

chapter. Half of one tecturn (either rost.ral or caudal half) was 

excised as follows: the area to be ablat w 	 ed was cut free with tungsten 

needles, bent to allow easy undercutting of the connection with 

deeper mesencephalic levels. The area as then removed by asprration 

Operated animals were not fed for the week following operation, but 

no other precautions were found to be necessary against infection 

while the wound healed.. 

B,2. 	Chiasnia Uncross 

Juvenile animals approximately 6 months post-metamorphic 

were anaesthetized by immersion in a l:l r SOO solution of NS 222. 

The animals were then pinned, out on a cork hoard with the mouth 

pinned open and the optic chiasma sectioned through the roof of the 

mouth under a Zeiss dissecting microscope. (Uig.3,) Operated animals 

were not fed for the week following operation. During the period of 

ensuing blindness it was necessary to hand-feed the animals. Animals 

were fed either tubifex or chopped liver. Vision returned at 

individually variable periods over a matter of several months, 

B-3. 	cfOtions 

Three clacses of operate-0 animals were produced in this series: 

those with tecUal ablation alone; those ;sLth chiasma uncross alone; 

and those with both tectal ablation anal chicema uncross. 



IGU.E 3. 1iyamatic l'eDrcsentatio:l of the c}iania imcross 

operations The head of a post—metamorphic fro-let is shcm 

in ventral vis:. The iouth 	 ani has been pinned om 	at the 

points designated 'by -the crosses. The cartilsge area shom 

by dotted. 	nes is renovcd to expose the optic chiasma as 

illustrated in the I eft—haeJ. dinram The ohias:ra is then 

dJviciea coopletcly as shem in the ii;hL—hsnd cuiagi-an. 

U.J. - upper iar: n. c 	nasal coiity; E — eye; b,\r. — 

blood, vessel; O.C. — optic chias ; J.J,  

X - location of pin. 
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c. ERYON:' CYh1UTl(dh: 

C L General Techne 

Xen; iaevis enbiyos were obtained from breeding-  pairs 

in the standard manner by inec ior. of (,,horionic gonadotrophin, 

the male receiving 400 IU and the female 600 IU. Embryos were 

selected and staged according to the normal table of Nieuwkoop 

& Faber (1956) 	Operations were performed on a bed of 70% 

beeswax and 30% paraffin wax under i'JS 222 (tn caine methane 

suiphonatc: Sandoz) anaesthesia in either full strength Niu-. 

Twitty solution or 50 ]Ioatfreter 5% Steinberg solution 

(unless otherwise state(l) 	Operai:ing instruinen;s were fine 

micropipettes and electrolytically sharpened tungsten neediest, 

Operations were performed using a Zeiss dissecting microscope 

at x25 or x50 magnification. Following operation the embryos 

were transferred to the operating solution (minus MS 222) at 

50% strength for a 24 hour healing period prior to transfer to 

stock rearing solution. Operated embryos were reared in perspex 

boxes (5 - 8 animals per box) in 20% solution (either 20% Stearns 

or 20% Holtfreters ) and fed either on strained baby soup (Heinz) 

or strained nettle powder until the time of mapping. 

C.2.  Eyaments 

Orth2lfragments 

The aim of the experiment was as decnibed in Chapter 4 

to create eye fragments which either :1aced or contained the 
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uen Ural 	rtioi of the i'ct:Lna 	J.rapienth oonicininLr the centre 

will be referrd. to as cra:. (c) and. those lacking it as 

Peripheral (p) 	In this series fragments were made in which the 

plane of ablation was paralle]. either with the anteroposterior 

axis (dorsal and. ventral fragments) or with the doi'soventral 

axis (nasal and temporal fragments) 	i.guie 4a shows the position 

of ablation planes in nasal central and nasal peripheral fragments. 

Figure 4b shows the plane of ablation for ventral central and 

ventral peripheral fragments. The following notation will be used. 

to describe the operations: nasal central fragments will be 

referred to as 	c) and nasal peripheral as N(p); temporal central 

fragments as T(c) and peripheral as jT(p); ventral central and 

peripheral as -V(c) and V(p) respectively; similarly dorsal 

fragments will he referred to as D(c) and D(p). 

The majority of the operations were performed at stage 32 

However, a small proportion of nasal, temporal and ventral fragments 

were prepared at stages 35/36 and. 37/38 The ectoderm over the 

left eye rudiment was gently dissected away from the portion of the 

rudiment to be excised with tungsten needles. The desired area 

was then out free of the remainder of the rudiment and surrounding 

tissue and removed by gentle auction with a fine micropipette. In 

the case of nasal. and temporal fragments it was possible to use 

the ventral fissure as a guidine for the location of the centre 

in determining the positioning of the cuts for central and peripheral 

fragments. For dorsal and ventral fragments the extent of tissue 

removed had to be assessed by eye. 

The majority of the operated eye rudiments had rounded up to 



FIGTJPE 4. The construction of central and peripheral orthogonal 

eye fragments (a) nasal neripheral and nasal central fragments. 

(b) ventral seripheral and ventral central fragments. The 

poles of the eye are shown (N,T,D and \f)  and the centre of 

the eye is represented by a point. The fragment retained in 

situ and later mapped is indicated by shading. The dashed 

lines indicate the position of the lane of ablation. 

FIGUPE 5, The construction of central and peripheral oblique 

fragments. The poles of the eye and the cere are indicated. 

as in Figure 4, The fragment retained (nasoventral peripheral 

and central fragments are illustrated.) is again indicated by 

shading mad the plane of ablation by the dashed lines. 
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assume a inorphologically normal but 	ninutive shaoe by 34 Jays of 

operation. By the time of iaping all the central fragments and 

many of the peripheral fragments were the same size as the unoneratod 

right eye. 

The operative procedure in this series was id€atical to 

that described above except that the plane of ablation ran 

obliquely to the main (AP and DV) embryo axes. With the same 

notation for central and peripheral fragments the following typ€.s 

of eye fragment were constructed: -iv( c), N-V( p) and TD( p). 

Figure 5 shows the plane of ablation for the -iv(c) and -'PJ(p) 

fragments. It will be seen that an attempt was made to retain 

some tissue both from the nasodorsal and from the temooroventral 

quadrants in the V(p) series, In order to facilitate this 

control of tissue inclusion operations were all performed at 

stage 35/36 rather than stage 32. Rounding up of the fragments 

again occurred within 3-4 days of operation. 

Cinemicropho tograpj,y 

The initial stages of the "rounding up' of sample eye 

fragments were followed using time-lapse cinemicroohotography. 

A Bolex 16mm. camera was attached to a 1'ild dissecting microscope 

at a magnification of x 50. Operated fragments at stage 35/36 

were filmed using a frame interval of 1 minute and a shutter 

speed of 5 seconds. 



0.3, iHt1lir1 Tnsec.tonn 

SeriesI& 11 	L&iL) 

Embryos were selected at the following stages: 29/30, 

31,32, 35/36 and. 37/38. Under anaesthesia, as described above, 

the left eye rudiment was transecteci along either the vertical 

(voL) or horizontal (H;riL) midJines using tungsten needles. 

To superficial inspection the halves healed together within 12 -- 

24 hours of the operation in 50 healing solution at room temperature 

It was found to be necessary to keep the operated larvae under 

inspection during the first 24 hours de to occasional loss of 

part or whole of one of the fragments, duo probably to excessive 

operative trauma. Only those animals in which the two fragments 

fused well by 24 hours were retained. 

Series J:ci. 

It was felt necessary in view of the conflict of results 

obtained by Hunt & Jacobson (1974b)  and by myself, to control for 

possible effects of the ionic strength of the operating and post-

operative solutions on healing times. A series of vertical midline 

transections were therefore made at stage 32. Animals were operated. 

and allowed to heal in a 25 solution, (20 Holtfrcters/5 Steinbergs). 

Observations on RealiRate. 

The gross healing rate in Series . and Series 11 transections 

was examined by serial bservaticn frcm the time of operation to 

24  hours post.-cnnration. Three. animals in each group were hoto- 



Laapned. at 30 minute intervals du:oing this period thus building 

up a. healing time series 

04, 	Cultured Lye fludiment_Transelants 

The anterior fragments of early neurulae (stage 12/13) 

containing the optic and forebrain rudiments were excised from 

whole embryos using tungsten needles. In two cases the eye 

primordia transplanted, were rendered semisyropthalmic by 

extirpation of the prechordal plate. They were divided into 

left and right halves and cultured in a medium composed of 

9 	Niu—Twity and. 5"/"7  calf serum (Flow :iabs). 

When synchronous normal host embryos had reached stage 

37/33, the hosts were anaesthetized. in 1.,is 222 and the single 

eye developing in each fragment excised.. The fragments were 

found to have self differentiated according to their presumptive 

fates and contained anterior ectodermal and mesodermal derivatives 

including cement gland, eye, forebrain and some midbrain tissue. 

The eyes were not synchronous in their development with those 

of the host embryos but lagged some 4-5 stages behind and were 

omowhat imperfectly formed with respect to choroid fissure closure 

and development of the pigment epithelium, Nevertheless they 

were fairly normal eyes. For left fragments the right eye of 

the host was excised using tungsten needles and replaced with 

the explant eye. Similarly right explant eyes were transplanted 

in place of the left eye of the host The reason for this inter— 

change was to a-lloii 	 at mapping of the oa.-Jigin of an-. 

- 	of the nasotemporal axe-s of th transplant eyes. An inverted 
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flasOtepc.ai xir o'ulci iiico that the axis was 3.Curcd by 

the eye Iii th 	planted fragment; while a normal axis would 

indicate that it was acquired from the host. The transplants 

were held in place by glass bridges for the 30.-60 minutes after 

operation and, then to 5O Niu-Twitty for 24 hours, 

C. 5. 

Cyclopean eyes were produced chemically using LIC1 

solution (1%).  Batches of eggs were collected and. d.ejellied in 

10 	iu-Twitty solution At late blastula (stage 9-) or early 

gastrula (stage io-) they were pipetted into a wash solution of 

1 LiC]. in glass distilled water to remove Na ions and. then 

repipetted into the treatment solution (i LiC1 in glass distilled 

water) for 25 minutes, Eggs were then transferred through two 

wash solutions of 1O Niu-Twitty to remove excess Li ions and 

stored in 10 Niu!1witty solution. When synchronous untreated 

control embryos had reached stage 35/36, successfully treated 

cyclopean animals were selected from the experimental batch and 

anaesthetized along with normal host embryos in MS 222, The eye 

was dissected out of the cyclopean animals and assessed for true 

cyclooea (as opposed to minor degrees of synophthalmia). Only 

those eyes which appeared genuinely cyclopean were used. The 

left eye rudiment of host animals was then excised and the 

cyclopean eye transplanted in its place with normal orientation. 

Due to increased size of the cyclopean eyes it was frequently 

necessary to preDaTe a. bed larger than the size of the extirpated 

hesi: eye 	receive the tree aien;, Glass beics, E;t€llleea ifl 

7O alcoho) were used to hold the transpla:di in place during the 



first 30 Minutns to 1 tioui- of healing. 1u'ther he.I Hi& ii 

50 solution for 24 hours was 	allowed before transfer to 

roarinc solution.  

B. 	HISTOLOGY 

Routinely after electrophyci.o1oical mapping Ha5 completed 

animals were fixed in Susa and the strLlcture of the optic system 

examined in 15 micron sections stained with Holmes silver. 



CHAPTER 6 : EXPERIIETS WITH PARTIAL TECTA: A Ri-EXAII1NATION OF 

SYSTEMS MATCHING IN THE AMPHIBIAN TECTU14 



A. 	HALF TETL Jü1ATIC 1'ITH CJIJA3 IL UJJCflO3S 

Of ton animals prepared in this series, six survived the 

sequence of operations arid were available fox eJectrophysiological 

mapping. The results obtained from these animals are shown in 

Table 1. Since uncrossing the optic chiasrna results in each eye 

sending a projection to both tecta a total of 24 maps was obtained. 

A • 1. 	Histlocaljconstruction 

After mapping, animals were prepared for histology as 

described in Chapter 5.  The relative sizes of the operated (right) 

and unoperated (left) tecta were determined by three dimensional 

reconstruction from 15 micron transverse sections. The sections 

were drawn out, using a camera lucida attachment to a Zeiss micro-

scope, on graph paper, and the surface area of both tecta calculated. 

In the right hand column of Table 1 the surface area of the right 

tectum for each animal is expressed as a percentage of that of 

the left tectum. The hernitectal ablation was successful in all 

cases with the possible exception of animal - T.Ch.C. 1 (right: 

left = 82%). As a standard for comparison a similar reconstruction 

was made of the tecta of five normal The right: left 

ratio for normals was found to average 94.1%,  varying from 91.6% 

to 97.3%. 

Thus, in the present experimental series cases -  T.Ch.C. 2 

(right: left 	146') and. - T.Ch.C. 4 (right. left= 57%) Clearly 

show successful hemitccaJ.. ablation without, marked compensatory 

growth following the operation. Cases -T.Ch.O. 6 (right: left 67%), 



TABLE 1 	RESULTS OF TE HALF/CHIASiaLCROSSEXPiTIINT 

CODE 	HALF 	L. EYE MAP ON 	 R. EYE RAP ON 	TIME FF011 CH. C. SURFACE AREA RIGHT! 

ABLTHD R.TECTIThI L. TECTIJM 	R. TECTUi L. TECTUII 	TO RAPPING 	LF TECTUM (%) 

T.Ch.C.. 1 rostral ? 551 d. 82% 

T.Ch.0 2 caudal W.F. N.F.a,b N.FC 5 57  - 41 

T.Ch.C. 3 caudal C.F.(1nLTeC 	WF.°  442 d. 73% 

T.Ch.C. 4 rostral T.F. T.F. W.F. 	T.F. 570 d. 57% 

T.Ch.C- 5 rcstral WF.a COP. CF.0 	W. F. 593 d 63% 

?-T.Ch.C. 6 caudal W.F. W.I.I. V.F. 510 d. 67% 

Except for case T.Ch.C. 4;  all maps were obtained, with the left eye centred.. Thus exact maps are 

obtainable only through the left eyes 

N.F. - whole field; T.P. - temporal field, only; N.F. - nasal field, only; C.F.—central field. only; 

- inconclusive result due to paucity of localizable positions; a - whole field minus the most nasodorsal 

field positions; b - nasal extension of map probably due to indirect input; c - estimate (mapped With 

other eye centred); d - temporal extremity missing. 



- T.C}I,C, 5 (iit: ILU 	63) and. - T.Ch,C, 3 (right: left 	73) 

fall cutwi-th the normal raige of size variation for unoperabed. 

animals and also represent suc;cessful partial tectal ablation. 

A. 2 	Electxpiiol15caJJIani 

In all cases, except - T.Ch.C, 4, the animals were mapped 

with the left eye centred on the perimeter. This meant that, 

while maps were also obtained for the right eye, their axes were 

somewhat skewed from normal (see Figures Tb, 8b, 9b, lOb and 1 Ib). 

The nasal pole of the right eye field is represented at the 

centre of the perimeter, while the temporal pole is represented 

beyond the edge of the perimeter at whic} the nesal pole of the 

left field is represented. This meant that the extent of field 

coverage in the right eye maps could only be roughly estimated. 

These comments do not apply to right eye maps in case - T, Ch. C, 4. 

In this case the animal was mapped twice, once with the left eye 

and again with the right eye centred. 

Despite the disadvantage of mapping both eyes with respect 

to the visual field of the left eye, this orientation allows the 

left and right eye maps to be compared directly, since they both 

represent the same visual mace. This becomes important in 

distinguishing the contributions made to the maps by direct and 

indirect projections. T  the normal animal as well as the direct, 

completely crossed, projection of the whole field to the whole 

contralateral tectum, there is an inairect t)ro3ectlon from nasal 

field to rostr-1 	ila1. teot:rh. Th± irojccticn i thought to 

be media-1a 	by an interteetal linkage such that part of the contra— 
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lateral p:ojection is mapped onto the ipsilateral tectum (Keating 

& Gaze 1970b). In the present experiments, uncrossing the chiasma 

will result in the formation of direct ipsilateral projections. 

Thus the eye of origin of a projection or partial projection 

cannot be used, as it could in the normal map, to determine whether 

or not it is mediated by the direct or the indirect pathway. 

However, there is evidence to suggest that the intertectal synapses 

are established under functional control, unlike the case for the 

direct projection, such that the intertectal relay links points 

on the two tecta which are receiving input from the same region 

of visual space (Keating 1968, heating & Gaze 1970a). With both 

eyes centred on the same visual space poins in both maps projecting 

to the same tectal site can be directly compared. Where the points 

are located in the appropriate part of the visual field for the 

visuotopy of the map they are considered. to be mediated by the 

direct projection. Conversely, where they are located, in the same 

part of visual space, with consequent violation of visuotopy, they 

are considered to be mediated by the indirect projection. For 

example, in Figures 9a and b, consider positions 8. Position 8 

in the left eye map (Fig. 9a) shows visuotopy as does the more 

temporal of the two positions 8 in the right eye map (Fig. 9b). 

However the position 8 near the centre of Fig. 9b does not show 

visuotopy and is located in a position congruent with position 8 

in Figure 9a. This position is considered to he an indirect input. 

Of the twelve maps obtained on operated tecta, three were 

inconclusive due to a paucity of localizable field positions; 3 

showed only central field; one showed only teuporal field; one 



showed full fleict ropresentation; and 4 shoed a characteristic 

map in which the entire field was represented minus a varying 

amount of the nasodnrsal quadrant. Of the 12 maps to the unoperated 

tectum, one was inccnciisive; one showed central field only; 

2 had representation of temporal field only; 6 had full field 

representation; and 2 showed the characteristic partially complete 

nap with nasodorsal retina absent. 

Operations in all cases were performed on the right tectum 

only. Either the rostral or the caudal half tectum was ablated 

Were connections to be formed with the residual half tectum in 

the manner typical of the normal map, a residual rostral half 

tectum should receive input only from the nasal half of the field 

and a residual caudal half tectum only from the temporal half of 

the field.. It was the aim of the present experiments to investigate 

how far such tappropriat&l  map connections were in fact established,  

1iaps on the Oerated Tectum. 

As summarised above, there was considerable variability 

in the results obtained.. Only a single "appropriate" map was 

found. The map from the left eye to the residual caudal half 

tectum in case - TOCh.C. 4 shows temporal field representation 

only (Fig. 6a). At the other extreme, only a single case of full 

field covera2e was found. In case -- T.Ch.C. 2 the left eye to 

the residual caudal half tectum (Fig. 7a), not only is the entire 

temporal field represented but also the entire nasal field.. The 

map is reti tc1:isally oranized xihout obvious distortions or 

unequal compression of the 	 nasal half field.   



FIGUTJ 6 Visuotectal maps to a caucial half tectum (right) 

after uncro ia the otalo chiasma in ease -']Ch.C.4 (a) left 

field (con .ecic) map showin; lemporal field representation 

(L) ri;iit field (centred.:) aa) skowin a characteristically 

partially complete maps The poles of the visual field are 

represented as follows nasal (N), temporal (T), superior 

() and. inferior (i), fhc i'ostral midline of the toctum is 

indicated by the arro 	Ue numbers in the visual fielcl are 

those at which stimulation evoked maximal response at the 

similarly numbered electrode position on the tectum Filled 

circles on the tectum indicate electrode positions at which 

no visual fiela position was localizable. 



6(a) 
	

6(b) 



FIGi.J.T. 7 	Viziotocta1 	to a rotru1 1i1f teotu:n (right) 

ft,-:' uncroin the optic chiaua in case  

left fiold (ccitLe ) map 1owing full fiei. rcpreentation 

(S b) right field (left eye centrd.:') map showing pauoty of 

field ixitione u1 poor ordering. Field positions identified 

as projoctiag via the indirect pathway are circled. Other 

convcntioas as tn Figure 6. 
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howcve. an  additional four maps (see iitrures a, lOa and. 

6L) also showea a degree of fiel(l representation in excess of that 

ppropriate to the residual half tectum. These maps are classed 

together in that they appeared to show temporal field representation 

with the most ventral aspect of the nasal half field also present. 

The severity of the nasodorsal field deficit was variie. This 

characteristic partially complete map was found both after rostral 

(T. Ch. C. 4 and. T. Ch. C. 5) and after caudal (T. Ch. C. 3 and 

-?- T.Ch.0 6) hemnitectal ablation. There was no indication of a 

complementary map configuration in which some other field deficit 

reproducibly occurred. 

An aIiitional 3 maps showed representation of only the 

central field along the vertical midline This configuration 

occurred in the maps from the Tight eye in cases - T,OhC. 3 

(Fig, lob) 	T.Ch.C, 5 (Fig. 9h) and. T.ch.C, 6, Comparing 

Figures 10a and lOb, it will be seen that the right eye map 

lob) is produced almost entirely by the indirect ipsilateral 

pathway. This is indicated by the congruence of complcrnentar 

points in the two maps and the curvature of the field rows in 

Fig. lOb which parallels that of the left eye map (Fig. lOa) 

rather than following the contours expected for a right eye 

mapped with the left eye centred (c.f. Figure 8b). The right eye 

to right tectum map in Figure 9b shows a single position which 

appears to be mediated via the indirect pathway. This is position 

8 in the most nasal part of the field as discussed above. This 

point is cicaiJy abberent with respect to -the rest of the map, 

ezmd can be identified as an indirect projection by vii' 	of its 

congruence with position 10 in the map from the left eye (Fig. 9a). 



FIGUITE 8. Viuoc-cia1 maps to a normal (loft) tecturn after 

uncrossing the optic chiasrna in ease"T.Ch.0 2. (a) left 

field (cetced ) map showing a temporal field representation 

via the direct projection and a projection from nasoveati'al 

field via the indirect pathway (1)) right field (left eye 

centred) map showing full field representation. Conventions 

as in Pig'arcc 6 and 7. 
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FIG jILf: 9 	Viio;ecta1 maps to a 3aua1 hIf tectun (night) Aftel- 

unc2ossing the optic chiama in case -TCh,C. 5 	(a) loft 

field (centred) showing a characteristically partially complete 

IMP (b) right field. (left qye centred) map showing a represent— 

on of cont:c'al field via the direct P2ojection. Conventions 

as in Figua'es 6 and. 7 
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9(b) 



FICUiü 10, \rj.otcctai  naps Lo a rootrlialf tec 

aft—,  uncroin the otic chi:- a in case -T0h.C. 3. (a) 

lefi fielct(centj.eri) man sho;ri: 	characters tic oaniLiaiiy 

complete poectioi (h) right field (left eye centred) man 

composed, entirely of indirect innut. Conventions as in 

Figi,rcs 6 and 7 
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The ttappropriat&  map from an unoperated eye to an unoperated 

tectum is, obviously, full field re presentation. Of the 11 

interpretable cases in this group, 4  yielded such normal maps. 

Figures 8b and. 11b u:Lustrate I.-his situation. However, the majority 

of maps in this group again showed varying degrees of completeness. 

Both left and right eyes in case T.Ch.C. 4 sent only temporal 

field projections to the left tectum. To further cases (- T.Ch.C. 2 

and. - T.C)r.(J. 3)  would also appear to fall into this class 	The 

most nasal field positions in the left eye to left tectun maps 

in these cases (Figs, 8a and na) are identified as ipsi.lateral 

(indirect) projections by the criteria outlined above (non-.visuotopy 

and congruence with corresponding positions in the right eye maps). 

The most nasal positions in Figure ha are, like position 8 in 

Figure 9b, reduplicatioi:s projecting more caudally in the tectum 

than is normal for the direct input from the nasal field. Thus 

the direct maD in Figures 8a and ha is simply a temporal field 

represenation. in case -- T.Ch.C. 5 both left and right eye maps 

to the left tectum are incomplete. The left eye map shows a 

representation of the central field along the vertical midline 

and, the right eye map a whole field minus the temporal extremity. 

Direct and Ind.irect Iro jections 

As discussed above, several of the maps obtained in the 

present siudi.a were composites of direct <visuotopic) and indirect 

(non..visuotouie and.c.oruceet) inuts. The incur cot inputs were 

in all cases located in the nasal field and tended to project 



11GLIt 1 1 . Vioiec1:1 	Lo a ncr:i.ai ( 	cur Ier 

'ricrossin the ottie chiasma ii C 	 (a) left 

f JL e I d 	tid) r:a showir tc:aoral half field re-  reelltaiioil 

lria the direct and nasal hall field representation via the 

indirect 	way (b) riht field (loft ce centred) na 

showing full field rdprcsentatioa with additiona indirect 

inputs fran nasal fields Canveatione as n ?iprcs  6 ---,A 7 
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rostrally in the tectum. Cengruent points 100'aed. in the 

temporal field and/or projecLing c.audally in the tectum wore 

never found., Direct inputs could be found in all regions of 

the visual field, and projected to appropriate regions of the 

tectum This organization of direct and indirect inputs is 

similar to that found, in the normal map, where only nasal field 

contributes to the indirect input (this being the only region 

of the field which falls within the overlapping visual space 

of both eyes). 

B. 	CHIJLSIfUNCROSS ALONE 

The survival rate in this series was rather low, Of 

11 animals prepared, 11 succumbed to infection and. 2 died during 

the preparation for inapping. The results obtained, from the 

remaining 6 animals are shown in Table 2. Laps of varying degrees 

of completeness were obtained, the variability in this series 

being if any-tiling, somewhat greater than in the previous series. 

In total the series comprised 22 maps. Of these 15 were made with 

the relevent eye centred, thus allowing full analysis of the map. 

One of these contained too few points to allow of analysis and 

the remaining 14 broke down as follows: 2 whole field maps; 2 macs 

showing the characteristically partially complete configuration 

(nasodorsal field absent) found in the previous series; 1 with 

a similar configuration but with corresponding non—responsive 

sites in rostro—medial icc-turn; 5 temporal field maps; 1 temporal 

field map with electrically silent regions in rostral tectuin 

corresoondln? ;o t- e fi.e i deficit; 	;n±n. only central 5ieid. 

represented; 1 with culy vertical midline remeesentation; 	with 



tTBLE 2 	iJLr23 01 .I H1 CHi3L. J!c;c3s 

COD 	L. EYE JUP ON 	R. LYE iLAP ON 	TINE IRON C1. 0. 
L4 TECTJM L, T2 	R. Ii. TECTUi. L. TEOTUI 	TO MAPPING 

Ch.C. 2.1 	G.F 

Ch.C, 1.1 ? 

Ch.C. 1.2 

Ch.C. 1.3 T.F.  

Ch.C. 1.I 

Ch.C. 1.5 	n.o. 

T.F. T,F. 399 ci. 

D.F. absent  405 th 

419 d. 

vert. 	micIi.e 529 ci. 

T.F. W.F. N.F. (irixE.rect) 53 ci, 

T.F. n.o, 580 ci. 

W.F. - whole field; T.F. - temporal field only; N.F. -. nasal field 

only; D.F. - dorsal field; ? - inconclusive result due to paucity 

of positions localizable; vert. mid].. - vertical micUine of the 

field; n,o. - not obtained. 

a - nasodorsal field positions missing; b - no responses localizable 

from rostral tectum; c no responses localizable from rostral and 

medial tectwn; ci - no responses localizable from most rostro—medial 

tectum; e - no responses localizable from caudal tecti.in; £ - estimate 

(eye mapped with other eye centred). 



the most dorsal fJLeld missing and cor:cespond.:in eJ. e(-trically 

silent regions in rostra). and medial tectum. Seven mans were 

obtained where the animal was centred on the opposite cye.. Of 

thce 2 contained too few points for analysis and the remaining 

5 break down as follows: 1 apparently whole field man; 2 

apparently nasal field mal:>s; 1 nasal field map which is probably 

an indirect input and. 1 clearly indirect input. 

The primary object of this series was to serve as a control 

for the previous one: to allov of evaluation of the effects of 

chiasma uncross alone As such, it is significant that the 

present results contain all the major map configurations found 

in the previous series. 

The "appropriate" sap for this paradigm (whole eye to 

whole tectum) was found in only two cases. These are illustrated 

in Figures 121) and. 14b. It will readily be seen that the right 

eye to right tectirn map of case Ch,C. 2.1 (Fig. lab) is in fact 

a composite of direct and indirect inputs.. The most nasal 

positions in Figure 12b do not preserve visuotopy in their teotal 

representation and are thus likely to be subserved by the indirect 

pathway. The criterion of congruence cannot be applied in this 

case as the left eye map (Fig. 12a) was made with the left eye 

centred and the right eye mar (Fig. 12b) with the right eye centred 

Thus whole field representation via the direct pathway occurs in 

only one case (Fig. 14b)  in the right eye to right tectum map of 

case Ch,C, 1.4- .4 

The The characteristic partially complete map is illustrated 



Ji]TCU 1  12 	Visuo.cc:a1 rnS to a normal  

after ioin t:e optic chiasma in case Ch.C. 2.1 

(a) left ±. old (ccrtred) •ap shoin temporal iold 

representation (b) i-iht field (centred) mat showing full 

field representation with most naaal field projecting vi.--

the 

ia
the indirect aathway. Conventions as in Pigu.res 6 ana 7. 
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iuoLøct:i 	:1 to 	normal (left) tectum 

after unoroing  the optic chias::i in cece ChC. 21 

left field (centred) map lioning temporal field. 

representation (b) right field (centred.) map ehoii.ng 

temporal field representation. Conventions as in 

Figures 6 and 7. 



13(a) 	 13(b) 

N 



li_c 1l il 	icl 	t£. n 	 i::l) ••.Ci. T; 

lmcroEing the' oic cian: in c,-,,so 1ei fiela 

(right eye conrei) r;ap c000sed entirely of indirect inputs 

(b) rf&ht field (centred) map showing full field representation. 

GoovenLion a in Figures 6 mc1 '. 
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FIUUE 14,,  ViuyeeLa1 raps to a normal (left), 

tec.turn after uncrossing the optic chiasna in case 

Ch,C. 1.4.  (c) left AUG(centre) map showing 

temporal fi ec! representation (ti) right field 

(left eye centred) map showing nasal field 

representation via the indirect pathway. 

Conventions as in Figures 6 and (. 
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in 	ipres 	L and 1 a h:i Ic J.1gure 1 7b ii 	t.rae te case of 

the right ey to left tectum riap in animal Ch.C. 12 where this 

map configuration was acco.mpanicd by corresponding electrically 

silent regions of rostromedial tec-tujii 

As in the previous series, temporal field maps formed the 

majority category of the class of half field maps. Examples 

are shown in Figures 12a, 13a, 13b. The map shoirn in Figure 1610 

also represents a temporal half field direct projection with an 

additional nasal extension subserved by the indirect pathway.  

The two possible nasal half field, projections were found with 

the non—mapped eye centred and hence their identification is 

equivocal. An example is shown in Figure i'a4 A further minority 

class of incomplete map is shown in Figure 14a.  The absence of 

visuotopy and the congruence of all points ñth the right eye 

map (Fig. 14b)  indicate that this entire map is an indirect 

projection. 

Direct _and Indirect Projections 

Examination of the maps obtained in the present series 

reveals that, as in the previous series several of the maps 

were composites of direct and indirect inputs. Again the indirect 

inputs were restricted to nasal field and roctral or mid—tectusi. 

Thus again it can be concluded that those retinal regions programmed. 

to produce the indirect projection in the normal situation are 

the only ones doing so after chiasma unc'os, 



FIGMVI 15, Visuotec1ai maps to a noria1 (iiL,i±') tc'an after 

uncrossing the optic Miasma in case Ch,C. 1.1 (a) aeit field 

(Centred) map exhibiting too few points for analysis (h) 

right field (centred) map showing the characteristic partially 

complete map. Conventions as in Figures 6 and 7. 
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FiGU 	16, Vi OtCCtT.i maps to a nnra1 (iit) teotwT after 

uncrossin the optic chiana in ease Ch.C. 1.1 (a) leIN; 

field (centres.) mao shot7ing the charaoteriEUc partai iy 

co:.;pietc map (h) right fold (centred) map shov:ing an absence 

of repro centat.on of the most dorsal field. Conventions as 

in Figures 6 and. 7. 
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IYT17. VisucLc 	 a normd (loft) lccti.i 

uncroin.; the orLic chiaoa in case Ch.(.',. 1.2 (a) left field 

(r:ifi1 eye centred) nap chowing nasal field representation 

(h) right field (ociiit. ed) map showing a characteristic 

Partially complete map. 
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Connectivirisrnxch 

In addition i:o this series acting as a control for the 

hail tectaL/chiasma uncross studies it was hopcd that it might 

serendipitously provide a result encountered in a previous 

experiment utilizing chiasina uncross: that where the whole of 

a known normal eye and part of another known normal eye project 

in register across the entire extent of a tectusn (Gaze, Keating 

& Feldman: unpublished; discunsed in Chapter 2.) Ideally such 

a result might involve both eyes mapping completely to one 

tectum (thus establishing their normality) and the whole of 

one eye and part of the other eye mapping to the other tecturn. 

Such a result was not however obtained. In the presents cries 

only two whole field maps were obtained (Figs. 12b and 14b). 

Both these cases (Ch.C, 2.1. and. 1.4)  fail to achieve this ideal 

configuration. However in both cases the right eye yields a full 

field projection on one tectum and a partial projection across 

the whole of the other tectum. The significance of this result 

will be dealt with more fully in the discussion that follows. 

C. 	DISCUSSION OF E)GI TTSWITH PARTIAL TECTA A) UNCROSSED 

CHIASi1t 

C.1. 	Field Compression in_Aruran Partial Tecta 

In the experiments with half tectal ablation plus chiasma 

uncross a variety of map configurations ws found With a range 

of compiatnees of field representation. UndxibtocUy the most 

significant result however is that shown in Figure 7a. Here a 

93 



whole field representation i achieved on a residuj rostral 

half tecturL whose surface area at the time of ma:ping was 4 

that of the unopera-teci tectum (Table i.). In this case, at 

least, full field compression has occurred onto a partial tectum 

in the manner described in teleosi experiments. 

At first sight, the class of results designated as 

characteristic partially complete maps also represent a compression. 

Since the whole field is represented with the exception of the 

nasodorsal field positions this configuration exhibits a field 

representation in excess of that predicted for the formation of 

11appropriatell connections on a half tectum. However, before 

advancing this conclusion it is necessary to eliminate the 

alternative possibilities. The major alternative interpretation 

is that these results derived from partially successful half 

tectal ablations. Since it is difficult to determine the precise 

position of the lateral edge, it is possible that the map 

configuration might be accounted for by an attempted rostral 

hemnitectal ablation Lich spared the rostrola-teral aspect of 

the tectum. Four arguments tell against this possibility. 

No evidence of residual lateral tectum was found in the 

histological reconstructions. 

This map configuration was found on the operated tectum 

in 2 cases of caudal hemitectal ablation (- T.Ch.C.  3 and. 

6: see Figure lOa) as well as two cases of rostral hemitec-tal 

ablation (T.C1i,C. 4 and 5: Figs. 6b and 9a). In the two 

cases of caudal hemitec-tal ablation the tempo-al half field 

is well aepresented, 



o) 	The isu]. i a! BO ol ai ed. n 	t 	t inct 	cta in both the 

half teoum/chiama uncros situation ( 	 1 and 2: 

Figs 8a) and in the ohiasma uncross alone situation 

(Ch0C. 1.1 and 1.2 : Fig. 151) and i7b).  Thus its occurrence 

is not dependent on tectal operation. 

In several of the cases where this result is obtained 

there are silent tectal regions corresponding to the 

nasodorsal field deficit (i;- T.Ch.C. 3 and. 4: Figs 6b; 

Ch,C. 1.1 and 1.2: Figs. 15b  end 1b). rll1is  argues a 

failure to establish functional connections rather than 

an absence of the appropriate tectal sites. 

It would seem, therefore, that the characteristic partially 

complete map cannot be attributed to an incomplete henitectal 

ablation sparing the lateral edge. Indeed, it cannot he attributed 

to any feature of tectal operation since it occurs also on intact 

tecta. Thus it would appear to reflect the ccntingeneies of map 

reassembly after chiasma uncross, 

In order to substantiate the conclusion that compression 

is occurring in the case of full field representation and the cases 

of partially complete field representation, a final alternative 

explanation must be dealt with. It might 'be suggested that the 

apparent compression was in fact due to retrograde degeneration 

of those retinal ganglion cells deprived of "appropriate" target 

sites after half tectal ablation. Thus the full fiëd represent—

ation in cese -- T.Ch.C. 2 might in fact be produced by a retina 

composed solely of fibresgivar rise to the proec.ion apropriate 

to the residual rostral half tecturn (i.e. tepoi'ai ganglion cells). 



Two ar tnenta toll.ainot thi; oaojh11:,J; 

The map from the eye normally ipsilateral to the cperated 

teoturn onto that tectusn should be a half uicld map if 

this were the case. However :c-uircLai -T,ChC. 4 (i6'o 

shows the whole field minus the nasodorsal rPaF,,..-rant of 

the right eye mapping to the rign-t (Caudal) half tecu. 

Again, this hypothesis predicts that the eye normally 

contralaterai to the operated tee-turn should form a map 

across only half the extent of -the ipsilateral tee-turn. 

Yet case T,Ch.C, 6 shows the left eye forming a complete 

map across the whole of the left tectorn, 

iioyer & Sperry (1973) put forward their hypothesis of 

embryonic regulation to account for and unify two types of data 

see Chapter 2): first the data suggesting a lability of connections 

formed in size disparity experiments with amphibian partial 

retinae (Craze etal. 163, 1965; Strazncky et al 19) golaiisn 

partial retinae (Horder 1971; Yoon 1972a)  and goldfish partial 

tecta (Gaze & Sharma 1970; Yoon 1971, 1972a; Meyer l97);and 

secondly the disparate data obtained from amphibian partial tecta 

(Straznicky 1973;  Meyer & Sperry 1973)  Their hypothesis allowed 

them to interpret the data as consistent with a context-invariant 

point-to—point rule of mapping (Sperry 1963, 1965). Counterposed 

to this rule is the suggestion (Gaze at al. 1963,  1965; Gaze & 

Keating 1972) that mapping is on a system-to-system basis governed. 

by the polarity of the retinal and tectal elements and the 

availaLle 	-tent of The two 1e:ents. 



irThile the data p5:cseated here cunnot 1eci.d 	et;ecn 

a system.-to-systcm and a poirt-to.-poin-t macic of map assembly, 

they do remove a central prop from the argument of Meyer & Sperry. 

They show that reassembly of a map from the whole retina is 

possible on a half tecturn. This result is clearly predicted by 

a systems matching hypothesis. To sustain a c.onteinvariant 

mapping rule, it would be necessary to postulate that the embryonic 

regulative ability, invoked by Meyer & Sperry, continues beyond 

metamorphosis. It is also worth noting that in a recent report 

Meyer (1974b)  has withdrawn the "regulation" interpretation 

of teleost size disparity experiments 

C.2. 	The Causes of Comnression 

As discussed above, compression has been found on anuran 

half tecta. In contrast with previous size disparity experiments 

with anuran teota, two variables were altered. Firstly a greater 

time was allowed from surgery to mapping an-1 secondly, the optic 

chiasma was cut. In the series discussed above either or both 

of these contingencies might be necessaij for compression to 

occur. To decide which of these is resoonsible it is necessary 

to hold one of the variables constant while altering the other. 

I have attempted to do this by performing a series of experiments 

in which a half tectum was ablated and the animals left for a 

comparable period to those used above, without the introduction 

of the uncrossed chiasma However only two results were 

obtained from this series and in these cases the half teetai 

ablation acneore:i not, to beie been scesful. Thus it is not 

possible to assess the relative contribution of the two variables 



93. 

to the compression phenomenon. It 6ccn6, however, more likely 

that compression results from the longer time elapsed between 

surgery and mapping in this seiies than in previous studies. 

-traznicky(193) out the optic nerve in his half total ablation 

series, to favour complete field restoration, and failed, to 

obtain compression, While uncrossing the optic c.hiasrna is not 

a strictly comparable operation, it is difficult to imagine 

how it might facilitate the compression phenomenon in a way which 

optic nerve section fails to do. The importance of regeneration 

time has, on the other hand, emerged as an important factor in 

facilitating lability of connections in size disparity experiments 

(Hordor 1971; Yoon 1971, 1972a,b; Gaze 1974; Cook & Horcier 1974). 

It would seem likely then that greater elapsed regeneration 

time determines the finding of compression in the present study 

as opposed to 'appropriate" formation of connections in previous 

studies. This then removes the discxpancy in behaviour after 

tectal size disparity experiments, previously inferred from 

comparison of anuran and teleost experiments. A species difference 

still remains between anurans and teleosts but in the present 

interpretation this would now be seen as a quantitative difference, 

the anurans requiring a longer time (greater than 9 months) for 

compression than teleosts (4 to  5 months). It is not yet clear 

what the reason for this difference might be. 

C-3. 	readinReation? 

As Jaseased in the section B above, the variation in 

completeness of map re—establishment found in the chiasma uncross 
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p!igi 	OJia-c he po-wibi1ity of' comparing the siapping 

of whole und partial retinal populations to the same tecturn. The 

map from the right eye in cas Ch.C, 2.1 and 1.4 offers the 

conditions for such an analysis. 	In case Ch.C, 2.1 the right 

eye sends a whole field map to the right tectiun (Fig. 12b) and 

a temporal half field map to the left tc-ctum (Fig. 13b). In 

case Ch.C, 1.4 the right eye yields a comolotc projection on 

the right tee-turn (Fig. 14b) and a nasal half field projection 

on the left tectum (Pig. 14). At firot sight these results would 

appear to suggest that a whole projection and a partial projection 

from a knovrn normal eye can achieve complete coverage of normal 

tocta and thus that tappropriajeu  connections are not the only 

ones to be formed. However, there are problems with this inter- 

pretation. The nasal half field map on the left tectusr in case 

Ch.C. 1.4 (Fig. 14c1) is in fact an indirect projection as is the 

nasal extension of the right tecum map of case Ch O C, 2.1 (Fig.121c), 

It is not clear whether maps obtained by separate pathways can 

be compared in the manner desired. On the assumption that such 

a comparison is possible the maps in Figu'es lZb and 14b assay 

for the normality of the eyes which sends partial projections to 

whole tecta (Figs. 13b and 	These results therefore provide 

tentative support for a "spreading" rather than a "regulation' 

mechanism and are complementary to a similar finding recently 

reported by Feldman et al, (1975). 

C-4- Mode of Ma Reassemblj 

The maps obtained in both the series discussed here show 

considerable variability, ranging from the ap-prr 	man to 



whole field cominossion with varying other degrees of incompl ete-

ness None of the map ooifuratcns would apnear to :cepresent 

determinate control of map assembly by either retina or tectum. 

A given retina my produce projections of differing degrees of 

completeness on the two tecta and a single tecturn rny receive 

maps of differing degrees of completeness from either eye. Thus 

the incomplete map configurations would seem to represent the 

hazards of map reassem1ly. Neither can these configurations 

be attributed to a property of partial tecta, as the same classes 

of map configurations are found on both operated and normal tecta. 

Finally the degree of map completeness does not correlate with 

elapsed time from operation (Tables 1 and. 2). 

A somewhat consistent pattern of map reassembly aprears 

on re-examination of the present data in concert with previous 

studies (Gaze & Jacobson 1963;  Gaze & Keating 1970; Straznicy 

et al. 1971). A majority class of the group of incomplete maps 

in the two present series is constituted by nasally incomplete 

maps (i.e. temporal half field and partially complete maps). 

These constitute 10 out of the 15 incomplete maps in the first 

series and 9 out of 16 incomplete maps in the second. series. 

Nasal field incompleteness is also evident in a number of the 

maps reported after chiasma uncross by Straznicky etai. (1971). 

This incompleteness in the present studies was often accompani ed. 

by a nasal extension of the field subserved by the indirect 

pathway. It may be that the greater hasard encountered in the 

reassembly of this pathway and a possible rmvtually inhibitory 

corpe ition with the? direct a::sal athwy results in a frecuent 

nasal field, deficit, k•similar tendency to restore the nasal 



field by the indirect p&thway is evideat i the 'pattern 4" 

regeneration maps from frogs with cut optic nerves (Gaze & 

Jacobson :L63 Gaze & Keating 1970). In this situation an 

aberrant indirect input is found. on the contralater-al tectur;i 

superimposed on, and sometimes partially replacing, the direct 

input. Since the temporal half field can only be restored by 

the direct pathway regeneration errors and competitive exclusion 

are diminished relative to the nasal input. On this basis 

it is possible to understand the preponderance of temporal half 

field maps and to see these and the partially complete maps as 

two outcomes of a single process. 
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A 	Ti[i R T0PATIC 0 Pi.TThiN L 'I2IiAL 

A. 1. 	0rihcna1Fr,rents 

In this series eye fragmets were prepared such that the 

centre was systematically either included (central fragments) or 

excluded ( peripheral fragments). The plane of ablation was 

parallel to the major axes of the eye, producing nasal or temporal 

and dorsal or ventral fragments. The results of 72 such operations 

are presented. in Tables 3a,b,c and d. In addition to showing the 

map configuration obtained, the Tables show the morphology of the 

eye at the time of mapping. 

Moica10bseridtions: 

After surgery the eye fragments underwent a gradual 

geometrical transformation over a period of 3-5 days producing an 

increasingly rounded profile. By the end of this period the fragments 

had completely transformed into normally shaped but miniature eyes. 

A 	this rounding up might involve physical processes such 

as tension between the fragment or active processes such as cell 

migration and compensatory cell growth at the cut edge. Preliminary 

time lapse studies indicated a two stage process: the first being a 

rapid but incomplete approximation of the two halves of the cut edge 

(dorsal and ventral halves in a nasal or temporal fragment; nasal 

and temporal hal-yes in a ventral fragment), which takes place within 

24-36 hours A more gradual rounding up follows (Fig.18) It may 

thcn be thY 	th pyica.l e 	cell dlv sicr :.;::es are involved 

- 
4 11 restoring normal morphology. The fragment remains markediy sualler 



Table 3a: 

CODE 	STAGE AT 	PIPLP LYE SIZE PIG:üTATION FISSURE 

N(p) 132 Nl normal normal V 

E( p) 2 32 NE normal normal V 

-N(o) 3 32 NN normal normal V 

N( p) 4 32 N1 normal normal V 

- AJ(p) 5 32 normal normal normal V 

N(p) 6 32 small normal N 

E( p) 7 32 NE normal normal V 

N(p) 5 32 normal normal normal V 

N(p) 9 32 NE normal normal TV (S. NV 

- ;N( c) 1 32 normal normal normal V 

-N( c) 2 32 normal normal normal V 

c) 3 -N( mal 32 nor,  normal normal V  

-N( c) 4 32 normal normal normal V 

N(c) 5 32 normal normal normal V 
-211(c) 6 32 normal normal normal V 

N( c) 7 32 normai normal normal V 

unanalysa1le 



T alil 3b: 	llcsult,-- of  

C01i 	STAGE AT 	MAY EYE SIZE PIG7NTATIC:N FISSURE 
OPiATTC 

.r.p(p) 1 35/36 ? smaller normal V 

p) 2 35/36 TT normal normal V 

( p) 3 37/38 TT normal normal N 

r(P) 4 37/38 absen± norrral normal N 
if 	\ -Ttp) 5 37/3b albsent all normal -  

T(p) 6 32 ? normal normal V 

P) 7 32 normal small normal N 

-T(p) 8 32 normal normal normal V 

'2(p) 9 32 ? normal normal NV 

T(p) 10 32 TT Emall normal & T 

IT P) 11 32 normal normal normal V 

'(p) 12 32 TT°  normal normal TV 

-I(p) 13 32 small normal V 

T(p) 14 32 normal normal normal V 

-T(n) 15 32 TT normal normal V 

-T(p) 16 32 ? sm all normal I D & TD 

T(p) 17 32 TT normal normal V 

-p2(c) 1 33/34 normal normal normal V 

-r( c) 233/34 normal normal normal V 

3T(o) 3 35/36 normal normal normal V 

-T( c) 4 35/36 normal normal normal V 

-T(c) 5 35/36 normal normal normal V 

-T(c) 6 35/36 normal normal normal V 

1 	( 	" 0) 7 35, ,o normal normal normal cm W & i. / 

T( c) S 32 normal norm-al normal V 

-T( c) 9 32 normal normal normal V 

( c) 10 35/36 normal normal normal V 

-T( c) i-i ormai norial normal V 

-r(c) 12 35/36 normal normal normal V 

Lotatc5i aperoximatsiy U° ciockwis 
rap rc: cl 	Olocm? Sc 



Table 3c: 

CODE 
	

STAGE AT NAP 	EYE SIZE PIG2iATI0N FISSURE 
OPERATION 

v( p) 1 35/36 VY small normal V 

'W p) 2 35/36 VV small normal V 

V(p) 3 35/36 regent small normal V 

3V(p) 4 32 normal normal silver V 

N(p) 5 32 VV normal silver NV & TV 

V(p) 6 32 normal smaller silver V 

V(p) 7 32 VV small silver V 

j-V(p) 8 32 normal normal V 

V(p) 9 32 normal normal silver V 
.\t (p) 10 32 VV normal silver -- 	V 

y( c) 1 35/36 regen, normal normal V 

35/36 normal norma]. normal 

-N( c) 335/3 6 normal normal normal V 

V( c) 4 32 normal normal normal V 

V(c) 5 32 normal normal normal V 

- v( c) 6 32 normal normal normal V 

- v( c) 7 32 normal normal normal V 

* 	disordered regeneration map, 



Table 3 	Eesu]. t iromthoonalDorsalFaerit Exen,s 

CODE 	STAGE AT 	iip LYE SIZE pIGLNTATIOtI 	FISSURE 
OPERATION 

D(p) 1 32 normal normal normal 	V 

-D(p) 2 32 regen
*
. small normal 	T 

D(p) 3 32 absent normal normal 	V 

-D(p) L 32 absent small normal 	V 

--D(p) 5 32 absent normal normal 	V 

D(c) 1 32 regen normal normal V 

-D(c) 2 32 normal normal normal V 

-D(c) 332 normal normal normal V 

-D( c) 4 32 normal normal normal V 

--D(c) 5 32 normal normal normal V 

= disordered regeneration map 



FIGUiE 13. The healing of a te;nmeral peripheral fragment 

mcie in the left eye at stage 35/36. The nasal two-thirds 

c.f the eye rudiment were removed () as described in Chter 

3. The enixryo was ii .ntained in full strength iiu-Pwitty 

2utior under 1: 30,000 S 2t12 ansesthosia for 65 hours 

and. the heaXin of the fiaent followed, with cine-

di orophctograrhy. Photographs arc stills taken from this 

film (i exposure per minute). The head of the embryo is 

shom, the cement gland. pointing to the lower risht hand. 

cornor, (a) embryo at operation (b) 1 hour after operation 

(c) 2- hours after operation. Note the rounding of the 

fragment (cL) B hours after operation. Further rounding is 

evident (e) 15 hours after operation. Rounding up is 

proceeding more slowly (f) 31 hours after dperation (g) 

53c hours after operation. Edges of fragment almost 

completely apposed. (h) 62 hours after operation (i) Summary 

of time series shorn in (a) 	(ii). Time since operation is 

graphed against distance between the edges of the fragment 

(as a measure of rounding up) aid against the size of the 

fragment as measured from the photograph. A crude indication 

is thereby provided. of the initial rapid rounding up and the 

sls'.':cr ml t:nior of routh. Open circles represent distance 

';s:n 	imos cirsure) and i1led. cl,rclesl  the size of the 
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-Lhu the 	iied. eye for ecveral weeks. lrtcieect tn the first 

weok: after operation the size di creosnoy between the two eyes becomes 

more marhcd This night be due to au inhibition of growth processes 

in the operated eye (see Feldman & Gaze 1975H.) or to the larger 

number of prcursor cello present in the ciliary margin of the 

uacperacd eye. Size parity between operated and unoperated eyes 

was not always restored by the stage of mapping (some 6-10 weeks 

after operation) 	Ftowever no correlation was apparent between 

the type of map and. the achievement or failure of achievement of 

normal size (see Table ). 

The morphological pattern within the normal eye may he used 

to assess the morphological normality of the fragments. Two 

morphological markers are readily apparent: pigmentation pattern 

and the ohoroici fissure. In the normal eye a dorsoventral anisotropy 

of pigmentation is evident, the dorsal aspect of the eye being 

black asci the ventral aspect silver, with  a sharp boundary between 

the two. The choroid or ventral fissure is the scar left indicating 

the site of fusion of the two halves of the eye rudiment after 

irivagination of the optic vesicle -to form the optic cup. It is 

through this fissure that the fibres of the optic nerve are 

conducted out of the eye In the normal animal the position of 

this fissure is ventral and slightly posterior. Since all peripheral 

fragments with the exception of ventral will lack the ventral fissure 

it -as  expected that this marker might show considerable variability 

in ocriphoral fragments. 

In tie !sjcril- o cases ( 	: 5 out of 72 the fissure 

was formed 'entraily The 15 	(11 out of 72) cases showing 
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misplaced fissixre 1orrntion (rj 	19) wire, wiiO a 8ingle 

exception, rec-tricte6 to the peripheral fragments. Of the 41 

peripheral fragments 26 (10 cases) and of the 31 central fragments 

3% (base) thus showed aberrant fissure formation. Of the 11 cases 

of fissure aberration 2 occurred in nasal fragments, 5 in temporal 

fragments, 1 in ventral fragments and 1 in dorsal fragments. Seven 

of the 11 cases involved misplaced fissure formation, 3 involved 

a doubled fissure ventrally and 2 involved a doubled fissure 

nasally and temporally. In no case (Table 3) did fissure misplacemen 

impart a corresponding rotation to the map. Nor were the fissure 

aberrations correlated with abnormalities of the map. 

Pigmentation pattern was relatively normal in all nasal 

and tmporal fragments (as might be expected since they contain a 

full dorscventral extent of eye tissue). In some cases the 

boundary between black and silver pigment was less sharp than 

normal, but this was the only difference evident here, in contrast 

the ventral fragments displayed a characteristic abnormality of 

the pigment pattern. Ventral central fragments were all normal 

but a majority of ventral peripheral fragments formed eyes whose 

external pigmentation was entirely silver. That is the dorsal 

aspect of the eye showed a pigmentation pattern characteristic 

of the ventral aspect. However the presence of ventrally 

reduplicated morphology was not in itself an indicator of ventrally 

reduplicated maps. It is, however, interesting that Berman & Hunt 

(1975) found no such morphological reduplication in their ventral 

fragments. 



FIGURE 19. Abnormally placed choroici fissure in case 

-'r(p) 3.  The pointer, entering the photograph 

dorsal and anterior indicates the fissure which 

has reformed nasally. This fragment went on to 

generate a temporally reduplicated visuotectal map. 
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Maps were class if J eO, as normal or reduo].icaied and 

uninterorcthble, absent or regenerated ReduelicRted. maps show a 

complete reduplication of field positicns in mirror symmetry about 

the appropriate midline of the field. No cases of partial 

reduplication (as reported. by Feldman & Gaze 1975  id. Berman & 

Hunt 1975)  were found in the present study. Since all maps in 

this series were obtained from tadpole stages it is not possible 

to assess accurately the deTeC of Lcc;ta coverage. However, with 

the intrinsic variability in degoe of tectel coverage shown by 

samples of normal tadpoles, the maps obtained from reduplication 

cases do not appear to be restricted to a noticeably smaller extent 

of tectum. Normal maps showed a complete lack of mixror.-redup1ication. 

and were indistinguishable from maps obtained from normal tadpo.ies 

at corresponding stages. where the map was classified as absent 

there was either a total failure to establish connections between 

the experimontal eye and the tectum, or such connections as were 

formed were unlocalizable with the present mapping technique, Maps 

were dlassified as uninterpretable either when too few points were 

localized to allow analysis of the polarity of the map or when 

frank abnormalities of the optical apparatus (lens and /or cornea) 

were apparent. Disordered projection from one or a few visual 

field regions to the whole tectum were classified, as regeneration 

maps. In all cases the type of reduplication found was appropriate 

to the nature of the original fragment. Thus where nasal franents 

gave rise tO reduplicated maps they were always "double nasal" mans; 

similarly fcu' tesnoia1 ragmentc "double 'empoai" maps and. 

for ventralfragments, "double ventral" mans. 

El 
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It will ie seen fi:om TbJ. e 3 tha ce rai ( e) fragments 

always yielded only normal maps 1 29 out of 29 interpretable cases) 

Contrary to the hypothesis presented in Chapter 4 however the results 

from peripheral (p) fragments were not entirely restricted to 

the reduplicated class. A certain incidence of normal maps was 

found within each group of peripheral fragments, 

wo maps only wrie obtained, from the 

dorsal peripheral (D(p)) series of which one may have been 

reduplicated. Mortality and failure of map assembly were high in 

this group. 

Sample maps for the series are shewn in Figures 0 - 31 

Figure 20  illustrates a map obtained from a ventral central fragment. 

The characteristic curvature of field position rows in the temporal 

field and the non—linearity of the map, both characteristic of 

tadpole stage maps of normal animals are evident. Also characteristic 

of the normal tadpole map is the electrically silent region in 

the most caudomedial tectum4 The polarity of the map is homogeneous 

and normal, with field position rows running nasotempoi'ally for 

rostrocaudal tectai rows and dorsoventrally for med.iolateral tectal 

rows. Iap from the other three groups .0± ceirtrai fragments being 

idcnticl in their a:nizaiion a"e not shcn. Figure 21 shots 

a normal map obtained from a nasal peripheral fragments It is cleariy 



FIOUhE 2O 7isuotoctnl :nn from left field to right tectun 

obtsined fron a ventral central franent created at sta;e 

32 aiid. mapped. in tadpole life. This mar, illustrates the 

features characteristic of the normal tadpole map. Fote the 

cuxva-tii:'o ef field :ows in the tomnoral field mi the eloctxic-. 

ally silent regions of tcctum medinily and. caudally. The 

romrtral mniiline of the Lee han is indicated by tho arrow. 

The poles of the field. are indicated as follows: Esai(ll) 

temporal (T) , superior (s) and inferior (I). Funibers in the 

visual field indicate the position at which stimulation evoked 

maximal response at correspondingly numbered tectal electrode 

positions. Filled circles on the tectum indicate electrode 

positions from which no respanse was localizable. Alphabetical 

subscripts to field positions (e.g. in, 4a and 8a) indicate 

deep penetration by the electrode at -the correspondingly 

numbered tectal positions. 
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FIG UT, i 21 	o:;iii vic L:cUal 	ict 1ft fioLJ to 

teotwii o1  .aic.oi frotn a naool perphorai fraginnt c;rateci 

at cage 2 an:i. rnoppcl in .ad-.pole life. Convention a 

in Fiixc'e 20 
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i(intic:l Jtit iti mode of orgaiüzat.on to iguae 20 	Figures 22 

and 23 show double-nasal type mirror reduplicants obtained from 

nasal perirherai fragments. Here the mode of organization is 

clearly different from that in Figures 20 and 21 	Two identical 

maps, dispoed in nir;or symmetry about the vertical cicLLine of 

the eye, project in register to the tectum. Thus each tectal 

point receives input from two, symmetrical, visual field positions. 

The polarity of the maps is similar to that obtained from 

double nasal compound eyes (Gaze et al. 1963,  1965) 	That is to 

say, most restral tectum receives input from the vertical midline 

of the field instead of the nasal extremity of -the field as in 

normal maps the mot caudal responsive tectun receives, input from 

both nasal and. temporal poles of the field instead cf from the 

caudal pole as in normal maps. The dorsoventral ordering of these 

maps is normal. Assuming no translocation of cells between the 

operation and mapping, the polarity of the original fragment 

(nasal half of the eye or temporal half of the field) has remained 

as it was in the intact eye, while the polarity in the complementary 

regenerate (temporal pole of the eye or nasal pole of the field) 

has formed as a mirror image of the original fragment. It will 

also he seen that the characteristic field row curvature and 

expanded tectal representation found in the temporal field of 

the normal map is now found at both nasal and temporal poles, both 

of which, in this maps  have acquired the mapping characteristics 

of the temuoral field. 

The roduolicatien .at -torn obaiued from temporal fraguents 

(i11urz3. i.i Fi.i'e 24 and 25 ) is Larhcdiy different fro 

obtained, from nasal fragments. Each tectal locus again receives 



r:D ift f. 

to right teotui obtained fro,m a nasal Peripheral frmnent 

creatod. a1 sta 	32 and. mapped .n tadpole life. The 

p f ymetry lies a1Dn the vertical nidline. Conventions 

as in Fiire 20 
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FIGU: 	23. Reiupiic;ted viuotecbi,1 	p frci iei'; fi1c1 to 

Tiuit tctun oLtainod from a naa1 per1phei1 fragnent cieateci 

at stc 2 and mapp'd :n taclooie J.ifo, T]i axis of E:VT;rioLxy 

lies :lonj the Vertical midline0  Conventions as in Fire 20. 
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FIGURE 2 	iiur1ictcl viuotcotEI map from !Oft field tO 

right tectm obtained Nom a temporal peripheral fraiient 

created at stage 32 and mapped in tadpole lire. The axis 

of symmetry lies along the vertical midline. Conventions 

as in Piuie 20 
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F]GTJE 25, 7 c(ip:,1jotc: 	UCCri Y) fi'o.: ]ct ±e1J to 

right tectu oi•tair.ed from a temporal 1)eri1,heral fr'g:cit 

created at tae 35/36 and mappeci in t3.o1e iife The 

axis of symmetry lies along the vertical midline. Co:everydons 

as 	-. :igure 2). 
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iflpUt from to visua' field. positions (nSOos2d symmetrically 

about the vortical midline. The polarity of the map is now, 

however, similar to that of "double temporal" eyes (Gaze et al. 

1963, 1965) 	Most rostral tectum (which receives input from the 

nasal field of' the normal map) receives a dual input from nasal 

and temporal poles of the field; the most caudal teoturn (which 

normally receives f:com the temporal pole) now receives an input 

from the vertical midline. The dorsoventral ordering of the map 

is normal. The characteristic temporal field expansion of 

tectal representation and ventral curvature of field position 

rows now occurs in the vertical midline of the map. Again, 

assuming no transloca.tion of retinal cells between operation and 

mapping, the polarity of the original fragment (temporal retina 

or nasal field) remains as it was in the intact eye rudiment, 

while the map in the complementary regenerate (nasal retina ox-

temporal 

r

temporal field) has formed as a mirror image of the original 

fragment. An example of a normal map obtained from a temnoral 

fragment is shown in Figuve 26 	This map is indistinguishable 

from the normal maps generated by other groups in the series 

(compare Figures 20 and 21 ) or maps from unoperated. animals. 

Figure 27 illustrates a normal map obtained from a ventral 

fragment. Again it is in all respects indistinguishable from 

other normal maps. Figures 28 and. 29 illustrate reduplication 

patterns from ventral fragments. They are similar in appearance 

to those obtained from "double ventral" eyes, resulting from the 

combination of two ventral fragments with mirror image polarity 

- 	(staznicky ot a]. 1974) 	Each tectal lcco.s receives input from 

two field positions disposed symmetrically  about the horizontal 



i'ICLiJ 26 	io::.] vi.o 	np :::C; left ii:J 	Lo 

1eCt13m cDtajel from at1rc))ra). 	.rrl frgrent cleated 

stage 32 &il:i .ropci in LJpol life 	Convention as in 

Piune 20. 
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GUi1 27, ]Toi nal vi -uotecLa1. mop froa Oft fi eld to right 

ctum obtained from a ventral peripheral fragment created at 

otage 32 and mapped in tadpole life. Coiwe-ntuions a2 in 

Figure 20, 
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23 	JdupLl 	visoLccL1 Jr fioi lefU i].c to 

right ectum o'ota.ineci ixoi a ventral peripheral i'rgm€rt. 

oreatei at stage 35/6 and niaoect in tadpole life, The cap 

in ocorly ord..ored but the axis of sya:etry :ou1d appear to 

lie along the horizontal mid inc. Conve:'t ions as in Figure 

20. 
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1G1J 	2C) 	2u] ± c, teci 	i: u L ct1 I::p fr.i lcf.± f: 	to 

right tecturn obtainei from a ventral meripheral ragnent 

croatc1 at Otace 35/36 and nappei in tadpole life. The mao 

is ocorly ordered but the axis of sym:netry lies apaxoximately 

alom the hoeizon±al midiline. Conventions asin Pigure 20. 
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midlino The odcring oht med n 	mees 	toe poor to 

allow detailed conmar on with "double vertrail?  mees However 

it will be seenthat ordering in  the nacotemporal field axis 

( and corresnording rostrocaudal teetal axis) is normal; the 

lateral edge of the teCtUm receives a dual innut from both dorsal 

and ventral poles of the field; the medial edge of the tectum 

(which would normally receive from the dorsal field) receives 

input from the horizontal midline of the field. It was not 

possible to examine the maps in sufficient detail for the 

characteristic cartwheeling of field rows found in"double ventral" 

maps (Straznicky et all 1974) nor for the expanded representation 

of the central field. 

Only a few dorsal fragments were prepared, in -view of the 

finding from "compound eye" experiments that double dorsal eyes 

failed to connect with the tectum (presumably due to absence 

of the ventral fissure). Of these only two of the fragments 

yielded assayable maps. Figure 30 shows the production of a 

normal map from the first such fragment (although 2 field positions 

are duplicated). Figure 31 shows the map from the other. in this 

case the map on the tectum is present only on the extreme rostra.-

lateral aspect of the tectuin and comes from two circumscribed 

regions at the dorsal and ventral poles of the field. There is 

no apparent internal order within the map. In this respect the 

map is similar to pattern 1 maps found in optic nerve regeneration 

studies (Gaze & Jacobson 1963; Gaze & Keating 1970). However, 

two difference are apparent. The 1oou1izd regions projecting to 

the tectum in c venona1 pattern 1.mas arc at the nasal and/or 

temporal poles not dorsal and ventral; secndiy, the field positions 



FIGURE 30. Viuotccta1 may) from cft field to ribt tectu:1 

obtained ±1'on a dorsal peripheral fraçment croatel at 	a stge 

32 and rxa,o cci in tcduole life. The map is normal with the 

excepon of positions 15 and 16 which are reduplicated. 

Cony ci ionc as in 1:1 igure 20. 
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CIJi. J 31 	ViuoLocta1 map from left field to right tectim. 

obtained from a .00al peripheral frvLaent created at stage 

32 and mapped in tadpole life. Only rostralateral tectujn 

received localizable input from the visui field, This 

input was disordered but, came from No field regions at (LOT5L 

and ventral poles in reduplicated faoiiiri. Conventions as 

in Jiure 20, 
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within the 	p in 	tr•. 31 are reduplicated between the two regions 

For this reason 	i.z, possn)le that the map represents a "double 

dorsal" rrap in aa incomolete stage of assembly. The regeneration 

maps foun't in eaes V(p) 1 (Table 3c)  and. D(o) 1 (Table 3d) do 

not showthi red.u;l ic:ition -thile the regeneration map obtained 

from the ent-rai1 peripheral group -V(p) 3 Table 3c) again shows 

a ra1uplication of points between the projecting regions. Vhile 

the evidence from this disordered map alone cannot be conclusive 

it seems likely that dorsal fragments are similar in their 

behaviour to the other fragments studied here (see also Hunt & 

Berman 1975 ) 

In aggregate the entire series shows two characteristic 

modes of variation between classes of fragments. Firstly, the 

incidence of reduplication is a characteristic proportion of the 

total number of neripheral fragments for each grous. Thus 

nasal peripheral fragments undergo reduplication in 72% o1 cases, 

ventral peripheral in 63% and temporal peripheral in 601j  of cases, 

r1jliS difference in incidence parallels that reported by Berman 

& Hunt (1975)  for "half eye" fragments. Secondly there is a 

characteristic difference in the degree of ordering of the maps. ID 

Nasal peripheral fragments yielded the most orderly reduplication 

maps (as indicated by non—intersection and regular polarity of 

field Position rows), temporal peripheral reduplication maps were 

somewhat -more poorly ordered and reduplication maps from ventral 

peripheral fragments were extremely poorly ordered. (see Figures 

28 and 29). 



A • 2. 	ObliFwcms 

The results of the previous (orthogonal fragment) series 

have broadly borne oit the hypothesis that fragments containing 

the centre will yield normal maps and those lacking the centre, 

mirror-reduplicated maps This suggested the possibility of the 

retinal pattern vectors being disLi'outea in a radially symetrical 

fashion about the cetre. If this were the cane the central 

fragments should continue to yield. normal and peri'heral fragments 

mirror—reduplicated maps, irrespective of the angle the plane of 

ablation makes with the major (anteroposterior and dorsoventral) 

axes of the eye. This hypothesis has been tested by the coniruotiom 

of "nasoventral" and Ttemporodorsalu  fragments, whose planes of 

ablation form an angle with the major axes rather than running 

parallel to them. All operations in this series were performed 

at stage 35/36. The results in this case show a marked iffer&nce 

from those encountered. above (Table 4) 

LiorphologicalObervations 

The rounding up process encountered in orthogonal eye 

fragments was also found in the present series to present a 

similar appearance and to follow a similar time course. Again, 

eye morphology was scored in terms of size, fissure position and 

pigmentation pattern. 

The fissure position was again observed to he usually 

normal0 :rn 5 of the 22 cises the fissure was displaced. In 4 of 

these (2 NV(p), 20U( p) ) the resulting maps were normal both in 



Table 4: 	Results frombi u 	e ia 	it. en - Experiments 

CODE 	 TPOE AT 	MAP EYE .EZE PI1N  TAT ION NIS IS 1JP..E 
01).EFAT ION 

-N(c) 1 35/36 normal normal normal V 

vi( c) 2 35/36 normal normal normal V 

NV(c) 3 35/36 normal normal normal V 

ffV( c) 4 35/36 normal normal normal V 

:NV(c) 5 35/36 normal normal normal V 

DV(p) 1 35/36 ? normal normal DT 

NV(p) 2 35/36 normal normal normal T 

-v( p) 3 35/36 normal normal normal V 

irv(p) 4 35/36 ?MI normal normal V, N & D 

JV( p) 5 35/36 normal normal normal v 

NV(p) 6 35/36 NN smaller silver V 

N11(p) 7 35/36 normal normal silver V 

NV(p) 8 35/36 normal normal silver V 

35/36 NN small normal. V 

I-ITY p) 10 35/36 normal silver V 

iIV(P) 11 35/36 NN small par1iall/ V 
silver 

2D(p) 1 35/36 ? small normal V 

TD( p) 2 35/36 normal small normal TV 

TD(p) 3 35/36 normal small normal NV 

-TD( p) 4 35/36 normal small normal V 

-D(p) 5 35/36 normal normal normal V 

3PD( p) 6 35/36 normal normal normal V 

= 	unanalyc able 



Yr2 

terms of lack of rcauplcation and in terms of lack of rotation 

comcnsurata with the rotation of th fiure position. The fifth 

case was the NV(p) fragment showing markcnl optical abnormality 

and reduplicated oroectiom. Here 3 fissure s were present ir 

rou:hly ventral nasal and dorsal Pocitions. Thus in general 

fissure abnormality was not an indicator of map abnormality. 

Eye size showed a somewhat greater correlation with map abnormality 

in this series than in the previous one In the temporodorEal 

group 4 of the 5 eyes were smaller than the control eye. However,: 

all maps here were normal. In contrast in the 7(p) group, the 

3 interpretable reduplicated maps were obtained from eyes smaller 

than control. The other 5 interpretable normal maps were obtained 

from eyes of normal size. The IN(c) eyes were all normal siseci 

The pigmentation pattern of the experimental eyes was 

normal in the TD(p) and NV(c) groups. Four animals in the NV(p) 

group,. however, showed totally silver eyes. One of these yielded 

a double nasal map, two normal maps and one an uninterpretable map. 

In addition one further eye in this group showed a partial silvering 

of the dorsal aspect. This eye also yielded a double nasal map. 

Again, however, abnormal pigmentation of the eye was not an 

indicator of map abnormality. 

El e roholoaDtirL 

The results are tabulated in Table 4, classification of 

map configurations being as for Table 3 Twenty—two results are 

sho;m, comprising central aa peripheral nasoventral fragments 
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and peripheral tcnpo'ckr al. $;r.ens, is in the previous 

series all 5 naovontral central fragments were normal. Figure 32 

illustrates such a map. However, the results from the peripheral 

fragments did. not yield, a majority of mirror- reduplicated maus 

All 5 interpretable tempera dorsal peripheral maps were normal 

(see Figure 33 ), although responses were not localizable in the 

caudomedial aspect of the tecturn with a corresponding deficit in 

temporodorsal field. In addition, 5 of 8 interpretable r.asoven'tral 

peripheral maps were normal. The remaining 3 were double nasal. 

Figure 34 sha's a normal map obtained from this guo.up and. Figure 35 

a double nasal map. Figure 35 is an entirely typiôal double-

nasal-type map. The axis of symmetry ST as for [nCpS obtained. 

from nasal peripheral fragments in the previous series, situated 

in the vertical, midline. It should be noted that this is net 

the type of map that wuulci be expected if the fragment had mirror-

reduplicated about the plane of ablation. Had that occurred the 

axis of symmetry would have been expected to form an angle of about 

450 with the vertical midline. Figure 36 chews another example 

of the mirror-reduplication obtained in.this series. It will be 

seen that this map is not atypical double nasal configuration. 

While the majority of the map is organized similarly to a double 

nasal map with the axis of symmetry on the vertical midline, there 

is a region of further reduplication in the temporoven'tral aspect 

of the field (positions 7, 8 and 9). This additional region 

appears to be a mirror image of points in the original nasoventral 

quadrant of the retina (temporodorsal field) projecting to the 

centre of the tec'turn. It is the only case found in the present 

etuies cf the oartial reduplication 	md by Feldman & Gaze (1975a) 

and Berman & Hunt (1975).  However, in this case the partial 



o:.;.1 V 	1C 	 fro: Lf :ie1 Lo 

tecui o1 -taired fro a uiasoveatral central fraaent created. 

a.stag€ 35/36 	 iii 	bole 1 fo 	Coiv,  ent±oa; 

in Figure 20. 
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FIGURE 33. Visuotectal map from left field to right tectum 

obtained from a temporoclorsal peripheral fragment created 

at stage 35/36 and, mapped in tadpole life. The polarity of 

the map is normal. Note the unresponsive regions of caud.omedial 

tectum and corresponding field deficit in temporodorsal 

field. Conventions as in Figure 20. 
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F1GUiJ. 31. formal vi.uotoota1 map  from lei f cli to riijh 

tCOtUn OhLalnoJ. from a nasoventral peiiphoral franeri 

created at stwe  /36 and mapped in tadpole life, Conventions 

as in iiguro 20. 



. 9 15 23 

481422 

3 7 13 21 

2 6 12 20 

1 	5 	11 	19 

1018 

'11 

S 
00- ia19 	20 

11 	11-12-13 	21 

10 
22 

15 \ 

16 T N , 

	

/ \
23 



35. Ydupiiatc1 vuotectcJ n.p from lefL field to 

r:LJhcctum 0i)t1ned. J. from a xiaoventraJ. peripheral fraeient 

a stage 35/36 and mapped in tadpole life. TJ.e axis 

of 	mtir lies along the vertical midline. Conventions 

as in Figuic 20. 
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i"IG'Ji:E 36 	ReciupiJcate1 viotecta1 nip from left field to 

i'ht toctun olrtained frcm a nasoventral pen 	ral fna:enU 

create at stage 35/36 ncl mao-ped. in a'-pole life 	Note that 

the map shows a duplication clout the vertical ciidline and 

1 	 1 
also a small reion 01 auplica 4- ion pQS.Li011 7 u  9 ana 101  

at the to; oral ,,'Ole with axis of symmetry abort the hon social 

m dime. Conventions as in Figure 20. 
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cIupIicaion is anperiIII )ocL on an a Lrcany duplicated map, 

resulting in a triplication c poiu 	In addition to these 

reduplicated, maps, reduplication was also fourci in a fourth 

case classified as uninterpretaTbie due to severe optical 

abnormalities of the lens and cornea. 

B. 	PATTERN JiESTOPJmLPICN A?ER IflIDLINE TPJSECTION 

B. 1 	Series ij Vertical idline Trans ections) 

This series comprises a total of 22 animals in which the 

left eye rudiment was transected along the vertical midline at a 

variety of embryonic stages from 29/30  to 37/36. The results 

from all staes in this series were identical. In all cases 

normal maps resulted when the retinotectal map was assayed 

electrophysiologically in late tadpole life (Table 5). Figure  37 

shows a comparison map from a normal tadpole at stage 57. 

Figure 38 shows the map from a Series 1 operation performed 

at stage 32, while Figure 39 shows a stage 37/38 Series 1 

operation. It will be noted that the normal tadpole map shows 

features not found in the adult map. Tectal coverage is not 

complete until stage 61. Prior to this stage caudomedial tectum 

where cell division and differentiation are not yet complete is 

without optic input. 

Temporal field positions show a characteristic cluster—

ing. That is to says  temporal field occupies more tecturn than 

does nasal field. The final differense is the curvature four:cI at 

the ros- r 	oC the tectum. This results in a further aD;'aren 

distortion of the linearity of the map. in fact, the tectal 



FIGU 	37. i:orla1 viuotectai map fro  1ft fjeii to ri'rm 

tectujn obb 	:1 from .n imopraci cortrci eye 	ir 

.ac1pcIe life, Conventions as in Pigu.r 20. 
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),ICU7 38 	Noid vi.;uotecta1 map from luft fiehi to right 

tecixu obLained froui a left eye tranccteci along the vertical 

a1 stage 32 (eries I) and. mapped in tadpole  life. 

Coiric:ritions as in Figure 20. 
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c1.uotei-.n cf nSaL ThCiCl PO.SiL35 J. du to the facL ht 

the most rostral oiUicns are s tu.atd difireitly  

due to rostral curvature. Thus the most nasal field positions 

may be found. at electrode penetrations situated deeper than those 

for somewhat more temporal field positions According to the 

convention ep1oyed here the more superficial tectal positions 

(and more temporal field positions) are 	sinated b a uurfber 

alone; deeper tectal positions ( and more nasal field nositions) 

are designated by the number of the superficial positions and a 

subscript. Thus 1, la, lb and 10 would represent a set of positiorr 

located progressively deeper in the tectun and more nasal in the 

field. As with the adult map, the most ventral field is inaccessible 

to electrode imapping as they project to tectal loci situated 

around the lateral edge of the tectum. There was some tsndeccy 

evident in experimental maps .towards loss of the projection from 

the most nasal field. This was most marked in the latest siaes 

operated (37/33) as can he seen in Figure 39 	Here the most 

nasal part of the projection was compressed into the most rostra-1 

100-150 u of the tectun The reason for this is not clear. It 

does, however, reflect simply an exaggeration of the non—linearity 

of the maps from unoperated normal eyes. In no case was the 

characteristic "double nasal" mirror—reduplication map pattern 

found. in 40% of Hunt & Jacobson's (1974h)  experiments, present 

in this series. Nor did the two halves of the field project in 

register;  each to the entire tectun. Rather the two halves mapped 

to distinct non--overlapping regions. Histological examination of 

of the retinae after mapping revealed a nou1nal distribution and 

size of the cellular 1aye:Ls 	o pers-istent effect of transect-ion 

was found The neural retina uas coherent and continuous without 
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J1G1J 	Horml v±'.u.otecta1 wnp from loft ficici to i'1nt 

tectu"i obtained f:r'cri a left eye tiansectecl viong the vertical 

midliac at stage 37/33 (Series 1) and rapoed in tadpole life. 

Note the exbrcac co:.orossion of nasal field onto the most 

rostra! tectun. The reduplicated oosiLions at the rostra! 

edge (field positions 2 2a and 3) are an occasional fcetu:ce 

of the normal tadpole rndtp. Conventions as in Pigvia 20. 
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any ObViOUS ecar along,  the line of traxisection 

B.2. 	Series 11 :( 
 

Horizontaliidline Transactions) 

This series comprises a total of 17 animals in which the 

left eye rudiment was transected along the horizontal midline 

(dividing dorsal and ventral halves of the rudiment) at a 

variety of stages from 29/30 to 37/38. Again all cases in this 

series consistently gave normal maps (Table 5). Figure 40 shows 

the map from a stage 32 transection and Figure 41 that from a 

stage 37/38 transection. No case of "double ventral" mirror-

reduplication, as reported in 40o of cases by Hunt Jacobson 

(1974h) occurred in this series. In no case did the dorsal and 

ventral halves of the retina project in register to the whole tee±um 

Instead each half projected to distinct end uon-overlappirg Lectal 

regions. Histological examination again revealed no persistent 

effects of transection either on cellular layering patterns or on 

the continuity of those layers. 

Thus the result of a total of 39 midline transactions from 

stages 29/30 to 37/38 was i00% of cases producing maps with 

normally disposed axes. 

B-3. 	 trenth Controls) 

Series 1 and 11 operations were performed in 100 Niu.Twitty 

solution and allowed to recover for 24 hours post-operatively in 

in 5JI Niu-Twi tty solution The results obtained froi those 

series were inconsistent wth those reported by Hunt & Jacobson 



FIGTJ.Q iO. 1Torrrz1 vijuotuct.i ro from loft field to right 

tectwn obtained ironi a left eye tia.nsected along the hori.zorital 

idllinc at stage 32 (erie II) and mapred in tadpole lfo. 

Conventions as in Figure 20 
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A 	',110 a1 Visuotcutal :.'p from luft field to :riJ; 

tccturn obtained from a left eye ±ranected along the horizontal 

midline at stage 37/35 (series II) vpd mapped in tadpole life. 
Conventions as in IiAure  20, 
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11 ,11 .  

Since the ooeya±io:s performed by those authors used 

a 25 

 

on 	solution and. a 2O xearig solution thereafter 

(Hunt: nereOnal coneunica-tion) it is possible that differences 

in post--onerative ionic oonitions account for these differences. 

Series .111 therefore comprises a sample of 17 animals subjected 

to vertical midline transection at stage 32 in a 25 solution 

(20, Holtfreter/ 5% Steinber(,,,). Operated animals were kept in 

this solution for 24 hours post-operatively. Fifteen of the 17 

animals again gave normal maps, as for series.jl and IL The 

remaining 2 animals, however, yielded, mirror-reduplicated. "double 

nasal maps, similar to those reported by Hunt & Jacobson (1974h). 

These results are displayed in Table 6. A sample maD is ohon 

in Figure 42 . It will be seen that in contrast to the normal 

map, each tectal locus receives input from two visual field positions, 

disposed in a mirror-symmetrical fashion about the vertical midline. 

The nasal and temporal extremities of the field project to rostral 

tectum and the vertical midline projects caudally. Thus both halves 

of the eye project across the tectum with the normal polarity being 

reversed in the temporal half field. 

B-4- Observations on Healing Rate 

The gross healing rate of Series I (stage 32: operated in 

i00% Niu.-Twatty) and. Series III (stage 32: operated in 20 

Holtfre.ter v s / 5 Steinberg' s ) transections eer. oomDerc-d by serial 

observation during the first 24 hours after operation These 



TABLE 5: 	STAGE OF OPERATION OF SlElE 1 MW IX NJDLINE 

TR&i' bLOT ION S 

STAGE 	29/jO 	31 	32 	35/36 	7/38 

SERIESI 4 3 5 4 	6 

SEdESII3 6 1 2 	5 

Series I comprises animals whose left eye rudiments were transecl;ed 

along the horizontal midline; Series II, animals whose left eye 

rudiment was transecied along the horizontal midline. All operations 

were performed in 109 Niu—Twitty solution. The table shoos the 

number of animals in each group. 

TABLE 6: 	MAP CONI11GURATIONS PRODUCED AFPES iIDLINE 

TRA N SECT IONS 

NORMAL 	 REDUPLICATED 

SERIES I 	 22 	 - 

SERIES II 	 17 	 - 

SERIES III 	 15 	 2 

Series I and II are described in Table 5 (above). Series III comprises. 

transectioms 	st 	32 of the left eye rudiment performed in 25 

solution with 24 hours healing in that solution. The table shows the 

number of animals in each group. 



FIGURE 42. Leciup1icated visuotectal map from left field  I.o 

.rgi)t tectum obtained from a left eye traected along the 

vertcai md.line at staCe 32 (Series III) 	The axis of 

sy:nmetiy ii es along the vertical midline. Conventions as 

in Figuao 20. 



N T 



observctions were made on two separate occions, comprising 

three operated animals from each series on both cocasions. 

The healing rates within a series were in accord with each other 

to within one hour. The following results, then, pertain to 

a sample of 12 animals. 

Figures 43a and. 43e  show camera lucida drawings of a 

Series I and a Series III eye respectively, immediately after 

operation. To facilitate comparison healing was divided into 

four stages: apposition, healing, morphological normality and. 

differentiation. The eyes were considered to have reached the 

apposition stage (Figures 43b  and 43f) when the two fragments 

of the eye were still clearly separate but apposed to each other. 

The healing stage (Figures 430 and. 43g)  was defined by the 

elimination of a clear separation between the fragments and 

the restoration of surface continuity. As can be seen from 

Figures 43c and  439  the eyes still showed evidence of the 

operation in the irregularity (and. often the "dumb--boll" shape) 

of their morphology. The morphological normality stage was def- 

med. by the restoration of a more normal rounded profile and 

the clear delineation of the ventral fissure (Figures 43d and. 

43h). The differentiation stage was defined, by the appearance.- 

of lens formation and served as an indication of the re-entry 

of the operated eyes into the normal developmental sequence. 

This stage was not clearly separable from the preceding one but 

represented its culmination and there was considerable variation 

between animals in the time at which differentiation was reinib-attJ. 

This ste 	was not d.iagrammcci as it was 	sigmalled. only by a 



FIGURE 4. Stages in the healing of Series I and Series III 

idlina tiansectiuns (a) cameral lucida drawing of a Series 

Itran,,oction immediately after operation. (b) the same eye 

at the' pposition" stage. The fran gents have become apposed. 

but still show a boundary (dotted line) ((,,) the same eye at 

the he1ing" stage. The fra&,rien-Lo have now fused at the 

boundar:r and are no longer distinguishable as separate. (a) 

the sane eyu at the "morphological norm]ity" stage. The 

eye now has a norm'lly rounded profile and a clearly delineated 

ventral fissure s  (e) a Series Ill transection iuuiediately after 

operation. () the same eye at the "apposiiion' stage. (g) the 

susie eye at the "healing" stage. (h) the same eye at the 

"morphological normality" stage. The pigmented portion of the 

eye is shown shaded. All drawings are oriented with the nasal 

pole facing left and the ventral pole facing to the bottom of 

page. (i) graphical sunmary of healing rates. The healing 

stages are shown as a function of time since the operation. 

A - apposition stage; H - healing stage; N - morphological 

normality stage; U - differentiation stage. The definition 

of the stages may be found in the text ( p. 118 ), Filled 

circles Series I, open circles Series III. 
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change in tie. optical p:co rtins of '631le lens cells.  

Series I eyes were found -to heal significantly faster 

than did Series III eyes Fur thormore although not evident 

from the diagrams, it was found that cell adhesion in general 

in the 25' soution was poorer and over the course of the 

observation cell clumps were seen to detach from the embryos. 

Apposition was achieved by 4 1 hour of operation in Series I 

and only by 7 + 1 hour in Series III. Healing occurred at 

8 ± 1 hour in Series I and at ii :- 1 hour in Series III. 

Morphological normality was restored in Series 1 at 12 ± 1 hour 

and in Series 111 by 18 	1 hour Differentiation 'gas reinitiated 

by 18 hours in all Series I eyes and by 24 hours in all Series 

III eyes. Figure 43i summarises these findings in a semi-

graphical fcrm. It should be noted that since the stages were 

arbitrarily defined the slope of the healing curve is not 

biological meaningful however the enhanced healing rate in the 

i00% solution is clearly evident The Series III fragments spend 

an additional three hours in isolation prior to healing. 

C. 	THE RETINOTECTAL :,MPFROM EYE FIDhlIORDIA EKPLANTED TO 

CULTURE AT EARLY NEUTRULA SEAGUR 

A pilot series of 16 transplant-, was successfully made 

as described in Chapter 5. Of these 4 died during larval life 

and in 5 others the eye was completely rosorbed. Of the 

remaining ( animals mapped at stage 571' 
1 
 58  three were found. to 

have fail Ci to achieve connection ;ri.. tL the optic tectum. Thus 

maps are available for only 4 animals from this series. 



To of the maps showed. di rd.erEi ro 3CO.OnS arlslng 

only from a restricLe(', area of the visual cield;  sonethat 

ena1Lt,ous to the pattern 1" regeneration maps described by 

Gaze & Jacobson (1963) and. Gaze & heating (1970) in s±ucUes of 

regeneration after optic nerve section. The remaining two :.s 

both showed clearly ordered. urojections. Piguxe 44 shows the 

map obtained from case 1Ex.4. This was a stage 13 left eye 

explant tranpianted to the enucleated right orbit of a stage 

36 host. Despite the fact that responses wore obtained. only 

from the most dorsal aspect of the visual field, it will 'cc 

seen that ihe response points are ordered. aproxinate1y as for 

a normal right eye. Thus either the explant cUd, not acauire an 

anteroposterior accis in cu1ture being polarized in the host 

orbit; or such axes as were acquired were not irreversibly 

determined. In either situation the aces of the transelant 

projection have been acquired from the host. 

The other successful case, Ex. 1, was a stage 12 explant 

rendered semisynophthalmic by removal of the prechordal plate 

and transplanted into the left orbit of a stage 37/36 host. Again 

a complete map was not obtained, responses this time coming 

from the nasal field only (Figure 45) The middle of the field 

projects to rostral tectum and the nasal pole to caudal tectujn. 

Dorsoventral ordering, from the two rows of field positions 

available, would seem to be normal. Thus the anaeropostericr axIs 

of the map is the inverse of that expected for a normal lefm 

eye 	ho anis was therefore not aouired after transplantation 

the host orlia. hhorTer;reaaUOfl o:t the finding that only 

nasal field erojeots to the tect.0 in this case is ucJ.ear. It 



FIUIU 4,  Viit Lectal iiap of ri'ht field o left tec1i 

obtinccI 1ro an eye TU:ilflleflt c.p1ante to Ci)1tUTC at 

sIta-r-,13 tranalrrLec1 to the e1Luc1eatel riit o-bit of 

a oa;e 36 host Lmd mappoci in tadacle life. !dthouL h 

resnonses nero ohtaned only from dorsal field the map 

is noral in its polarity. Conventions as in Figure 23. 
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FIGURE 45. Visuotectel map from left field to right 

tectun obi ainc-d from an eye rudiment rendered 

semi synopihalmie by removal of the prechordal plate 

at stae 12- explanted to culture until transplanted. 

to the enucleated loft oriiit of a stage 37/38 host 
and. mappea in tadpole life Responses were obtained 

only for nasal field. The map is normal in its 

dorsoventral but inverted, in its nasotemporal organisation. 

Conventions as in Figure 20. 
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resembles a half field proj::ctioa from a double nasal eye 

(Gaze et al 1963, 1965) rather than the expected finding of 

double temporal maps from semisynophthalmic eyes (see Chapter 4) 

It may simply repreeent the mapirig from a nornal eye implanted 

in the host orbit with anteroporterior inversion in which the 

nasal fibres have failed to develop and the remaining tcTIporal 

fibres have spread across the available tectua. Whatever the 

interpretation the clear finding from this case is that the 

explant paraagm used hero is inadequate to prevent the genesis 

of endogenous retinal axes. In case Ex. 4 discussed above, 

while stable axes do not seem to have been acquired in vitro 

transplantation at stage 36 to a normal host was not adequate 

to prevent the specification of the host axes. 

Since the orbit of stage 39 hosts has been shown to 

be capable of polarizing transplanted pre—determination stage 

eyes (Hunt 1975) and since eye pnirnordia ex1anted to cultue 

as early as stage 22 possess presumptive axes (Hunt & Jacobson 

1972b), the results obtained in this pilot series were perhaps 

not altogether unexpected. For this reason the paradigm was 

not explored farther. It should be noted that the finding of a 

aft specific axis in case Ex. 1 above does not necessarily 

imply the existence of such an axis from the stage of explantation 

(12). The axis may have developed in the franent, which 

contained the anterior portion of the embryo, at any time during 

the cultuee period. It does howevr seem likely that the axis 

does exist from such an early stage as part of the entire embryo 

Primary axis. 
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P COLT! S IT -1-01-1  ;)'P  i)PVI ( 	L0t L AXES: 

WITH CYCLC1P1ii'J ]XTIS 

Of an initial sanrole of 18 anirnal', with cuccesoful 

transplants of cyclopean eyes, 6 uero available at late -tadpole 

stage 50 s in which the eye had not been resorbed. In none of 

the six was a map obtainable on the optic tectuni. In no case 

was the tx'anplanteci eye coniplcteay normal to external examination. 

In two the eye was small and defective, with lens and cornea 

formation absent or incomplete. In one case the eye was simply 

a Digmentoci knot of tissue to'Loi].y enclosed 'by the choroid.. 

Of the remaining three only one showed ventral fissure formation, 

In this eye two fissures were clearly present situated in the. 

nasodorsal and temporoventral quadrants, at approximately 1800 

from each other. 

Histological examination revealed absence of optic nerve 

formation in all six cases. Figure 46a shows a transverse section 

through the fundus of the transplant, at the site where an optic 

nerve head would be present in a normal eye. The layers of the 

retina can be seen to be fairly normal, but the ganglion cell 

axons are piled up in a disorderly fashion running in bundles 

across the ganglion cell layer. At no point are they seen to 

leave the eye. As a result the optic fibre layer is thicker 

than that observed in the normal eye. Figures 46h shows a transverse 

section through the dundus of the normal host eye in the same 

animal for comparison. The optic nerve head is clearly defined. 

Agenesis of the cptic nerve head. with appropriate structu.ees 

for the guidance of the optic nerve out of the eye has been 



FIGUId 46a Tranverso section through the fundus of a 

stage 57 cyclopean eye. The eye was produced by treat—

ment of cmbx7os v.i th Lithium ions at late blastula stages 

and was transplanted intb a stage 35/36 enucleaLed left 

orbit. The noraal layering of the retina is appioxi:riately 

preserved with photoreceptors (bounded by the pigment 

layer) at the top of the photograph and the ganglion 

cell layer facing towards the bottom, The absence of 

the optic nerve head is conspicuous and as a result 

the fibrous portion of the ganglion cell layer (the optic 

axons) is swollen and bundles of axons may be seen trans—

versing the centre of the retina. (Holmes silver stain 

x 60 ) 

FIGTJPE 46b. Transverse section through the fundus of the 

normal right eye in the same animal as that shown in 

Figure 46a. A clearly defineci optic nerve head conducts 

the optic axons out of the eye, Structures at the 

bottom of the photograph are fragments of the lens 

(Holmes silver stain x 60) 
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reported prCVlOUsiy for cyclopean cye (Szentegothai & Szekely 

1955). Those authors suggest that such agenesis i a function 

of the degree of optic primordia fusion induced by the Li+ 

treatment. In early development of the eye the paired primordia 

are present centrally in the forebrain rudiment. with separation 

the primordia migrate laterally and dorsally. It may be then 

that the primordia are initially fused along their presumptive 

ventral poles. E.cessive fusion of the primordia in cyclopean 

eyes may then well result in agenesis of the ventral apparaue. 

Because of the finding of agenesis this project was 

not carried further. 
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Orthogonal eye fragments (constructed with the piano of 

ablation parallel to one of ttie major axes of the eye) made 

at early larval stages can give risc to two typos of map pattern; 

either normal or mirror reduplicated. (Feldman & Gaze 1975a 

Berman & Hunt 1)75). As with comparable cases in other systems 

(Butler 1955; Bryant 1971; Schubiger 1971) it has been possible 

to find here two types of fragment corresporiiing to the two 

types of map confieuration, )1,,yc  fragments containing the central 

retina yield only maps with normal polarity, while those lacking 

the central retina yield a majority of mirror redu licatemi maps. 

(C1amter 7, A.1..  ) 	A fuither analogy with such phenomenology in 

other systems was suggested. in Chapter i by consideration of gradient 

models of "distal transformation". It was suggested that the 

retinal pattern was formed in radially symmetrical fashion about 

the centre ("proximal" retina). However, when this hypothesis 

was tested by the construction of eye fragments made ed an angle to 

the major axes (oblique fragments: Chapter 7, A.2.- .) a different 

result was obtained. As before fragments containing the centre 

yielded only normal maps. In this series peripheral fragments 

lacking the centre also yielded, as a majority result, normal maps. 

Thus the behaviour of the pattern restoration mechanism was different 

according to whether the plane of fragmentation followed or macic an 

angle with the major embryo a:es. 

Before erameing to a possible interpretation of these 

results, the ::ior conclusions from the ?C5Ci stuLr must be polritcd. 

up, 
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Eye fragments can "regulate" morphologicaily. The term 

"regulate" is niaced in quotes because it covers here two observations 

which may involve different mechanisms. In the first pJ.aoe the 

eye fragments are observed to round up and assume miniature but 

normal morphology. This would appear to be a composite of normai 

healing and cell multiplication processes. P more convincing 

usage of the term "regulation" would be in reference to the 

formation of the ventral fissure. While central fragments contain 

the ventral fissure., this structure is absent in nasal., temporal 

and dorsal peripheral fragntn s. Although its poi Lion is 

determined in the intact eye rudiment at earlier embryonic stages 

(Sato 1933; stone 1966), it can nevertheless be reformed in 

reripheral eye fragments. Even in fragments which totelly lack 

ventral material (dorsal peripheral fragments) such regulative 

restoration of the ventral fissure is possible. Stramicky et 8,1. 

(1974) reported the absence of a ventral fissure in double dorsal 

compound eyes produced by the recombination. of two dorsal half 

fragments at stage 32 The reason for this difference in fissure 

restoration is not clear. It is possible that it is due to the 

apposition of two fragments in the case of compound eyes which 

may result in the inbibition of mitosis at the out edge (Feldman 

& Gaze 1975a), 

In general the "regulated" fissure appears ventrally 

(82 of cases) as in a normal eye 	In -72c'.3-  cases the fissure 

anpears nasa1  ly (Once an 1;ie nasal peraphera]. series ani 4 times 

in the temporal peripheral series); in 3.. of cases it appears 



temporally (once in the dorsal peripher-al series and once in the 

temporal periiicn'.ni sor ice; ; and. in 7>  o cares two 'fisres arc 

one in the ne.,i half, one in the, temporal half of the 

eyc All misplacements of the finsure with one exception )  cocur 

in the peripheral series (which lack the fissure and, thus have to 

regenerate or regulate it) 	The finding of' 'the fissure ventrally 

in the ma,iority of fragments in consistent with either a 't field 

regulation" rhereby the fissure is located in the appropriate 

position, or i'd. th a regional determination in which the fissure 

i producedby the material most proximately situated. to the 

original fissure (i.e ventral retina) 	This second possibility 

is compatible with 'the nasal positIon ci' the fiscore in 4 of the 

temporal peripheral fragents given a marked rorndlng up of the 

fragment apposing do:,.-sal and ventral regions of the out edge in 

the position of the nasal pole but fails 'to explain the other 

cases of fissure misplacement. At present, no definitive conclusions 

can be drawn as to the mechanism of fissure restoration. 

The fissure, as the earliest cie'terminecl asymmetry of the 

eye, is an attractive candidate for an "organizer" or "boundary 

region" o1  'ftc retinal pattern. Such a suggestion has indeed been 

made by Sharna & Hollyfielci (1974a,h) who found after eye rotation 

in Rana and rotation of "pre-specification" stage eyes in Xcnoous 

that -the degree of rotation of the map corr'snonded with that of 

the fissure However the present results do not substantiate this 

view. A corresponding rotation of 'the map was not found in case's 

where the ficaure was misolaced. The maps. whether normal or 

reduplicated, showed no rc'tationi0 In two of -the temporal cnipherel 

canes see c'ule t) maps uiLh a c) caPrice re'La'tie'n (60°an:i 15e' 



were found. '."Ihoroaon. 1'or this in unkrioin. Eowevo, the fissure 

in the 600  rot-.te was so what temporal to its nco:mai position 

(approximately i5°anticlockwisej and. the fissure in the 15°  rotate 

was normally placed. Thus the orientation of the map is disengageable 

from the orientation of the fissure. 

The rnorpholor of the eye does not urdergo total regulation.  

In 60 of the ventral peripheral fragments and. 50 of nasoventral 

periphrai fragments the pigmentation of the dorsal aspect of the 

eye was totally silver. This is the pigmentation characteristic 

of the ventral aspect., It suggests that the eye was aJ.aost entirely 

reconstituted from ventral cells which retained this feature of 

their original determination (although this may alternatively 

reflect deficits in pigmentation). Again, however, the map conf:i.urat— 

ion is not closely linked to the morpholoU of the eye. To of the 

5 ventral reduplicated maps had normal dorsal pigmentation as did 

one of the three naso—ventral reduplications; conversely of the 

6 ventral fragments with silver dorsal pigmentation, three yielded. 

normal maps (i.e maps in which the ventral field coming from the 

dorsal retina was not a mirror image of the dorsal field) and of 

the five nasoventral fragments with silver dorsal pigmentation two 

yielded normal maps one yielded. an  uninterpretable map and two 

double nasal type reduplications. 

A • 2. 	"Duulication"andeeration" 

Where redunlicated maps are produced they always correspond 

to the original nature of the fragment in tho intct eye: -thus 

nasal fragments rec1dpiicate as double nasal paterns temporal 



fragments as double temporal paterrs and se on. Therefore in 

the eyes formed by the stage of mapping it is not necessary to 

invoke any alteration of polarity in the original fragment The 

maps may be most simply interpreted as the :c-ctention of polarity 

in the original fragment and the formation of a mirror image 

pattern in the reconsituteci portion of the eye arising at the out 

edge. For exanipie in a nasal peripheral fragment, the map 

produced retains normal polarity in the temporal field. (nasal 

retina) and a mirror image polarity in the nasal field (temporal 

retina). Of course such an interpretation is not the only one 

possible. It does not require the postulation of morphallactic 

regulation. If regulative reorganization is invoked the mirror 

reduplication of the maps would have to be produced by some of the 

cells of the original fragment reversing their polarity by an 

unknown mechanism. This interpretation is one offered by !-,ern. 

& Hunt (1975) who regard the finding of mirror reduplication from 

eye fragments as indicative of "a radical redeployment of locus 

specificities,,. While it is clear that ijdr some circumstances 

the retinal polarity appears to be an interactively maintained 

property of large multicellular regions and that polarity reversals 

can occur (Hunt & Jacobson 1973b, 1974b) I have opted for the above 

mentioned interpretation in which none of the cells of the original 

fragment alter their polarity. There are two main reasons for 

advancing this interpretationuirStlY, on the grounds  that this 

appears to be the most parsimonious interpretafl given that the 

maps can he interpreted without assuming spontaneous polarity reversal; 

secondly, because this would bring the retinal reduplication 

phenomenon into line w1;h ;hat is thought to occur in other 

reduplicating systems. 
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The reprog:amming cxprirnellts indicate a convergence of 

pattern reduplication configuration onto a final common pathway of 

either double-nasal or double-ventral type maps. The present 

reults however, along with the earlier findings from double-

temporal compound eyes (Gase oil al. 1963,1965) indicate that the 

temporal region of the retina also possesses an intrinsic axial 

organisation. The polarity of the temporal retina in temporal 

fragments is the same as that displayed in the intact eye. Polarity 

reversal, where it occurs, is always in the nasal retina. Furthermore 

it is clear that the polarity of the temporal fragments does not 

reflect a "respecification" by the orbit since rotated temporal 

fragments show rotated axes (Hunt and Berman 1975). Thus the 

temporal retina itself possesses intrinsic polarity vectors, rather 

than exhibiting a state of axial determination dependent on that 

of the nasal retina. A similar situation would appear to be the 

case for dorsal with respect to ventral retina. Dorsal peripheral 

fragments were capable of yielding normal retinotopicaily organized 

maps. Although the finding of double dorsal map characteristics 

is here equivocal, having been found in only one poorly organized 

map, a well ordered double dorsal map has been found by Hunt & 

Berman (1975) by the expedient of preparing the dorsal fragment 

from an eye rotated-prior to the stage of axial determination 

(which thus possesses the ventral fissure). The characteristics 

of this map are as expected by analogy with the other three classes 

of reduplication; the ventral field (dorsal retina) maps with normal 

polarity, while the dorsal field (ventral retina) maps with rnirror- 

image polarity 

The incidence of redumlication in each of the three 



analysabl U c]e is d  i'ferent, lasal periphcra rragments 

reduplicate most frequently (72), ventral peripheral less frequently 

(63) and temporal peripheral least frequently (6o). The occurrence 

of some non-reduplicated maps might be expected due to errors in 

the positioning of the plane of ablation (i.e. the inad.'ertant 

creation of central fragments). However the difference in incidence 

rate of duplication in different classes of fragments, though not 

statistically significant, may be worth considering briefly in 

view of similar differences in incidence rates in other studies. 

Berman & Hunt (1975) report that 

nasal (half) fragments reduplicated in 55-6O• of cases ventral 

fragments in 35-1.0 of cases and terrmoral fragnents in 25-35% of 

cases. The lower absolute value of these statistics is presumably 

due to a mixture of central and peripheral fragments in each group. 

However, the relative ordering of incidences is the same as in the 

present study. Two explanations of this difference suggest 

themselves: either the ?centre!  of the pattern does not correspond 

with the geometrical centre of the eye, or the difference reflects 

regional differentials in regulative ability. in the first case, 

it might be that the pattern "centre is located somewhat temporal 

and ventral to the geometrical centre of the eye. If this were true 

fragments excluding the geometrical centre would be expected to 

include the pattern "centre" more often in temporal and ventral than 

in nasal fragments. In the second case the differential would be 

attributed to two processes being set in train in newly constructed 

fragments: one a tendency to restore morphallactically the entire 

pattern in the fragment and the other, the processes leading to 

mirror-rcdumlicsticn. ifl fragments where radupliaation ras unde-wy 

prior to the completion of regulation, reduplicated maps would result; 
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conversely in fragments where rcgiilaU on was e 	Lcted. before the 

reduplication processes could opera-te normal iflCpS night result. 

It might be that nasal fragments require an increased time for 

regulation comoared. to temporal and. ventral fragments. 

In either case, it appears from the results of Hunt & Berman 

(1975) using fragments prepared from rotated -,ire—specification eyes 

that the increased frequency of nasal reduplicates compared with 

temroral is a feature of the polarization of the retina and not of 

the pre—existing morphology of the eye. These authors found that 

nasal fragments from rotated eyes (i.e. from embryonically temporal 

fragments) yielded 39 double nasal maps (3 out of 8) while temporal 

fragments (prepared from previously nasal material) yielded O (none 

out of 5) double temporal maps. Thus the asymmetry in redupli cation 

incidence is a feature of the retinal pattern, not retinal rnorphology.  

Finally, before proceeding to discussion of possible 

interpretations1  the results from oblique fragments deserve further 

comment. Here the low propertion of reduplication in peripheral 

fragments and a lack of reduplication of the expected kind thror into 

question the generality of the hypothesis concerning the role of the 

centre sustained by the orthogonal fragments. Two cautions should 

be introduced here: firstly, is the lowered incidence of reduplication 

due to the later stage of construction of the fragments (35/36) and 

secondly, is the criterion for reduplication of the "expected. kind 

a valid one? Berman & Hunt If  11975) reported that the incidence of 

reduplication in post—stage 32 fragments decreased with increasing 

age, Ho;e \re. this may have been due iaoly - the fact that with 

increasing age (and hence increasing size of the eye rudiment) 
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proportionate cell rim:age at the cut edge was s;iei.1.er, hence 

predisnosing ioi 	th rds 	e cictioi of an ino 	s icaod proportion of 

central fragments with increasing age. A small number of orthogonal 

fragments were constructed in the present studies at stages 35/36 

or 37/38. Of ii interpretable temporal fragment ma.s in the 

peripheral group -2 were constructed at ages later than 32, Both 

of these were reduplicated. The remaining 9 frag:ients, constructed 

at stage 32 showed 5 reduplications Again in the ventral peripheral 

series 2 of the 8 interpretable maps were cons truoted at steg 35/3 

and both were rcduolicated; while the remaining 6 made at stage 32 

yielded 3 reupiications. Thus the tentative conclusion may be 

drawn (albeit from a small sample) that peripheral fragments made 

at stage 35/36 do not show a lowered incidence of reduplication 

as compared with those made at stage 32. Thus, it would seem that 

age is unlikely to be an explanation of the lowered incidence of 

reduplication in the oblique fragment series The nature of the 

reduplications themselves remains to be discusseJ The three 

interpretable cases of reduplication were of the double nasal type, 

one of the three possessing a small region of additional duplication. 

The radial model outlined in Chapter 4, leads to the expectation 

of reduplication of the polarity of the existing fral-7-ent 7  about 

the plane of ablation. Figure 47 shows the expected pattern of 

reduplication from a nasoventral peripheral fragment and a nasal 

peripheral fragment plotted on a polar coordinate sysiem. In 

constructing these patterns, it is assumed that regeneration occurs 

at the cut edge circumferential values (o - 360) being heritable in 

radially elongating clones, and radial values elaborating siepwise 

%1th cell thvisi' 	It w II be anarant that two features diinguish 

the double nasal projection from the expected one: firstly, the 



FIUUfi 7. Expected patterns of reduplication in the maps 

from natoal perphera1 (a) and nasoventral peripheral (b) 

fragnents. The partial pattern values contained in the 

fragments have hcn shown or a radial coordinate ysten. 

Thus the nasal peripheral fra;mcnt (a 	top diagram) 
- 	 .0 	0 con ains circufer€:ntial values 15 	1610  and the 

nasoventral peripheral fragent (b - to diagram) 
00 

carcunierential values 75 	1p5 . The radial coordinate 

values are not shown for the sake of simplicity. It is 

assume:l that grow Lh occurs along the cut edge clakoratang 

the radial values stepwise with cell division and with 

circumferential values heritable in clonal lines. This 

will result in the formation of a duplicated regenerate 

(a & b - middle diara:ns) showing mirror—iimge symmetry 

about the plane of the cut edge. The bottom diagram shows 

the orthogonal plots for these maps. It will be seen that 

the expected duplication for nasoventral peripheral maps 

- bottom diagram) shows an axis of symmetry at E5 to 

the vertical midline and the axes of the duplicated map at 

000 to those of the original fragment. The AP axes are shown 

as solid arrows and the DV axas as dotted arrows. The regen—

orated 

 

,or-,Lion of the retina is shown shaded. - 
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0 	 - 
plane of symmetry is at an angJVe of abou 	to the veicai 

meridian of the field: secondly ths mirror reduplicate is appr oxim.tely 

9Q°  rotated with respect to the map on the original fragment. 

Clearly the double nasal reduplicants (see Figiu'cs 35 and. 36 ) do 

not correspond to this expectation. How then is one to interpret 

the finding of double nasal maps from this series? The simplest 

interpretation would seem to be that this is due to inadvertant losz 

of material from the temporoventral quadrant (only a fraction of 

which is included, in the nasoventral peripheral fragment) thus 

resulting in a fragment akin to a nasal peripheral fragment. The 

finding of double nasal maps as the only class of abberant reduplicants 

in the present series would be consistent with the sw estion of 

a -temporodorsal location of the natern "centr&. Thus in a 

nasoventral peripheral fragment loss of temporal tissue might he 

expected. in a significant number of cases. That this occasional 

loss occurs of the small amount of material from the fractional 

quadrants included in the nasoventral peripheral fragT.eats (temperc-

ventral and nasodorsal) is strongly suggested 'by the map shown ii. 

Figure 36 	Here a limited triplication of field poitiofl5 has 

occurred duch that the temporodorsal pole of the field, was mirrored 

at the nasodorsal and temporoventral poles. Such a map might be 

expected where the majority of the retina is being reconstituted 

from the nasoventral quadrant of the retina (temporodorsal quadrant 

of the field). If mirroring takes place along both cut edges a 

-triplicated representation of the nasoventral retina, mirrored about 

the horizontal and vertical meridians of the field, should result. 

This is indeed the type of map found inFina 36 . The reduplication 

about the heri7ontl m'ri 6 iae 	h.oev 	only artiai, the majority 

of the map being a standard double nasal ma;u. This is analogous to 
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the partial rethpli:ationi i''ted for orihooii1 half eyes 

(Feldman & Gaze .1975a; Berman & ilunt 1975) where a small sector 

of reduplication is superimposed or sandwiched into an otherwise 

normal map. It may be that such small aberrant sectors reflect a 

"nick" in the original fragment extending up to the midline. Figure 

48 shows the conditions of operation producing such maps. The 

cases of ab'oerant reduplication illustrated by Berman & Hunt (1975) 

show clearly the continuity of the ab1aerant region with the centre 

of the map, as would be expected if it were the sector of cells 

produced 'bycei.1 division from a "flick" in the fragment at operation. 

It should be noted that such an interpretation assumes that the 

pattern reconstituted from fr nents results from cell autonomy 

of the maintenance and 'transmis si.on (within clonal compartments) 

of their detej.'mination states. That is to say the small Group of 

cells around the edge of the "nick" giving rise to the abberant 

sector are presumed to be uninfluenced by the surrounding (majority) 

of cells restoring the normal patt 	 u ern. Such cell atonomy has 'been 

demonstrated in imaginal disc fragments of Drh 	(Tobier :1966; 

Garcia-Bellido 1966). Thus it would appear most likely that the 

difference of results from orthogonal and oblique peripheral 

fragments is a genuine one; that obliqae peripheral fragments yie&d. 

normal maps; and that cases of reduplication from the latter group 

can be attributed to errors in constructing the fragments (inadvert-

ently producing fragments restricted to the nasal portions of the 

retina) rather than to reduplication properties of -these fragments 

(when correctly conrtru.c'ted). 



F.LGUIE 48. ?roposed conditions of operation leading to 

alibc:rent sectors of duplication in eye fragments (a) 

sector of. duplication from a nasal central fragment. The 

fragment is showi to contain a "nick which crosses the 

midline. Ccll division proceeding autonomously along the 

cut edge will rest--re the remaining temporal portions of 

the fragment everywhere except at the nick. Here nasal 

cells are present resulting in the formation of a small 

sector of duplication. The AP axes of the mans are 

represented by solid arrows and the DV axes by dotted 

arrows. The edges of the ciupiicated sector are bounded 

by solid lines. The regenerated port-ion is shaded.(b) 

triplication arising from a nasoventral peripheral fragment. 

The fragment is snoim to contain no temporal issuo amd only 

a small segment of dorsal tissue. Duplication occurs 

along the vertical midline (as for a nasal peripheral 

fragment). At the nasal pole where the boundary of the 

fragment crosses the horizontal midline duplication also 

occurs in a manner similar to that described in (a) above. 

Again the extent of the regenerated tissue is sli-lo,,al by 

shading aint the,  cxtent of the abberc'nt sector of duplication 

is bounded, by shaded lines. The axes of the map re 

represent(-.-d as in (a) above. 
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A 3 	Ceilu1aiivi.nci Pattern Restorai;icn 

To what extent are the present results homo1o'ous with 

those of other rethlicating 'ystems and to what extent can 

homologous interpretations be offered? A caution is pointed out 

by Hunt & Berman (1975). in the analogous systems fragments of 

one type reconstruct the entire pattern, while the complementary 

fragment mirror-reduplicates only those parts of the pattern 

contained in the fragent (Butler 1.955; Gehring 1966; Bryant 1971; 

Schubiger 1971) 	shown in ChaDter 4, Figure 2. Since pattern 

cannot be directly assayed in the retinotectal map, it is not clear 

if normal maps are complete while reduplicated maps are  

pattern mirror—images. Hunt & Berman (1975)  have attempted to 

answer this difficulty by use of the three eyed competitive—

innervation assay (see Chapter 2). They find that both normal and 

reduplicating fragments yield a map covering the entire tecturn 

when mapped in concert with a normal eye. They conclude that the 

pattern in the reduplicants is also normal and complete. However 

the difficulties of the three eye assays have already been discussed 

in Chapter 2 and the reasoning used by Hunt & Berman cannot be 

taken as conclusive. In any case, the possibility of pattern 

regulation occuring in both halves of the eye after reduplication 

would not substantially inveigh against the suggested homology. 

There exists some controversy as to the cellular processes 

underlying pattern restoration in analogous fragmentat-ion experiments. 

The literature on Drosoahila iasginal disc pattern formation 

illustrates this, 11. is clear that pro1ifs'ation is necessary. for 

both normal and mirrorreciup1i cat ed pat-t'rn restoration ,Schuhige.r 
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19(1; Ursprung 1959; Nothiger & Schu1oi.er 19605). Controversy 

arises as to the, locus of Cell proliferation in the fragment and. 

the relationship bctween duplication and total pattern restoration 

Nothiger & Schubiger (1966) distinguish reduplication from regeneration 

(total pattern restoration) on the grounds that duplication simply 

involves the conservative replcation on a cell by cell basis of 

the existing states of (ieternhina±.lon in the duplicated fragment 

whereas regeneration involves the mobilization of developmental 

information not contained in the regenerating fragment. ?ostlethwait 

et al. (1971)  have challenged this view of conservative replication 

Of states of determination. Bryant (1971) p:roposed a model of 

developmental gradients which render duplication and regeneration 

identical phenomena, a view essentially akin to the "rule of distal 

transformation' (Wolpert 1971) outlined, in Chapter 4 Recent 

studies have tended to argue against the view of cell by cell 

replication throughout reduplicating fragments. Ulrich (19(1) 

found in a study of somatic mosaics in halved female Zenital discs 

that the number of mosaic spots was smaller in the "new " than in 

the "old" half but that the size of each spot was larger. This, 

he argues, is indicative of a "proliferation front" hypothesis, 

whereby the duplicate is generated mainly by cell division at the 

cut edge. Schubiger & Alpert (1975) made elegant use of the horneotic 

mutant, aristapeclia which transforms the third segment of the arista 

into the corresponding leg segment. They founds  using a temperature 

sensitive allele, that if eye—antennal discs were isolated after 

the temperature sensitive period and the antennal disc was allowed 

to undergo reduplication then the redupli.cating aristas went through 

a second tperatn'e sensitive period;  indicating that states of 

determination wore not being conservative1i replicated.. They also 



founc! that roi iforr:t;. oi ;as I i:i te in l.e 3isl efnt ( jir 

segment of the urista) of the original fragment and suggested that 

the distal segments of the duplicate must be produced by more 

proximally lying cells uhicli grew better. Both the results of Ulrich 

and of Schubiger & Alpert are clearly consistent with the rule 

of distal transformation and with the model proposed by Sum:nerbell 

et al. (1973) for distal elaboration of nattern with cell division 

(see Chapter ) Thus it appears likely that pattern formation in 

the insect imaginal disc, (Gehring 1966; Ulrich 1971; ryant 1971; 

Schubiger 1971; Schubiger & Alpert 1975), the regenerating amphibian 

lim (Butler 1955; Smith et al. 1974)and  the developing chick 1im 

bud (Sunimerbell et al 973; Summerbell  1974) all represent deployment 

of homologous mechanisms. Is, then, pattern formation in the amphibian 

retina underlain by mechanisms of the same kind? 

It is not possible to assess the role of cell division in 

the retina directly, due to the necessity for allowing several weeks 

to elapse between operation and aecay of the result by electro-

physiological mapping. That is to say, the map cannot be assayed 

without allowing cell division. However, as argued in Chapter 4, 

if the retina were dependent for a component of its pattern on 

distal transformation through cell division, one ought to be able 

to construct a map with only radial order by blocking the acquisition 

of the other pattern component. while attempts to do this by early 

explantatiori were not successful (see Chapter 6), such a map has 

been found serend.ipitously.  

those pa'oiishcci by }:us i Jacobson 

(1974b) resulting from midline transection of the eye rudiment at 
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staae 32. The sap is shoNn in hiE;:?e 9 	The map is reduplicated 

and appears to be an abortive attempt to form a double nasal 

The temporal field sends an appropriately ordered map to the 

whole tectum, v,,hile the map from the nasal field is scrambled. 

The map then allows examination of the radial hypothesis, since 

the corresoonding positions in ordered and disordered maps can 

be readily compared. The map, in effect has a built in standard. 

According to the radial hypothesis the disordered map from the 

nasal field should retain a degree of ordering relating to distance 

from the centre (i.e. the number of mitotic divisions the cells 

at that position have undergone) and no ordering related to angular 

or circumfcrential positions To test this prediction, an arbi.trary 

centre (c) was inscribed in the map as is an arbitrary boimde±y 

(CD). Corresponding map positions in the ordered (0) and scrambled. 

(D) maps could now be compared with respect to radial position 

(distance from C, measured in centimetres) and with respect to 

angular position (distance from CD, measured by the angle DC?, 

where P is the location of the field posiLion under consideration) 

Figure 50a shows this comparison for radial-position and Figure 5r)b 

for angular position. It will be seen that a straight line passing 

through the origin and making an angle of about 450  with both axes 

can easily be drawn through the points. That is to say, corresponding 

points in both maps show a tendency to be located at equal 

distances from the centre of the retina. No such best fit straight 

line, can however, be drawn through the points of Figure 50b Thus, 

there would seem to be no correlation in the angular positions 

occupied by corresponding points in the two maps. It is clear, 

therefore, tizat the aparent1y scrambled map from the nasal field 

is not in fact without order and that this ordering reflects a 



FiGU i9, Visuotectal map obtained by vertical midline 

transection of  a stage 32 eye (from Hunt & Jacobson 1974h) 

anal':ced in Figures 50 (a) and 50 (b) for radial orderings 

An arbitrary centre (G) and. bouxdary (B) have been inscribed.. 

Points in the two maps projecting to the sane tectal locus 

have been compared with respect to d. stances from C (radial 

coordinates) and from CD (angular coordinates) as &nown 

in Figure 50g. 
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iiGUTd 50a. An,~Iysi'lo. of Figure 49 for radial ordering. 

The iiotnncez of cori'esoon1ing poiots in the ordered 

(O) 1-1nd Jiordcrea (D) maps are plotted against each 

other. The numbers refer to the field position numbers 

in 13gure 49. The line represents the theoretczl 

funtioa (straight line at 
450) 

passing through the 

origin)  a- --aiming radial order i.e. that corrosonding 

points are cqudistant from the centre. it vii 1 be 

seen that the theoretical line fits the points fairly 

well, 
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FIGU1L 501). Analysis of Figure 49 for angular order. 

The angular distajces of cor:r'cponJig points in the 

ordered (o) and. r3jsord.ered. (D) maps from (ci) are 

plotted against each others There is no evidence 

of orcler 
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mapping ii, terms of distce from the centre, as predicted by the 

radial hothesis. It is not, uf coj.'oc i esry ht this 

radial ordering be achieved by cells differentiating a a fmction 

of the number of divisions they or their progenitors have undergcna. 

Some other component of cell behaviour mi1it conceivably uncle:lie 

this ordering, Nevertheless, mitotic "counting" suggests itself 

as an attractive possibility. ii should a].o be noted that the 

finding of a radial component in the map need not imply that the 

remaining pattern information is distributed. angularly. While a 

single case cannot be conclusive, it suggests a role for cell 

division in the elaboration of retinal pattern akin to that j:roposecl 

for the chick limb (Summerbell et al 1973) 

If then centroperipheral cell division in the retina 	- 

(traznicky & Gaze 1971) imposes a radial organisation on the ap, 

how is the remaining order maintained? ;;la-thematically, as argued 

in Chapter 4, the simplest way of doing this would ho to esalish 

an angular or circumferential ordering, thus specifying positional 

information to the retina on a polar coordinate system. However,  

the predictions of such a model, while consistent with the orthogonal 

fragment results is contraindicatod by those of the oblique 

fragments (see above'). This discrepancy of results can be interpret 

ed in rather a simple way, by assuming a stepwise determination of 

the retinal pattern. 

The results may be explained, if the retina at stage 32 is 

thought of as divided into 4 compartments, corresponding to the 4 

quadrants: naao:lorsai, nas cs 	 a -ntral1  'ha:orcdorsal nd icmporoventral. 

Each compartment is restricted in its ieveiop::entai potential such 



that it can only give use to cells forming t}ie appropriate 

suactran-t of the pat t.ern 	Within each qw.cirant cells would be 

identical in potency. Figure 51 shows the predictions from such 

a model for a nasal peripheral and a nasoventral peripheral 

fragment. The eye fragment is shown, in both cases, as being 

reconstituted by growth at the cut edge, the cells arising there 

transmitting their quadrantic determinstion to their progeny. The 

nasal fragment, comprising material from only two quadrants, forms 

a mirror duplicate while the nas oven tra],. fragment, comprising 

material from three quadrants reforms a normal man, with the 

exception that the temporodorsal quadrant of the retina is rcnlaced 

by a mirrored nasoventral quadrant. Such a mirroring would be 

clearly detected in the mapuing, however, and maps of this type 

were never founc.h it may be, however, that in the teaporodorsal 

peripheral fragments (Figure 33 .. 	 ) the absence of responses 

from saudomedial tectum and the temporodorsal field deficit 

represent just such a mirroring of the temporodorsal quadrant in 

nasoventral retina. This quadrant projects beyong the lateral 

edge and therefore would show up as a field deficit. An additional 

assumption is therefore necessary to explain the results. Some 

form of interaction between the quadrants, dependent on the number 

present, might accomplish this. Possible modes of interaction will 

he discussed in the following chapter. 

One difficulty with this view is worth mentioning here. 

It would appear to contradict the earlier suggestion of a cell 

autonomous replication of determined state, invoked, to explain cases 

of partial re:XLpLcation. Be that- as it may, the model may 'cc able 

to harmonize the apparent discrepancy of results between orthogonal 



FIGIJPLE 51 	Expected duplications from nasal perheral 

end nasovontrel neriphcial framente assuzai.ng guadrantic 

d.etorrninalioil of developmental fate. In the 	diagram 

the intact retina wi-tb a primary patiern of four 

quadrants ifi shown (a) the duplication of the remaining 

two quaCLrants of a nasal peripheral frag.nent. It- is 

assur1cd that gi'o-ith occurs along the. cut cd.ge and that, 

progeny of cells from a given quadrant are 	e of 

only tissue of thaL quadrant (b) restoration of 

the remaining three quadrants of a nasoventral peripheral 

fragment and duplication of the nasoventral quadrant in 

place of the missing ±e;rporodorsai quadrant. As. imptions 

as are in (a) above. 
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and o1)1icuc freiieuts. Furthermore, such a stepwise compartment—

ation of a pattern field, is char tei-istio of Drosonhila imaginal 

discs (Becker 1957; Bryant & Schneiderman 1969; :BryarAt 1970; 

Garcia—Bellido et al, 1973)  and developmental potency,'--.,J_-thin such 

compartments appears to he restricted (Hirich i7i) 

B. 	1)ThCUgSION OlE? THB MIDLINH T1LANSlCTI0ll 1?ISULTS 

The results presented here indicate that transection of 

larval eye rudiments may result in the reversal of polarity in one 

of the two halves of the transected rudimentG Thus, as argued by 

Hunt & Jacobson (197ZI,b) T  polarity, at the stages studied, would 

arpoar to he a systemic rather than a cell autonomous property 

of the retinae The occurrence of polarity reversal of 

(Hunt & Jacobson l974b) is rather strictly dependent on the 

conditions of operation. In none of the 39 cases comprising series 

1 and 11 was a "reprogrammed' map obtained In series 111. where 

such maps did occur this configuration represented a minority case 

(2 out of 17 animals). As in the results reported by Hunt & 

Jacobson (1974b) only "double—nasal" reprogrammed maps were 

obtained after vertical midline tranectione 

B.1.  

The present results extend those of Hunt & Jacobson (1974h) 

by examining the effect of transection on pre—specification stage 

rud.iments Your eye rudiments at stage. 29/30 were transected 

- 	dong th; -,rertical nidline and. 3 along the horizontal r;id1ine. In 

none of 4 ese 7 cases did anything other tI 	a norma-I 'nt 
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Thus the introduction of tissue disonnuity at t1n. stage of 

determination o.-L' the anteroposterior adls dirt not orveni the 

creation of the normally ordered map configu.raticn in this, or 

the subsequently determined dorsoventrai. axis. Siralarly normal 

maps were produced by 3 rudiments transected- along the vertical 

midline and.  6 along the horizontal midline at stage 31. Thus 

tissue discontinuity during determination of the ciorsoventral axis 

did not prevent normal dorcoventral patterning of cell differentiat—

ions It may be that integrity of the tissue is not necessary for 

the expression of pre—existing presumptive  polarity (Hunt & Jacobson 

1973a), or alternatively, that the discontinuIty would have to he 

maintained for a greater period of time to modify this expression. 

The present results cannot decide 'between these alternatives. 

B.2. 	Maintenance of the Determined State 

The finding of normal maps as a majority case following' 

midline transection post—stage 32suggests but does not neccarsitate 

the conclusion that in the majority of instances -polarity vectors 

are relatively stable in eye fragments it may be that after 

traneec-tion the polarity vectors do tindergo change in one or both 

of the fragments but restabilize in normal configuration in the 

majority of cases. The former alternative is strongly suggested 

by failure to find, in a single case, reversed axial commitments 

in the progenitor population of cells comprising isolated eye 

fragments (Chapter 7 - , Feldman & Gaze 1975a; Berman & Hunt 1975). 

That is to says  temooral fragments ncvc-r give rise to double nasal 

ras or nasal frag;nents to double tem;mral maps. Is then the 

reproga'amraing phenomenon a genuine one? Given that eye fragmen ts 



are knori to be capable of mirrc' reciupiicatioii, is it not 

possible that the results are due to fragment loss after transection 

and rniror—reduplication by the remaining fragment? Two arguments 

militate against this possibility. Firstly, the traisected rudiments 

were kept under close observation during the post—oper:tive period 

for precisely this reason. The small proportion of transections 

which failed to heal normally or in which a fra'nent was lost 

were discarded durins the first 24-36 hours of ooeration. Secondly, 

Hunt (1975)  has conclusively demonstrated the reality of the 

reprogramming phenomenon by fragment salvage" experiments (Ciiater 

3). Finally it is worth noting that Hunt & Jacobson (1974b) 

obtained mirror—reduplicated projections in /O of cases. Since 

their isolated fragments (Berman. & iThnt 1975) yielded rodunlicated. 

maps in, on average,40'i"3'of cases one would have to conclude that 

something approaching lOO; of Hunt & Jacobson's tanccctioxis were 

subject to fragment loss if one w±dhcd to use this as an explanation 

of the map configuration. 

Since, as mentioned above, isolated fragments do not aitci' 

their polarity the "reprogramming" phencmenon must involve a 

genuine interaction between the two fragments involved. This is 

also suggested by the finding of stable intermediate configurations 

in fragment salvage experiments, in which one axis has been 

reprogrammed but not the other (Hunt 1975). 

B. 3. 	The ech onion of ltejrin. 

IiiJn P. Jacoieoxi 197zh) suges' that the rearogram:n!ng 

phenomenon is de, not so much to transection of the eye, as its 



refusion. This suggestion is made on the basis of the fusion 

of whole eyes with resulting reduplicated mass. however since 

the eyes were fused with mirror symmetrical relation (temporal 

to temporal or dorsal to dorsal) no inference, of reprogramming 

is neCesSar,T here. Howover, as argued above, the fragment 

salvage experiments and the eye fragment experinents would seem 

to suggest that reprogramming requires a genuine interaction 

between the two fragments 

The observation that ionic conditions affect the occurrence 

of reprogramming, is entirely consistent with this line of 

argument. Ionic conditions might canalize the process in two 

ways: either by affecting the healing rate, or by affecting 

electrotonic cell coupling. In the first case manipulation of 

ionic conditions would. alter the time at which end.ogenous 

processes within each fragment were able to interact, exogencusly, 

with each other; in the second case anisotonic conditions may 

simply uncouple cell communication (Loewonstein et al 1967) 

resulting in the self—differentiation o the fragments Thus 

the first mechanism would reflect a temporal balance between 

endogenous and exogenous factors while the second a total abolition 

of exogenous factors. The finding that the healing rate is 

slower in the Series III conditions (when reprogramming occurred 

in the present study) is consistent with the first alternative. 

The most intriguing feature of the reprogramming results 

is the finding of mirror-redulicaulcn (an axial inversion) 

rather than taniem-.reciuplicaton (reduplication with the came 



po1arity) 	hicklin eL al (].973) found the formation of 

anterior pa-,ts, at the boundary of crafted head ends to 

decapitated. ha when the graft integrity was inleirupted 

by a cut, 	wett (1926) also found taudeinly red.up1icaccd 

limbs after transection of Amblystoma limb buds provided 

healing of the fragments was prevented by interposing 

neutral tissue. hirror reduplication can be brought about 

in Tubuloria when the dominant heal end (hyU.arth) fails 

to inhibit hydranth formation throughout the length of the 

stern. This can occur in ageing individuals(Rose 1967) 

or in anirnuls artificially lengthened by grafting (J. Cooke: 

personal communication). however this situation is not an 

adequate model for the present results, inasmuch as they 

would seem to represent the result of, rather than the 

failure of interaction. 

There are also suggestions in the work of Harrison 

(1921) on limb bud fragment recombinants of a similar 

Phenomenon. AP harmonious DV disharmonious recombinants were 

made by combining the anterior half of one bud with the 

posterior of the other (the analogue of the work in Hunt & 

Jacobson 1973b).  Reduplications resulted when the posterior 

half was the one left in situ and not when the anterior half 

was left in situ. Thus the present results would not appear 

to be without precedent but they do not appreciably enhance 

our understanding of the mechanisms involved. It may be 

significant for the asymmetry of euls in Hrrison' e 

reconbinan 	iat. the 'boundary' region of the A' rolarity 

in the limb bud. is !ocatol posaerioriy (baunders 1972). 



Recent resu1t; indicate that this region behaves formally 

in graft comoinalaons as if it were the source of a gradient 

(Tickle et al, 1975) in view of the extensive analogy 

between liib bud. and neural retina results touched on already, 

those results night suggest an avenue for proceeding to a 

mechanistic understanding. 

It would at present be an overinterpretation, of the 

data to carry further the discussion of mechanisms. The 

results allow us to infer that reprogramming requires an 

interaction between the fragments and •therefore that polarity 

at the stages studied is a systemic property of the retina, 

It seems likely that reprogramming represents a balance 

between endogenous and exogenous polarity variables in the 

fragments. The importance of these results is in the constraints 

they place on theorizing about the nature of the interactions 

occurring across the retina at stage 32. In Chapter 9, a 

model for retinal pattern formation is developed which 

successfully accounts for much of the data currently available 

on retinal pattern. However the present findings on midline 

transection are not yet explicable. 



CHtPTEY 9 	A MODEL FOR RETINAL PATTEFLN FOR1IATION 
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A. 	T1U! \TtJtI OI  

A number of disjointed interpretations and hypotheses have 

been presented in the preceding chapters in relation to the 

various studies on retinal pattern forrüation It is now apposite 

to attempt to link these into cone sort of general and testab-le 

explanatory schema Some final points of terminology and 

interpretation must, however, first be sketched in. 

A.]. 	The Determination Process 

Although no experiments have been prc;sented in these 

studies concerning the events of axial determinations  a few general 

points are worth noting. 

The 'term ttde'texmina+]on", which has been used throughout the 

discussion s  can have only an operational definition. It refers 

to the observation that, after stage 32, the axes are not modif'ia'blc 

in the intact eye rudiment by the experimental procedures so fa-L-- 

used 

ar

used (rotation, ectopic grafti.ng, explantation to culture and delay 

in achieving tectal innervation). i.t should not be taken to 

imply (although such may indeed, be the case) any necessary change 

in cell behaviour at stage 32 , corresponding to a triggering 

event or the activation of novel gene readout. For example the 

events of stage 28-32 may simply represent the continuing evolution 

of some cell state variable(s) 'beyond a 'threshold of irreversibility 

(see for e,ariple the model proposed by Meinharit & Geirr 1974). 

Fina11v  the determination events should not be confused wi th 



lhe specifi.c:tion of positional info.rmation as they havc la-en in 

the interpretation offered by Hunt & Jacoheon (1972a,b ; 1973a)-

T- Chapter 1 it was argued that positional information and. polarity 

may be distinct elements of pattern formation There is no 

evidence available concerning the specification of positional 

information in the retinal ganglion cells or its timing. 	Such 

information vould be difficult to obtain in the Xus system 

since (Chapter 2) distinct pattern elements cannot be assayed 

here. There are indications of such data in the chick system 

(Kahn 1973; Crossland et al 1974)  where eye rudiment lesions on 

day 2 of incubation result in "holes" in the subsequent map. The 

interpretation here, however, is coufoundod by the possibility of 

retrograde degeneration in the tectum following retrograde 

d.egeneraion in the isthmo—optic nucleus which projects to the 

retina. 

A • 2. The Determined State and IRP-21-:20Tam 

It is worth pointing up the nature of the problems raised 

by the reprogramming data Does "reprogramming" of the temporal 

fragment in mid-line transections or nasal right/temporal left 

(AP harmonious, DV disharmonious) involve an "instructional" 

effect on the part of the nasal fragment? If so the rcprogrammfng 

of the AP axis of the temporal fragment involves not an entrainment 

( o 
to that of ne nasal fragment but to an axis at loO to it. 

Secondly, in the case of nasal right/temporal left combinations, 

the DV axis is also reversed in the temporal fragments Yet 

presumably the ex-tent of the miorooventral axis including any 

or tLoin ia y reious, is ih Eam in both 



;1 	n if the V :e.J t.' 	ae aeo-n:iei U 

(see however cia scussi on of thii anpt on by Goodwin 1972; 

Straznicky et al 1974),  ohouic. the nasal frient possess the 

ability to reverse the DV axis of he tcmporal fregment? One 

crucial contro) has been missed. out front the experimental series 

of Hunt & Jacobson (1973h), The reprogramming of the DV axis 

might be due either to its being brought into aliiinent dth 

that of the nasal fragment, or with that of the orbit. The 

missing control to test this possibility would involve the 

construction of comthnations in which the nasal fragment was A?-

normal, DV.-.inverted and the temporal fragment AP—normal, DV—

normal. This could be accomplished. by Uranspintiag a left nasal 

fragment, 1800  rotated in place of a right nasal fragment in a 

right eye. If the DV reprogramming were due to the surrouaid, 

the DV axis of the temporal fragment would be expected to remain 

normal. If on the other hand it were due to the nasal fragment, 

the DV axis of the temporal fragment should invert. CirorisUantial 

evidence against such a surround effect is available. It can 

reasonably be asserted that the nasal fragment is necessary at 

least to trigger the process since reversal of neither A? nor DV 

axis is found in isolated temporal fragments rotated through 

varying angles (Hunt & Berman 1975).  It would also seem that -the 

continued activity of the nasal fragment is necessary, Hunt (1975 

in the fragment salvage experiments described in Chapter 3, found 

that the reprogramming phenomenon had a distinct time course and 

that removal of the nasal fragment at intermediate times resulted 

in AP-inveried, DV-inverted. maps as stable intermediates. Thus 

the cospletion of the fa'st stage of. the process (A? reversal) 

is not sufficient to initiate the second stage (DV r.eversal) 



However, such indirect evidence will not subsU tute :ior the 

critica) exprirnents. 

A final point deserving comment is the nature of the 

termino1o2y ad.00ted. by Hunt & Jacobson to describe the phenomenon 

and the view of the process implied, in the terminology. The 

postulation of a "reprogramming" event;  implies, quite correctly, 

that an axial commitment is changet. It also impli'.s, however, 

at least in the usage of Hunt & Jacobson, a "rero'amin" 

fragment and a " 	a ned" fragment. The nasal fragment is 

presumed to remain unchanged in its polarity cliarasteristics, 

while the temporal fragment is presumed to change. However, th 

axes in the nasal fragment also appear to undergo change in the 

maps presented. (Hunt & Jacobson 1973, 1974). The "charmoterictic 

bowing" of the axes, described by Hunt (1974) is evident in 

both fragments. It might then be more reasonable to conceive the 

process as involving a change in both fragments, which !nic;ht, 

but does not necessarily, involve an interaction between 'both 

fragments. 

It has been suggested that mirror—reduplicated pattern 

formation in the neural retina fragment paradigm presents an 

appearance similar to that found in other fragment systems: 

namely a stepwise creation of pattern d.iscontinuities or 

compartments;  analagous to that observed in insect imaginal discs 

and a growth related mode of distal transformation suggested by 

the necessity for proliferation in imaginal discs and analysed 

formally in the chick Iir'b. In addition, 1owever, a simplistic 

formulation in terms of cell autonomDns developmental reSti'.Ct)oh 
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in clonal cornpartnients is comtra cU.ctcd by the finding of 

sytemie in craction at stage 32 (in rc rogramming experiments) 

and at stage 35/36 (in normal pattern formation in oblique fragments). 

The results sunimaried in Chapter 3 (section A) are clearly 

consistent with the first two elements of the situation e:bove: 

viz, the elaboration of pattern with growth (microphihalmic eyes: 

Hunt 1975) and the absence of the entire pattern, transmitted in 

clonal lines, at stage 32 (yuan ciliary margin extirpation: 

Hunt 1975). 

The eye fraguent results, suggesting compartmentat ion, 

bear on the nature of the. thinterpretatonh mechanisms (see Chaster 

i) of the pattern forming system; while the reprogramming experiments 

bear on the positional specification mechanisms. In general in 

contemporary developmental 'biolor, we possess greater iriormstion 

about the former than the latter. Insofar as is possible, the 

discussion below will discuss these two aspects of the problem 

separately. 

B. 	TEL INTERPR1ATION OF POSITIONAL _IJ
.  iOR!tT1ON IN TEL 

RETINA 

At a minimum the retina, conceived of as a two dimensional 

cell sheet, must possess two components of positional information 

(Sperry 1945 Szekely 1954; Jacobson 1968a), It has been argued 

in Chapter 8 that one component of information is radial (specifying 

position from the centre) which may. be  built directly into the 

division progrnae at the ciliary margin. This cosoonent represents 

the analogue of the proxmo-.dista1 cicck oostulato& in the 

vertebrate limb (Summerbell et al 1973),  Here the specification 



and. tac interpration of pooiiional inforiaation boar a (tiroo 

rolation to each other. A mechanism for such a "C1OCk' is 

discussed by Holliday & Pugh (1975) involving sequential 

modification of base eequenccs in the nuclear BIIA although 

clearly other mechanisms are possible. 

The eye fragment data was interpreted, in the last chapter 

as indicating a quadrantic compartrnentation of the retina. On 

this interpretation by stage 32, two pairs of compartrnerts 

(nasal/temporal anl dorsal/ventral) are established.. At this 

stage, the retina comprises approximately 300 cells with a radius 

of 10 cell diameters (Jacobson 1968h; Strazriicky & Gaze 1971) 

and thus about 75 cells per quadrant.'Each quadrant in its outer 

annulus would contain 15 cells. Thus the worst resolution 

(achieved in the widest annulus) is 15 cells. That is to sy 

within each compartment regions are uniquely specified (given 

also radial specification) to the level of 15 cells Further 

growth will, of course decrease this resolution, necessitiating 

the creation of further compartments. If one assumes that the 

size of each compartment is 75 cells and that further compartmen 

ations also proceed by binary restriction, every time a compartment 

achieves a "critical mass" of 150 cells it will be bifurcated. 

Such a bifurcation would then create a poorest resolution (at the 

outer annulus) of 15 cells, and a best resolution of 7.5 cells 

(at the inner annulus). Since the electrophysiologi cal mapping 

technique resolves to approximately 5 retinal cell diameters (see 

Chapter 5) this will result in an effective experimental resolution 

ó 3 cells (ai the ooerest) and 1.5 cells (at the best). Thus 

we can now represent the earliest stages of pattern formation as 

in Figure 52 . At stage 28 only a radial orani sat' on will be 



i'IGUhE 5 . Proposci elaLoration of the retinal pattern 

durj.n 	eve1o,mcnt (a) Ete 26: rIi.l order only (o) 

ste 31: cTca.Uon Of four polyclonal coapartients 

ir:lpooing a euathntio prinry pattern on the ra ial 

order (c) further compartentation at later stages 

croatiug more refined subdivision of the retinal 

pattern field Throughout deve.ioo:nent the radial order 

is c,sumedto extond i'ith growth. 
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fixoLl ( hi Ch in :Ltsa].f rny not ho deal , ;in 	nit ools h 	no 

yet become restricted to the margin) 	3e i'een stages 29/130 and. 

31 quadrantic compartmentation is fixed. forming the ancestral 

cells of the future nasoclorsal, nasoventral temporoclorsal and 

temporoventral quadrants of the adult retina. Prospective potency 

of cells during normal development may then (lifter between quadrants. 

At these stages all cells within a quadrant will exhibit common 

prospective fate, further circumscribed only by radial value. At 

a later stage (late 30's to early 40's assuming an 8 hour cell 

cycle time) a further coinpartmentation divides the progeny of 

each compartment. Further such compartmentations, at critical 

mass, could occur until the retina reached its adult complement 

of 50,000 cells (in Xenopus). To divide the adult complement 

into compartments of 75 cells approximately 666 compartments 

would be required, which in turn would require between 254 and 

510 such bifurcations. If the events producing the bifurcationa 

are not independent (i.e. if they occur throughout the retina 

simultaneously in all compartments as for the stage 29-31 events) 

only between 6 and 7 such events after stage 31 are required 

( 4 	= 666). 	n is therefore between 6 and 7 and 

indicates the number of events after stage 32 necessary to create 

662 compartments. As mentioned in the last chapter, such stepwise 

creation of differentiation commitments has been found, in somatic 

recombination experiments in the Drosophila leg disc (Bryant & 

Schneiderman 1969) eye disc (Becker 1957) and wing disc (Bryant 1970; 

Garcia—Belliclo et al 1973). It is also, of course, characteristic of 

the determination of organ orimordia in the amphibian primary embryonic 

field., within ;;hich more refined. d.ifPerentiation occurs only 

subsequently. It is possible that the mechanism outlined has not only 

analogical or tcnological relations to that in these other stuatic:r 



that it is in fL ..rl;rictiy 	o10 	ui sev:Lal of them. 

this were true it might explain why rethnlioatin rather than 

pattern refcrmat;ion is the stand.ard finding for Droso2hila discs 

(Gehring & Nothiger -197 3) 	Thus if there were a central junth:tion 

of clonal compax-tments and a radial component excessive tissue 

destruction of halved discs might lead to the absence of central 

fragments. French (1974)  has indeed, argued for a radial mode]. 

identical to that outlined in Chapter 4 for Droola leg discs. 

The proposal of a stepwise determination of retinal pattern 

is thus consistent with findings from other systems and allows 

of a parsimonious use of developmental information, while allowing 

the simplest number (2) of developmental decisions to be made b: 

cells at each stage. Thus it contains in its interpretational 

simplicity a corresponding precision of pattern formation. Yet 

why should such a stepwise mode of determination he so commonly 

encountered, as opposed to a simultaneous and continuous 

specification of all pattern elements such as that found in 

The situation in hydroids may not of course be strictly comparable 

in that they do not appear to undergo cellular determination, as 

commonly understood. Rather, they involve the continuous 

specification of positional information and a corresponding lability 

in the differentiated state of cells. Such a mechanism may be 

an evolutionarily primitive state of mechanisms found in higher 

organisms, where the role of cell division and determination may 

become more prominent (Summerbell et al 1973). Maynard—Smith 

(1960) has argued that ascepwise and multiplicative mode of 

determination is a formal nccessity However, this argument 

rests on the assumption of a Turing—type mechanism (see Chapter .) 



arid, the limits of its precision. The on.y indicator we have of 

the limits of ITrecision that ;niht be possible in othir mechanisms 

is the empirical generalisation that developmental fields never 

exceed 100 cell diameters in linear extent (Loipert 1969) and the 

size limitations of this magnitude imnosod by diffusion mechanisms 

(Crick 1970) 	A further possible reason for the stepwise mode 

is encountered in considering the mode of growth of the retina. 

Unlike the linear growth of the limb bud, this system grows 

radially. Therefore if -the entire pattern was specified at an 

early stage, it would be subject to unequal distortion at the 

centre and at the periphery. Thus the peripheral elements would 

he formed with less preClS)Ofl. While it is poesib). c to imagine 

a set of intorpretitional gradient thresholds ordered in such 

a way as to offset this growth induced distortion, it woalcel reuire 

a highly precise packing of thresholds at the periphery which 

would result in a corresponding lack of reliability or "fail.- safe" 

potential. A similar argument may be a possibility in relation 

to imaginal disc pattern formation. 

This aspect of the model thus makes a number of predictions 

which are, in principle at least, testable. Unfortunately, the 

elegant techniques involving somatic recombination developed in 

insect work to demonstrate clonal compartments, are not available in 

arnphibia. If or will the extirpation work used in the present studies 

allow of such demonstration, for the potential to reconstitute a 

compartment may well reside at the level of the primary quadrants. 

Ciliary margin FUdR extirpation at later stages might achieve this 

as 	culc1 tra is, iocation of mergin.al material, if such trans1oca- 

ion were technically feasible in mid-40's stages the model c1eat0r 



predicts a suhquadrantic type of mirroring. 

THE SPLCiPICtTICN 02,1  POITIOFTh I iNFOEiLT1 ON 

One comonent of "posi-tional information", as discussed 

above, is built into the radial growLh programme itself. It 

is this component which confers polarity on the isolated fragaen-ts 0  

It now remains to discuss the possible nature of the pattern 

"landscape" which createc the proposed compartmentation of the 

retina. In looking for relevent data for the construction of an 

appropriate model one is again hampered by the inability to 

assay pattern in the system. There is',indeed, no entirely 

convincing demonstration that positional infcrmation has been 

specified in the retina at the stages discussed. Therefore, it 

must be recognized in what follows that this assertion is of the 

nature of an assumption and that the attempt made here constitutes 

the erection of a working hypothesis rather than a final explanat;ioa. 

Pre-.emineiitly the data suggesting reprogramming will be drawn 

on, and in particular the intriguing observation (Hunt & Jacobson 

1973b; Hunt 1975)  that, in nasal right/temporal. left combinations, 

the clorsoventral axis as well as the anteropcsterior axis is 

reprogrammed. Reference will also be made to the subtle but 

reproducible alterations of pattern axes found after various 

fragnent recombinations: the cartwheeling found in doubic ventral 

maps (Straznicky et-  al 1974)  and the hooking of axes found in 

reprogramming experiments (Hunt 1975) 

The simplest model for retinal cost Lion.1 inf'craaioa 

might involve a single "gradient" in each axts, with a single 



nte:cpretat1ocial hi'chold in each gradierit 	Thu.-.; in the antere- 

posterior ax-A s, all cells aborc the tlirethoLd. oul6. 
471 

 

and all those below the threshold temporal tissu 	tJOeVer, it 

is difficult to see how such a model alone will account for the 

reprogramming results. Five more elaborated models will be 

discussed and compared. here. 

The first four models will be discussed only briefly. 

Though they accord with the current picture of retinal pattern 

formation in postulating a Cartesian coordinate grid, for 

positional specification, they are unable to account adequately, 

desote their very different underlying mechanisms, for dcrsoventraJ. 

reprogramming. The fifth model evade this difficulty by 

utilising a non-Cartesian coordinate grid.. 

C 1. 	Orthogonal Iodels 

Mo a  li: Direct Quadr anti o Oanisatcj 

Two "gradients" in each axis, their sources located 

centrally and propagating peripheral, would pattern the axis into 

two compartments, assuming that a boundary preventing overlap 

is set up between the sp4eres of influence of the two sources. 

The reprogramming results might be accommodated on such a model 

if it is assumed that following post-operative trauma, one 

source in each axis is regulatively restored more rapidly than 

the other and succeeds in capturing the tissue normally patterned 

by the cenplaaentary eourc 	The nde.i also directly exulaLn the 

eye fragrient results if it is assumed that a source can only be 



t5o. 

reformed in tissue hich it had, prcvlousiy pattcrTiOd.. That is to 

say, nasal tissue cannot regulate for the removal of a temporal 

source and vice versa. Thus orthogonal peri-pheral fragionts, 

possessing only three of the four tissue types, mirror ciupli on e 

while oblique peripheral fragments possessing all four tissue 

types rcto:ce the normal map. The model predicts (a) an orga.nizingu 

role for the centre (b) that reprogramming is dependent on rapid. 

healing time (since contact between the fragments must be restored 

after the first but before the second source has regulated.) 

The model however has the defect that it requires special pleading 

for the finding of clornoventral reprogramming. In addition it 

would predict cases of both anteroposterior and dorsoventral 

mirroring after destruction of the centre (for example in midline 

transection) and such maps have not been found in such situations. 

IVioclel 2: Inhibitor Gradients 

This model assumes a single "grad-Lent" in each axis, one 

originating at the nasal pole and the other at the ventral pole, - 

the gradients being of an inhibitory nature. They might for 

instance reflect a graded threshold for inhibition (c.f. iebster 

1971) across the axis. All cells above a given threshold would 

produce an inhibitor and would be nasal or ventral cells, while 

those below the threshold would destroy the inhibitor and would 

be temporal or dorsal cells. Considering the nasotemporal axis, 

the introduction of a discontinuity in the cell sheet (by midline 

transection or fragment recombination) and the consequent relief 

of i.nhi1:isien :ould begin a regulatory uroeess in the temporal 

fragment. Lith short healing times the inhibition (from the nasal 



tissue) woulcibe restored he.Loro the temporal cc:Lls had completed 

their regulation and. a normal map would be rtd. With longer 

healing times the most nasal of the tempora]. cells would have 

completed their regulation prior to the :cestoraL1OIL ofinlilbition 

and would have bcn able to set up an entire field within the 

tenporal tissue. Here tandem reduplication should result (although 

the maps might be scrambled due -to the mismatch between the 

radial component and the c.ompartrnentation)o With intermediate 

healing time 9  assuming a relatively slow passage of the inhibitory 

information across the tissue, the most nasal of the temporal cells 

might be reincorporated into the pattern of the nasal fragment, 

while the most temporal 'of the cells continued regulating and 

achieved nasal values before the inhibitory signal from the nasal 

fragment reached them. here the mirror reduplicated maps of the 

rcprogTarmniflg experiments would be produced. 	The model exulains 

the eye fragment results by assuming that formation of the regenerate 

is underway, with the compartment values at the cut edge 9  before 

regulation has altered these values. It may indeed he possible to 

explain the characteristic differences in duplication frequencies 

if nasal fragments regulate less rapidly than do temporal fragments. 

The model thus predicts that reprogramming is a feature of healing 

rate, as in model 1, but this time it occurs at intermediate rather 

than rapid healing times, it predicts no organizing role for the 

centre. However, again it has the disadvantage of not directly 

explaining dorsoventral reprogramming and in addition is not 

consistent with the findings from other gradient systems that 5  

in the shert term, regulation of pattern value occurs only at 

the hou ar' or cut cage (see for e:'ari'ple HicLlin et a]. ).?7). 



1.10 ujel 	Po1iri i 

In each axis a mornhogen 'rent is established by 

active trannport against a concentration gradient. Failure of 

the necessary pumping mechanism in the reprogrammel fragments 

would result in the niorphogen at the junction establishing a 

gradient of reversed olope by passive diffusion. Thus a rairror 

reduplicated. map would result. The eye fragment results are again 

explained on the basis f cell heredity in the regenerate. The 

model predicts that interference with ener' metabolism wcu]ci 

tend to produce this result. It may he of relevence that Hydra 

treated with the rnitoohondrial poison oligomycin D shows such a 

pattern of partial axial reversal (Woipert et al 1974)  and that 

bicaudal phenotypes in insect embryos can he produced. by inter--

ference which results in mitochondrial damage (andcr 1975). The 

model again suffers from the disadvantage of requiring additional 

explanation for dorsoventral reprogramming. In addition, it is 

not immediately apparent why the transport rnechani a should break 

down only in the reprogrammed fragment. 

odel: Double Gradient 

In each axis two gradients of opposite slope are maintained 

with sources at either pole (c.f. the sea—urchin double gradient 

model: Runnstrora 3.933). Failure of the gradient propagation in 

the reprogrammed fragment would result in the entire axis being 

patterned by a single gradient, a mirror—image polarity being 

conferred by the radial component. The eye fragment results oul 

be explained, by a similar lack of one gradient. This model cnnountrs 



similar dif±icultis to the prev±ou one: namely the requiredent 

of special plcacting fOr dorsoventral reprogramming and the 

diffic;uJ by of accounting for a reproducible breakdown of only 

one gradient, 

C. 2. 	Circumferential_Snecification 

In previous chapters a model based on a radial coerdinate 

system has been briefly outlined. while the discrepancy oil results 

of the orthogonal and oblique fragment series militated against 

such a model, it may be premature to dismiss it in the light of 

a single experiment. Indeed there is much that such a model can 

still account for parsimoniously. An objection stressed in all 

the previous models was their inability to directly sxpiain the 

reversal of the dorsoventral axis which occurs along with antero--

posterior reversal in nasal right/tcrilporal left combinations 

(Hunt &. Jacobson 1973b;  Hunt 1975).  It will be apparent that such 

a difficulty :is obviated in the case of a radial model with 

circumferential propagation of one component of positional 

information. Figure 53 illustrates this. The direction of 

circumferential propagation in a stage 32 left and right eye is 

shown as from dorsal clockwise in the left eye and anticiockwisc in 

the right eye. Combination of a nasal right with a temporal left 

fragment results in a comhinant with mirror—imaged propagation 

directions in both fragments. This might result in both fragments 

being patterned with identical (but mirror reduplicated) circuim—

ferantia.I. values by the dorsally locate;". boundary in the nasal 

fraent nroducinc a dofb.1.e nasal 	Figure 54 illustrates 

the situation for nasal/ventral recombinants. A nasal right/i;entral 



iICUf]. 5 ,  Irop050d. explanatlon of repr 	am:ing of 

developmental axes in nasal rigi1;/ temporal left eye 

f:oagment recombj!at1on experimen tnj by meono of a 

circumferential signal. Intact left and ii.ght eyes 

are shomu at the ton of the figure. The circumferential 

signal is assumed. to be polarized in its propagation 

from a dorsal boundary clockwise in the left eye and. 

anticlockwise in -ftc. right eye. Coabination of a nasal 

right an6 a te:ni.oral left fragment is shovm. The 

propagation polarity in each frag:tent is indicated by 

on arrow. This polarity is such that only the boundary 

of the nasal fragment is able to prooagatc ito signal. 

This signalling occurs in both fragments to'create a 

mirror-reduplicated nap of the "double nasal" type 

(bottom right). The inset at the bottom left shows the 

disposition of the presumptive orthogonal axes of the 

fragments at the time of combination. The nasotemporal 

axis is represented by a solid arrow an.1 the dorsoventral 

axis by a dotted arrow. 
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i(it recol!nnt would. produce exautly the same sort of 

possibility for rcp:co;r'ammiog as J.l d. the nasal righ b/tempora:L 

left recombinant. L;ain reorienLaL:i.on of -the axes to sro(iuce 

a double nasal iliap is unproblematic. However the nasal right/ 

ventral right recombinant produces the opposite recomb nation ol 

propagation polarities. Here reprogramming by the dorsal boundary 

of the nasal fragment would not be possible.. However, it has 

already been noted that the nasal right/ventral recombinant map 

shown by Hunt & Jacobson (1973b) could in fact be adequately 

accounted for by both fragments expressing their original polarities, 

if and only if the ventral fragment was from a 	e (ace 

Chapter 3), Tnus, formally, a cix-curiferential polarization 

possesses the capacity to explaim coordinate reversal of both axes, 

which here would represent conventions of the mapping technique 

rather than :eoal biological variables in the retinal pattern, Can 

-these formal aspects of a circumferential polarization be assigned 

a biological reality corresponding -to the known features of the 

system? 

We know that the retina undergoes a sequence of polarization 

events between stage 29/30 and stage 31 (Jacobson 1968a). On 

the present model these cannot be equated with an anteroposterior 

and a dorsoventral axis. However, it is necessary that the conceptual 

replacement of these axes utilize such variables as to produce 

the apparent determination of -these axes from eye rotation experinients. 

The formal model illustrated in Figures 53 and  54 possessed two 

variables a direction of propagation and a source. The two axial 

polarlzat3U:'l events mr correspond to the determination cf these - 

two variables, if -the stage 29/30 event is equatea with the 



FIGURE 54a. Propose-d explanation of repTogramrning of 

developmental axes in nasal right/ventral left eye 

fragment recombination experiments by moans of a 

circumferential signal. The intact eyes, the 

propagation polarities and the formation of the 

recombinant are sho.'rn as in Figure 53. fgain, as in 

Figure 53: the polarity of praoagation is such that 

the dorsal boundary of the nasal fragment can signal 

to both fragments creating a mirror—reduplicated 

map of the double nasal" type. The inset on 

the bottom left shows the disposition of the 

presumptive orthogonal axes of the fragments at 

the time of combination. 
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F:WURE 541b  Proposed explanation of reprogramming 

of developmental axes in nasal Tight/ventral right 

eye fragment. Representation of the combination 

is as in Figure 53. In this case the propagation 

polarity does not allow reprogramming of the ventral 

by the nasal fragment. The inset on the bottom 

left shows the disposition of the presumptive 

orthogonal axes of the fragments at the time of 

combination. 



 

0/270 

 

80 	gO P.M 

 

1o/ go 

 

Nr  Vr 

   

owl 

V 

V  

R. EYE 	 R.EYE 

go  0270 90 C 70 

180 	 180 



the as 'Thlish nt of the direc±ian of propagation and the event 

of stage 31 with the esta'biishment of the source position tile- 

eye 

he

eye rotation experiments may be re—explained. Rotation prior 

to stage. 29/30 will. of course result in a normal map. Rotation 

after this stage but before stage 31 will result in an inverted 

direction of propagation with a normally located source (dorsal) 

and consequently a map inverted nasotemporally but normal dorso—

ventrally. Rotation after stage 31 will result in a. totally 

rotated map. This schema is shown in Figure 55 . In the fixation 

of propagation polarity a polarization of transmitting junctions 

is not sufficient at stage 29/30 (although it would be sufficient 

by stage 32) since rotation of the stage 29/30 rudiment will, 

then, not suffice to rotate the direction of prope2tion (anyacro 

than an inverted clock would sweep out the hours in the opposite 

direction). Thus a landmark must be fixed in the eye perimeter 

(such as the nasal hole) towards which the junctions transmit. 

Fixing -the direction of propagation would then, consitute the 

determination of this landmark. By stage 32 the retina in an 

intact state is resistent to perturbations of its geometrical 

relations with the surround (see Chapter 3.), but reprogramming 

is possible between partial retinal fragments. Circumferentially 

oriented propagation of positional information, as seen above, 

would account for most of these results. It is heartening in 

this respect that the ultrastructural study of Dixon & Cronly 

Dillon (1972) shows the maintenance of gap junctions around 

the circumference after stage 32. Jacobson's (197.3) fluorescein 

injection studies indicate that these junctions will allow 

passage of Omall molecules, it is not yet kro-.n whether trans--

mission at these junctions is polarized as would be predicted on 



FIGULh 55. Resul !o of' the early eye rotation experiments 

as predflcted by the orthogonal hypo-thesis (Jacobson 1966a) 

and by the radial hypothesis. The top line shows the 

pc0n for 0 an:] 1 Q xotation at stajo 29,'30 on the 

basis of the ori.ho;onal hypothesis. This hyothesis 

postulates that an AP axis is detorained at stage 29/30 

and a DV axis at stage 31. 00 rotation leaves the newly 

determined. A? axis Un11tidid, 1600 rotation inverts 

th.i s n:ie-. The 1V 	is deveiop ss.'osequenbly in the 

correct orientation nroducng an Al inverted/VV nolial 

man. The second line shows the predictions, for the 

stage 29/ 	 rn 30 experlonts on the basis of a circumferential 

signal. It is assumed that at stage 29/30  a larichrark" is 

deterrnned at the pole of the eye facing anterior and 

that at stage 31 a boundary from which the circumferential 

signal propagates is determined at the pole of the eye 

facing dorsal. 0 rotation will leave the newly determined 

nasal "lan-Iii-2k" undisturbed and a normal map will be  

formed after determination of the dorsal boundary. 1600 

rotation will inve:c-t the landaark" but the boundary 

will he determined suhsecuenti in the correct boa 

resulting in the .foi-nation of an A? IIVertCd/Dt7  normal 
-- 	.' 	- 	- 	- 	- 	.,.__o 	- 

) 	] 	 . 	c : 

:co tatiojas -A ege 3 	on the basis of the t:o 

r.the:es, Lu.th hpothoe ardt ct comabcteiy inverted 
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the inese!lt model 

The location of the boundary dorsally and the direction 

of propagation an cardn nanl tinue :an not enti.i:eiy arbitrary 

- 	Figure 56 shows how, with cne 	sumoLon of such accations, the 

characteristic alterations of map patterns in double ventral and. 

double nasal eyes may be explained, on the current model. In 

nasal fragments (and indeed in dorsal and temporal fragments) 

the circumferential pattern boundary is represented at the 

growing zone at the ciliary margin. However, in the case of 

ventral fragments, this boundary is internal to the tissue and 

is not represented at the ciliary margin. It is numed. in 

Figure 56 that rospecification of the circumf.erentisl signal 

takes place only in the presence of the dorsal bou.ncIary Thur 

nasal fragments are capable of regulating towards 310rIal1ty and 

the restoration of the complete pattern. In the case of ventral 

fragments only the central tissue can regulate. The ring of new 

cells at the periphery are represented as possessing the su'bst 

of circumferential values present in their progenitor population. 

Two map -types are shown for such ventral fragments after prciiera--

tion. In type 1 the growth annulus possessing exactly the 

inherited values of the original periphery, surrounds a regulated 

centre. This may be compared with the "double cartwheel" map 

type derived from ventral fragments (Figure 57 ). In the type 

11 situation the growth annulus possesses sufficient lability 

for the circumferential gradient to form additional Pattern values 

(2(50 	3600 ). fras type may be compared with the "sing.e 

cartwheel" aa nhon in Figure 53 	It is apparent that if pattern 

distortions occur in ventral fragments clue to partial regulaUo;i 



FIG1JITh 56f 	Prc.posod explanation of the map derived 

from "double ventral" compound eyes on the basis of the 

radial rnocle1 (a) the eye .prior to operation showing 

the circumferential values of the poles. (b) the 

formation of the compound eye by the fusion of two 

ventral halves. Note the position of the two dorsal 

regions centraily. (c) the paitial set of circumfer—

ential values present in the ventral fragments at the 

time of operation. Only a single fragment is shown 

for the sake of simplicity. (d) the condition of the 

circumferential pattern in the fragment after regul—

ation in the centre and growth at the periphery. 

The annulus of new cells at the periphery is shaded. 

The circumferential values in this annulus are those 

present originally in their progenitor cells at the 

periphery of the !nial fragment. The bent.re  has now 

regulatively restored the full set of circumferential 

values (0
0 
 - 360

0 
 ) ( e) ieoinforrnatonal contours 

joining points in (d) which bear the same circum—

ferential value. (f) the visuotectal map provided by 

a compound eye whose isoinformational contours are 

shown in (e). 
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FI(flJIIE 56hO Propooed explanation of the map derived 

fj.'on tdouh].e  ventral" cor;pound eyes on the bass,. of 

the radial oJele The eosaoun.l eye is cons truct ed as 

shonu in F ;urc 36i (a 	b). (a) the partial set of 

oiroumfer n cThid values srescnt n a s ngie vcntrai 

fraoent (h) the fragment aftergrowith at the oe.ri-

phery and rcgalaion in the CCfltIL. The centre has 

rcgolated as described for Figure 56X. In thi5 

case however the TCWfl annulus at the periphery 

possesses sufficient deveiomental lability to allow 

the inherIthd circumferential values te "run down' 

to their lowest level (3600)  (c) isoinformational 

contours linhing points in (b) bearing the same 

circumferential value (t) the visuotectal map 

produced by a compound eye whose isoinfonaationai 

contours are as shown in (c) 
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I.tGU 	57. Vi uoteoai 	o1'ainod. f:Lo; 	T?ou1 

ventro1 compound eye ehowin 'ciouie cart hee1in. 

The field iom at the nasal and temporal poles bend 

towards these uoles instead of ruimin 	dorsoventraiJy 

from Strazaick et al 1974) 
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FT(TL 5- 	\rsiio-ct.1 rrp obiincI from a "double 

v(:vtra1' co;mo_ud eye e1,.oan "E1nle cari12eeLifl 

The field rows bond out of dorsoventral orientation 

only towards the temporal pole (from Stiazni cky et 

Oi 1974). 
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Lhey uhculd also occur in nasal fragments u.scIorgci LJ complete 

regulation 	The doifoj.e isa]. aups originally publishad. (0a:e at 

al. 1963, 1965) show no obvious ii ortiou 	However distorted mars 

from nasal fragments have been published More recently  

Jacobson 1973b, 1974b ; Berman & Hunt 1975; Hunt & '13 Jacobson 	1975)., 

Such a distorted map is represented in Figure 60 . It will be 

evident that the predicted map from a regulated nasal fragment 

shown in Figure 59 bears considerable resemblance to this mep 

Without additional variables being introduced into the model it 

will be apparent that the map configurations shown explain a 

further anomaly between the behaviour of double nasal and double 

ventral maps: namely that double nasal iviaps "spread" to occupy 

the entire tecturim whilst double ventral mans occupy basically 

their normal teetal domains with an overrepresentation o' the 

centre. On the present model the entire nasal fragment contains 

the complete map whilst only the centre in a ventral fragment-

contains 

ragment

contains the complete map. Thus a point.-to.-poirt mo-pping (see 

Chapter 2) would explain the differential tectal coverage by the 

two classes of eye recombinants. The model raises tso further 

predictions on these lines. Firstly, the "single cartwheel" map 

is regaried here as resulting from residual lability in the 

circumferential signalling mechanism. It would therefore be 

reasonable to predict that "single cartwheel" maps result from 

eyes of a slightly younger stage than do "double cartwheel" mars. 

Therefore the proportions of single to double cartwheel ccnfiaral-

ions shouIrl be manipulable by simple variation in the embryonic 

stages used. The second predictions that double dorsal maps 

snoul3. berave ana.Logcu.SJ.y to nscai Eni e:.noral fragments ana not 

like ventral 	egments That is to say, they should "sp:eead" across 



FIGURE 59. Predicted distortibna in "double nasal" 

comPound eye maps on the basis of the radial model. 

(a) normal eye (b) "double nasal." compound. eye 

constructed by fusion of two nasal fragments. Note 

that in distinclion to "double ventral" eyes (Figure 

561i (b) ) the dorsal boundaries have representation 

at the periphery. (C) the partial set of circumfer-. 

ent al values (3550 	1 
..0 	contained in a nasal 

fragnent (ci) regulation from the boundary results 

in restoration of the complete set of circuinferensial 

values both at the centre and in the growth annulus 

(shaded) (e) isoinformational contours connecting 

points in (d) with the same circumferential value 

(i) the visuotectal map produced by a compound eye 

whose isoinformational contours are as shown in (e). 
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FTG51 	Vju tc .a1 	obineI 1ioci a 'ciouic 

nasal 1  conpound eye showing "hoo:ing'1  of the field 

rows ( ftoin Berman & Hunt 1975) 
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the entire exLeiit of tecthsii and should not show a "cartwheeling" 

distortion of the map. Hunt Berman (l75) have presented a 

double dorsal aap prepared by making a dorsal fragment in an eye 

rotated prior to stage 28. This map does indeed correspond to 

the predictions. No cart.wh eel ing is evident and gaps exist in 

the field at the dorsal and ventral e.xtxemit.ics suggesting a 

spreading of the map around the lateral edge (which is inaccessible 

to microelectrodo recording). There is no overrepresentation of 

-the centre (as is found. in double ventral maps). 

It remains to determine to what extent the present model 

is compatible with the eye fragment. results. As argned in Chapter 

81  a cell heredity model will not explain the re-ults of the 

oblique peripheral fragments. Some interaction would seem to 

be required to explain these results. There it was argued. that 

this necessity militated against a circumferential specification 

of positional information. However a: positional signal pro:agated 

circumferentially and interpreted with four thresholds (o 0 , 90 

1800 and 360°) might yield behaviour consistent with results 

from other systems. French & Bulliere (1975a;b) have shown that 

grafts around the circumference of leg segments in Blahera craniifer 

result in the intercalary formation of elements linking the 

discontinuous values at the graft/host boundary such that the 

shortest route around the circumference is taken. If an orthogonal 

periphcral fragment contains only two of the four compartments while 

an oblique peripheral contains three, oblique peripheral fragments 

forming intercalary structures by the shortest route around the 

circumference will reform the mi ;ing c adre.et while orthogonal 

fragments will have at least an equal probability of duplicating. 



i67 

Such a rule does not of course, provide an explanation. 

Nevcrthel ess ii; ay provide an I mdi c:iojt tiat the apparently 

inconsistent behaviour of obijauc fra:inents will be assimilable 

to a common system rule. 

In section B, above, the quacirantic organization of 

the retina in early stages was assumed to be the result of two 

independent and orthogonal events. Thought of in this way, it 

conforms with the Carteian models of the retinal positional 

coordinate grid. In the present section it has been reformulated 

in terms of foua' interpretational "thresholds" for a circunferential 

signal. The postulation of quadrantic comparimentation is of 

course independent of any particular model for positional 

information. 

The present model would appear to be inadequate in two 

respects. It fails to provide an explanation of reprogremeing 

after midline transection. The proposed polarization o junctions 

shown in i2gures 53 and  54 to explain the fragment recombination 

results would not allow repo larization of the temporal by the 

nasal fragment in the same eye. Furthermore the fragment salvage 

experiments (Hunt 1975)  indicate an anteroposterior reversed/ 

do-cs oven tra3. inverted map as a stable intermediate (i.e. they 

indicate that PP and. DV reprogramming may be disconnected) 	On 

the model outlined. AP and DV reprogramming are features of the 

same event. However, since the model utilizes two variables 

(direction and source of propagation) this latter result may be 

acccnmodated 	In the nai right/tempor:'l left recombinant 

illustrated. in Figure 53 the dorsal boundery of the temooral 
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frag;ncnt is 	a1le to .peoify its C1TCUm±crC -ac e 013.0 to the 

polarity of the juflCUOflse The fragment is the.r ore specified 

from the boundary of the nasa]. fragment. If the Lragments are 

separated at an ntermedate stage ne term'oral fragment Will 

now possess a nasal pole (the 900  position) -.nd it may be -t.t 

this allows the bcnmdary of the temporal fragment to reorient 

the transmission characteristics of the junctions and. repattern 

the fragment (as in the axial de-termination events illustrated 

in Figure 55 ) 	The inability of the model to explain the midline 

transection results remains a problem. This fact arid theproblematic 

behaviour of peripheral oblique fragments indicate that the 

behaviour of the pattern formation mechanism in the retina must 

be more complex -than is envisioned here. The mcicl has been 

elaborated here only as a working hypothesis. :{ofar as it 

makes predictions of a testable nati.ire it will have served a 

purpose. 



COTCLiJION 

On the basis of the p:cesent studies and published data 

from other workers a ior1:ing hypothesis of pattern formation in 

the amphibian neural retina has been outlined. The postulates 

and predictions of the noclel are as fo)lows: 

Poctional information in the retina is specified on a 

radial coordinate system. A radial components  measuring 

distance from the centre, is patterned directly in the 

growth progTarme itself, in a manner homologous to that 

thou-ht to operate in vertclratc limb morhogenesic 

(Eummerbell at al 1973). A circumferential component adds 

the second dimension of information. This is set up 

utilising two processes: firstly, a polarization of 

transmission direction is specified and secondly a boundary 

or sourcefor transmission is determined. 

The interpretation of the circumferential signal is, in 

early stages, d.ouendent on four thresholds, patterning the 

retina into four primary quadrants. It is assumed thatat 

subsequent stages more refined subcompartmentation occurs 

(cot. Garcia—Bellido et al. 1973). 

The model correctly predicts that of the four orthogonal 

classes of compound eyes;  only the double ventral class 

will show partial spreading (by overrepresentation of the 

centre) cud "cart,.-heel"distortions of pattern (Gaze et al 

1963, 1965 ; Straznicky at a]. 1574;  Hunt & erman ].975) 

Ch.araot'riic hookingH of map axes in other classes c 



reomhinr.n t e.yes is 	so cc rcL1y pi'ic tc1. 

corollary of the above pre .ctions. 	h' ;;miel predic.;s 

that partial retinae of the double nasol or tomporaa iass 

will 'regulate towards restoraon of the complete pattern. 

Such a result is suggested by the competitive innervation 

assay (Hunt & Berman 19(5) but this data cam-tot be considered 

conclusive (see Chapter 2). It should be possible to -tc.s't 

this prediction by following the regeneration of the arc 

from a compound eye after optic nerve section (c.f. Coo-: 

& Horder 1974). 

The results of reprogramming experiments are explained 

on the basis of the spatial disposition of tie boundary 

and the polarity of transmission. Transmission is 	eJ. 

with the gap junctions identified by Dixon & Cron:tiiiTh: 

(1972). The model predicts that these junotlons should 

transmit only in one direction. A fuxthe:r prediction of 

the model is that gap junctions should reappear cenraliy 

in retinal fragments and there aie recent indications that 

this may be the case (Rose & Jacobson 1973; quoted in CLiJ 

Symposiun 1975, new series 29). The possible role of ionic 

conditions in determining the occurrence of reprograa.ming 

(see Chapter 7) is also constent with the proposed role 

for gap junctions. It is important to recognize that the 

postulated role of gap junctions and. the associated. piedictionr 

are not "strong" features of a radial model, in that the 

rrtodel as a whole cannot be tested. by testing these suggesiora. 

They rerosent suggestions as to a particular rnechanin for 

radial pai:torn fonnation 



17 

6 	The model pi-eJi-ots ail'o canIzjflgh' role IO.L ".Ile dorsal 

houmlary which should he testable in early grafting 

experiments. 

7. 	There arp indications that the model developed here may 
not reflect an isolated mechanism confined to the neural 

retina pattern (Bryant 1975; French & Bulliere 1975a,o) )u-;b 

rather a mode of pattern specification adapted to particular 

modes of growth. The physical nature of the pattern 

components suggested here have not been identified. The 

radial component may well depend on events related to cell 

division. There is no clear indication as to the physical 

nature of the circumferential component, alt ough it is 

significant that grafting experiiens uround the clock" 

(1rench & Bulliere 1975a,b) have failed to find any region 

behaving like a gradient boundary with a polarity "ciiff on 

either side. This suggests the possibility of some such 

signalling mechanism as phase shifting (Goodwin . Cohen 1969) 

On the other hand, the "runniig down" of the signal, invoke,2. 

to explain the 'bingle cartwheel" double ventral maps is 

suggestive of substance gradient mechanisms. If evolutionary 

homologues of the mechanism proposed here should exist, the 

ability to assay subtle axial distor-tions in the retina 

combined with the ability to assay pattern in other systems 

should dovetail in the construction of more formal and 

Precise models. 
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Title of Thesis PATTERN FORRIATION IN THE AiCIPHIBIAN RLTINOTECTAL SYSTEM. 

The optic nerve of the lower vertebrates maps the neural retina onto the 

contralateral midbrain optic tectum in continuous and retinotopic order. Evidence 

is reviewed demonstrating that this mapping via nerve connections is ordered in the 

programme governing embryonic development, prior to the onset of visual function. 

The suggestion is discussed that the development of the map requires the acquisition 

by retinal ganglion cells of "neuronal specificities" which determine the positions 

in the retinotectal map to which their axons will projects The organisation of the 

map in the South African clawed toad Xenopus laevis is treated as a problem in 

embryonic pattern formation i.e. as a problem of the reliable formation of spatially 

ordered sequences of cell differentiation. The literature concerning the assembly 

of the map and in particular the developmental programme of the early eye rudiment 

is reviewed. 

The behaviour of the retinotectal map following a variety of surgical 

interventions has been examined in the current study by electrophysiological 

recording. The results presented here fall into two classes: those dealing with 

the mechanisms of map assembly and those dealing with retinal pattern formation. 

Map assembly has been investigated by examination of the visuotectal maps 

regenerated after removal of half a tectum in late tadpole stages and uncrossing 

the optic chiasma after metamorphosis. Contrary to previous findings with half 

tectal ablation in anurans, it was found that the axons deprived of tectal targets 

were able to compress onto the residual half tectum, synapsing with "foreign" 

tectal sites. This result brings the anuran data into line with the situation in 

teleosts, where such compression has been known for some time. It is inferred 

that the failure to demonstrate compression in previous anuran experiments was 

due to insufficient elapsed time from operation to electrophysiological recording. 

Pattern formation in the retina has been studied here following partial 

extirpation of the embryonic eye and following transection of the embryonic eye 

along the midline. iirror—reduplication of map order has been found after both 
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of these operations. These conditions for formation of these abnormal maps 

have been studied. It was found that after partial extirpation, eye fragments 

which contained the central regions of the retina produced maps with normal order, 

while fragments which lacked these regions produced mirror-reduplicated maps. This 

was however, only true of fragments in which the plane of ablation was parallel to 

the anteroposterior or dorsoventral axes of the eye. Fragments with planes of 

ablation oblique to these axes exhibited a wider variation in map order. These 

results are discussed with reference to similar findings on pattern formation in 

insect imaginal disc fragments and amphibian limb regeneration. The occurrence of 

mirror-reduplication after midline transection was found to be strongly 

dependent on ionic conditions. It occurred after operation and healing in 25% 

solution but not after operation and healing in i00% solution. This finding 

is discussed with reference to the role of healing rate and cell communication 

processes in retinal pattern formation. 

The results presented here and those discussed in the literature review 

and interpreted in terms of a new model for retinal pattern formation. This 

model suggests that positional information in the retina is specified on a 

radial (r, Q ) rather than a Cartesian (x,y) coordinate system. Each cell or 

group of cells would have its positions specified in terms of distance from 

the centre (r) and displacement around the circumference (). The model is compared 

with models for pattern formation of other systems. The limitations and predictions 

of the model are described. 


