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ABSTRACT

.

A tcmperature sensitive cell- autonomous lethal mutant in I'rescrhila

" me lanogaster fb«LS .which in temperéture shift experiments causes a

"variety of deVelopmental abnormalities, including delaved pupariation

and the occurrence in highly ordered patterns of deficiencies and

duplications of imaginal cuticular structures, was investigated histo-
’ : . ) .

logically. Pro@uct% of ceéllular degqneratién were identified u}t}a—

structurally, and histochemically, ihrough'écid-phosphatase staining,

thereby establishing cxiteria'for.the scoring of cell death in serial

.y i

sections with the ljght microScope. Evidence was presented 1nd1cat1ng -
. 4
a laek of cell death of morphogenet1c slgnlflcance in mature -control

eye- antcnnal leg and wlng dises. = - .

) Ev1dence of tissue . spec1f101t\ with respect to the* cell lethallt\
1nddced by a restrictive - temperature pulse 1n.,b,h6 sugéested that the
mutant primarily affects those tissQes which grow by céld.divisién.
heat treated larvae shoued\dncreased levels of cel} death relat1ve to
unpulsed controls in all imaginal discs 1nves;xgated In gyc-antenna{
disc: reconstructions, regions of extreme cellularaaégener;tion corre-
lated with regions of the fate map corresponding to the imaginal - -
structures most frequentl» found to be deficient. It wﬁs COpéluded
that cell death induced at the restrictive temperature acted wpon a
pre—ex1sting mosaic of specified cells to cause .the cuticular déﬁicieﬁ!
cies oﬁserved. It was also'suggested that duplications arise sf?dndafify
és a result of cell death-induced proliferation within the disc.

Cell death in imaginal discs could, by these same mechanisms,

account for the cuticular effects 6f a variety of agents, including

iii
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.

The results were discussed in relation to the:theory of pattern

fommation in imaginal discs, a major implication being that pattern,
isc growth.

* .
formation occurs pregressively during normal
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INTRODUCTION

Detelopmental‘!§5UOgy is that branch of science concerned with' the
nature'éf those transient and normally irreversible processes which
result in biological change'during ontogen;. Developmental genetics,
arising from the general acceptance among biologists of the theory of
evolut.. n and the principles of transmission heredity, has as its basic
premise‘the contention that ultimately all developmentalschanges are
genetically determined. In other words, for each developmental process
it is assumed there exists a 'genetic program'. Development as a
whole, thén, is thought to be controlled via temporal and spatial
Jifferanges in gene activity. Hence, understanding the relationships

<
between the genetic complexity on the one hand, and the so-called
'eplgenetic processes' on the o;her, can be regarded as the central
problem in developmental biology today.

In this regard, one intrigu?hg aspect of morphogenesis, the
guestion of pattern formation, is currently receiving considerable

attention (Stern, 1954; Sondhi, 1963; Ursprung, 1963; Wolpert, 1969;

Lawrence, 1970, 1973; Carcia-Bellido, 1972; waddington, 1973;

Postlethwait -and Schneiderman, 1974; Bryant, 1974; Porter and Rivers,
1975). The term 'pattern’ will be used here to refer to any array of
structures which have fixed positions relative to one another in a

tissue (cf. Garcia-Bellido, 1972; Lawrence, 1973; wWaddington, 1973).

"Wolpert (1971) states the problem as follows: 'Given an ensemble of

more or less identical cells, how can states be assigned to these cells

such that when they undergo molecular differentiation the cells will

form a well defined spatial pattern?" Here the insect integument is
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a favorable experimental system. Pﬂuepatg;rn elements are epidermal
cell derivatives such as chaetae'(bristles), trichomes (hairs), and
sensilla arranged in regions whichi although sometimes intricately
folded, may be regarded'as two-dimensional since the insect epidermis
consists of a single layer of cells. 3

In the higher Diptera and Hymenoptera the entire adult epidermis
is derived from groups of cells, lmaginal discs and abdominal histo-
blasts, found in the larval hemocoel. These cell groups occur to
some extent in gll hof%metabolous insects but in the Cyclgrrhaphan
Diptera, including broscphila, and tife Apocritous Hymenoptera, their

evolution is most complete, allowing the insect two distinct develop-

mental phases: the larva, highly adapted for feeding and rapid growth,

and the adult, specialized for mobility and reprodugtion.
The imaginal discs of [rosophila are sac-like invaginations from

the larval epidermis, each consisting of a single continuous epithelial
cell layer, which becomes folded during the course of its development
and encloses a narrow lumen (Weismann, 1864; Chen, 1929; Auerbach,

1936; Robertson, 1936). Continuous with the disc proper is an enclosing
cellular peripodial membrane, the whole system being bound by a

basement lamina.

The discs are first evident histologically in the late embryo
(genital disc — Laugé, 1967) and early first instar larva (thoracic
discs —; Auerbach, 1936). They grow during larval life by cellbdivision.
At maturity the larger discs contain several thousand cells while the
smaller ones are hade up of only a few hundred. Throughout larval life
the disc cells remain morphologically undifferentiated even at the

ultrastructural level (see Ursprung, 1972). They are columnar and
¢ '
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small, averaging not more than five microns in diameter. Each has a
pronounc?d oval nucleus with little sdrrounding cvtoplasm, thereby
presenting an embryonic appearance. This lack of d:fferentiation at
the cellular level is accompanaed by°§‘1ack of larval function for the
discs thémselves. In a -screen for late lethal mutants, Shearn et al.
(1971) isolated resophila mutants lﬁcking4some or all dis;s which were
viable throughout larval life.

Further analysis of late lethal mutants has deﬁonstrated that the
development of the imaginal discs is under direct genetic control
(Shearn and Garen, 1974). In these studieé 57 mutants analysed were
found to fall into 52 separate complementation groups, of which 48
contained one mutant, three coﬁtéined two mutants each,'and one contained
three mutants. Evidence was presented which indicated that the mutants
were‘blocked in disc-specific functions.

The abdominal histgblasts are small nests of cells lying continu-
ous witﬁ the larval abdominal epidefmal cells. Unlike discs, they are
not sac-like invaginations ard are not enclosed by a peripodial
membrane. Nor do they grow during larval life; rather, their cells
begin proliferation at about the time of puﬁariation (Robertson, 1936;
Garcia;Bellido and,Merriam, 1971a; Guerra et al., 19¥3).

At metamorphosis the invaginaied discs accomplish a process of
evagination known as eversion following which their celPs, and those of
the histoblasts, replace the histolysed larval epiderpis and secrete
the adult cuticle. It has long been known from histolégical .

studies of development that each imaginal disc gives rise to a

specific portion of the adult epidermis. Furthermore, 1in Droeophfia
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total extirpdtion of a disc from a larva leads to a precisely corre-
sponding cuéicular deficiency in they rysulting adult integument
(zalokar, 1943; Chiarodo, -1963; Murphy, 1967; Wildermuth, 1968
Dﬂbendorfeg, 1971). Three pairs of discs form the head: the labial,
the clypeo-labral, and the eye-ahtennal (Gehring and Seippel, 1967),
a pair of dorsal ahd a pair of veﬁtral discs form each tﬁoracic
segment, pairs of dorsal and venfral histoblasts form each of the
first eight abdom:nal segment;, and a single genital disc forms the
external genitalia and the ninth and tenth abdominal segments.

In spite of the apparently undifferentiated state of the imaginal
discs during larval life, experimental evidence indicates that within:
them certain determinative events have occurred.. The term 'determina-
tion' has been widely used to describe the process(es) by which a
population‘of cells is programmed for a specific pathway of developmént,
", singling it out from among the various possibilities for which
a cellular system is competent' (Hadorn, 1965). Evidence has Peen
presented that as early as ;he cellular blastoderm stage in Drosophila
embryogenesis (2-1/2—3 hours‘after fertilization) restrictions in the
capacity for specific adult differentiation have occurred.

.Chan and Gehring (1971) me;hanically dissociated blastoderm
embryos into single cells. After culturing‘reaggregated cell pellets
in adult host;, metamorphosis of the imaginal cells was induced by
transplantation into metamorphosing host larvae. The state of deter-
mination of blastoderm cells was tested by cutting embryos in. half and
intermixing cells from the ante?ior or posterior half with genetically
marked cells from whole embryos. The whole embryo cells served as
internal controls and these produced structures derived from all regions

4

L3
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of the adylt body in implants. Head structures were formed by anterior

halves but not by po§te}ior ones; abdominal structures were derived
onfy from posterior halves. This result cleérly indicated a determin-
étion fof anterior and posterior adult structures ;s early as the
cellular blastoderm stage. g .

On the other hand, Illmensee (1972),.using the technique of
nuclear transplantation, has shown that cleavage nuclei, peole nuclei
from preblastoderm embryos, and lateral nuclei from syncytial blasto-
derm embryos can produce any of the adult structures nofﬁélly derived
from imaginal _discs when ihjected into host embryos. These results
along with those cited above have lent support to the theory that the
cleavage nuclei are initially multipotent and their.developm;ntal
fates become detefrmined when they enter the egg cartex where regional
determinative factors mag be located (se; Counce, 1973). However, in
spite of extensive searches, the disc-specific materﬂal effect mutants
that the ﬁypothesis would suggest have not been found.

Defoct experiments have also providedvsupport for the idea that
imaginal disc determination occurs aroﬁnd fhe time of blastoderm
cellularizat;on. Defects hé&e been produced in embryos at various
stages of development by extirpation of cytoplasm (Howland>and
Sonneblick, 1936), by thermoTautery (Bownes, 19%5), And by localized
| ultraviolet irradiation (Gefgy, L@gl ; Nothiger and Sfrub, 1972). Ai
generalisation that can be drawn from these experiments is that if
.the defects are made at the cellular blastoderm stage or later they

can be correlated with the positions of resulting adult abnormalities.

Further evidence for disc-specific determination of blastoderm

«



.cells comes from somatic recombination ta. Clones of -genetically

-marked celis induced by X-;rradiation of heterozygous blastoderm embryos.
are confined {o an area of‘adult epidermis derived from one disc only h
(pranF and'Schneidcrman,'1969; Bryant, 197Q; Garcia-Bellido and
Merrigm, 1971b; Postlethwait and Schneiderman; 1971 ). Since individual

‘clones initiated at this early stage never‘encompass cuticle derived
‘from more than one disc, the developmental fate of the progeny of each
cell present is already disc-specific. It follows that the cells which
will go go make up each individual disc are already segregated at this
tihe. Also, exchange of cells between tﬁese segregated populations

‘ cannot occur. Analysis of clones initiated at even earlicr embryonic
stages 1is p?ecluded by extreme X-ray s;nsitivity (see, for example,

Wieschaus, 1974). 4

Gynandromorph data are also compatible with the idea that
disc-specific determination has occurred by the cellular blastoderm

stage. 'Gynandyomorphs', or sexual mosaics, are easily produced ;n
Drosophila, for instance, by spontaneous somatic elimination of an
unstable r;ng X chromosome. Any recessive marker mutations carried on
the X chromosome retained are uncovered and expressed in fhe descendants
of the original cell where the loss occurred. Analyses of gynandro-
morphs indicate that chromosome elimination must occur rather early in
development since, in genera}l,.they consist of large contiguous areas
of either male or female cells. Also, any given adult stgucture is
male abéut half the ti;e in gynanders. Consequently the mosaicism is
initiated in an‘eé}ly cleavage division and the planc of the earliest

cleavage division relative to the principal axes of the egg must be

oriented indeterminately. The latter conclusion is supported by earlier
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cytological observatxons (Wald 10F6)

The number of cells segregatfd to give rise to a particular dlqc
has been estimated b;:\he eleganc method of Sturtevant (1929) pcrfectcd
by S£?rn (1940). The. calculatlon is based on the fact that in gynandro-
morphs the cuticular derivatnve7 of certain discs are more frequently
mosaic than’ those of others. I* follows that the frequency of mosaicism

should be h1gher for those "disgs w1th a larger number of in1tLa1
. . /

.progenitor cells, assuming that cell division rates in the system are

more or less constant (see, héwgver, Becker, 1957; Garcia-Bellido and
Merriaﬁ 1971b; Postlethwait aﬁd Schneiderman, 1971 ). An estimate of’
the number of §r0g0n1tor cells of any given disc can then be obta;hed
from the rec1protal of the smallest fractxon of the disc's der1vat1ve§\
whlch is marked in gynandr;ﬁorphs Table .1 summarizes the estimates
afraved at for the various Drosophtla melanogasfer discs utilizing this
method. .From these results it appears that small populations of cells,
rather than single ones,.initially acquire the determination to develop
into the various discs. These small numbers éf cells of course limit
the‘éxtént of cellularvpatte;ﬁing present at this stage.

The an#lysis of gynandromorph data has'.also had important iﬁpli-
catiohs to the theory of pattern formation itself in imaginal discs.
The toncept of prepatterns' (Stern, 1954) was derxved from such data
‘Drosophila are sexually dimorphic in certain of their adult cuticular
patterns such as the basitarsus of the\\greleg where males develop sex
comb teeth and females transverse Tow chaetae. In gynandromorphs, when
the male/female boundary passes through this pattérn, the male and
female cells differentiate their structures autonomously. Although the

L

cellular derivatives develop autonomously their spatial organisation in



Table I. Number of Progenitor Cells ip Drosophila

me lanogaster Imaginal Discs

. d

Disc or primordium N n ~ References
Antennal ' 7-9 poltlethwait and Schneiderman (1971)
Eye ;nlage 2 Becker (1957)
Eye-antennal 13- Garcia-Bellido and Merriam (1969a)
Ventral thoracic ~20 :Garcia-Bellido and Merriam (1969a)
(leg) : Bryant and Schneiderman (1969)
Dorsal mesothoracic 16- Stern (1940) |
(wing) " 12 Garcia-Bellido and Merriam (1969a)

| 11 Bryant (i970)

~40 Ripq11~(1972)

Abdominal histoblasts 8 Garcia-Bellido and Merriam (1971b)
Genital -2 Garcia-Bellido and Merriam (1969a)

- -

After Nothiger, 1972.

pos
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mosaics consistently appears as a hybrid in that it is neither male noy

’female byt rather an 1ntegrated intermediate (Stern and Hannah, 1950).

This suggested to Stern that the male and female patterns shared the
same building principle or 'prepattern'. According to this concept -

.

mutants altering ﬁatterns should fall into two formally distinct classes:
those with an altered prepattern, and those with altered *competence'

to respond to the normal prepattern (Stern, 1968). Since-a prepattern
would be generated co-operatively by a group_of cells, smal] mutant
patches in mosaics“should be non-autonomous. Conversely, a cell's
response, OT competence to respona to a brepattern, should depend upon
its individual genotype and hence mutants of the latter class should

be autonomous. Most mutants which alter cuticular patterns are clearly
autonomous in mosaigs; however, a few, such as eyeless-dominant (eyp),

have been suggested as possible 'prepattern mutants'. cyD is lethal

when homozygous but in heterozygotes that survive, extra sex comb teeth

_are forncd in an enlatged male bas1tarsus Several wild type clones

induced in a heterozygous background were found to behave non-autonomously,
that is, they contained extra sex comb teeth (Stern and Tokunaga, 1967;
Tokunaga, 1970); K |

.« Considering the overallxﬁhenptype of eyD, it is possible that its
mechanisﬁ'bf action in moseizs may involve cell death ih the imaginal
discs. A seceﬁdary consequence of this death could be localized cellular
proliferatlon (cf. Schwexzer, 1972) whxch mlght somehow account for the
non-autonomous dxffereptxatien of extra sex comb teeth. Such growth
disturbgnees.in discs may well ekplain the pattern alterations in other

alleged prepattern mﬁtants such as comb gap (Datta and Mukherjee, 1971)

and Hairy-wing (Stern, 1968).
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Gottlieb (1964) has interpreted the non-;utonomy of Ha{)y—wing
.(Hw) in another.way. This mutant produces extra br;stles in the region
of the dorsocentrals of the thorax. In mosaics where a HU/HQ clone
existed adjacent td a Hw+/Hw*:twih in a hetegb;ygous background
Gottlieb found that.ext;a bristles were forﬁed not only in the homozygoﬁf
mutant patch but also in the adjacent patch homozygous for the wild—type§
: »
allele. He interpreied'this mon-autonomous development as resulting

from the spread of a 'chaetogenic Ssubstance'" from the Hw/Hw to the

o+ . . et
Rw’ /Hw™ tissue. This can be considered as an example of induction,

bK
_ iy
in the broadest sense of the term. Its importance in the theﬁ& : iy
a . ?

pattern formation in imaginal discs was suggested earlier (W gton,
1940; Lees,'1§4l) for- the induction by the dorsal wing cells of vein
formation by ventral wing cells. Recently, Green and Lawrence (1975)
have demonsfrated the importance of the process.in the recruitment of
epidermal cells Sy the developing eye in the hemipteran Oncopeltus.

An alternative interpretation of the vy data might invoke inhibitory
rathér than inductive fields (see Bryant, 1974) in normal disc develop-
ment. By this interpretation the Aw/Hw constitution may block the
inhibition of bristle production in surrounding tissue which normally
occurs at the sites of the dorsgcentnal-forming cells. Additional
evidénce for.such a mechanism comes from mosaic analyses of the mutant
achaete (ac) (Stern, 1954; Claxton, 1969). This mutation results in a
lack of the anterior dorsocentral bristie'(adc) ﬁnd'in mosaics it
genefally behaves autonomously. However, occasicdnally an adc was
observed Fo‘de;elop‘glrghply out . of pléce in‘ é&osely adjacent

wild—typé tissue when its propér site was covered by ac tissue. An

‘
-

.
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obvious interpretation of this result is that in normal deVelopment a
cell that becomes committed to forming an adc inhibits nearby cells from
following the same differentiation.pathway, whereas when ac tissue
covers the regidn the inhibitory field is not established.. Such '"'fine-
tuning'” mechanisms, involving inductiv; or inhibitory fields, might
simplify pattern formation considerably.

Several authors have suggested that pattern formation in imaginal
disés may involve yet another process, resuiting in subdivision of the
discs into several differently committed parts ('regional blastemae',
'organ districts', and/or 'compartments') (see Hddorn, 1966 ; Ouweneel,
1972; Garcia-Bellido et al., 1973). Evidence in support of this
hypothesis again stems méstly from clonal analyses in Irosophtla. The
pioneering studies of Becker (}957) on the cell lineage relations in
the developing eye suggested a dorsal/ventral segregation in the first
laryal instar such that clones initiated at that stage of development
or later were never found to traverse a dorsal/ventral boundary in the
adult eye. Garcia-Bellido et al. (1973) have suggested that by a
series of successive segregations of this kind a mosaic of committed
cells may be generated. .Cbnsiderable data now exist which can be
in;érpreted in terms of this notion of progressive compartmentalisation
within a growing disc. Becker's (1957) early work on clonal analysis
of the eye also suggested a later, possibly third instar, segregation
of ommatidia from the remainder of the eye disc's derivatives. Seg-
ﬁental clonal restricfions occurring in the third instar have been
demonstrated for the leg (Bryant and-Schneiderman, 1969) and the
antenﬁa (Postlethwait and Sghneiderman, 1971). It has been shown for

the genital disc that the primordia for anal structures rematn clonadly
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distinct from those for genital structures soon after disc determinasion
(Ulrich, 1971- Nothiger, 1972). Ripoll (1972) provided evidence for
compartmentalxsatlon in the wxng and Bryant's (1970) data for mesothorax
indicated two compartmentalisation events thére. The analysis of the
wing disc derivatives has been extended (Garcia-Bellido et al., 1973) by
an imp}oved.technique where rapidly growi&k clones are created in a
slowly proliferating background with the aid of Minute mutants (see
Brehme, 1941). This allowed the testing of codbaftmeatal restrictions
even at the later stages of development when ordinary clones are too
small. These authors interpret their data as being indicative of an
organized sequence of successive restrictions which starts during
embryogenesis and generates some fourteen clonally distinct coﬁpart-
ments by the earl) third larval instar. Some of these compartment
boundaries follow promlnent cuticular discontinuities in the adult fly
while other3s do not; but more interesting is the fact that certain
regioﬁ—specific transdeterminations associated with homeotic mutants
follow precisely the same boundaries (Garcia-Bellido, 1975). This
observation adds further support to the idea that far imaginal disecs

at 1ea§t'}ompartmentalisation is a significant process in normal

pattern formation.

That patterning of a very detaiied nature develops in imagihal
discs priér to metamorphosis is demonstrated by disckfragment traﬁs—
plantation experiments. Ephrussi and Beadle (1936) devised a method
' for transplanting imaginal discs into larval or adult hosts for in
vivo culture. In larval hosts the implanted disc grows and upon
metahorphosis of the host secretes its own imaginal cuticle. Results

of transplantation experiments of this kind agree with histological



and extirpation studies in the assigning of particular imaginal fates
to each of ths discs.-

In the abdominal bod} cavity'of an adult fly a-transplanted disc
simply nréliferates as the hormonal milieu does not stimulate eversion
and cuticle secretion. By transferring in vivo cultured discs from
adult abdomen to adult ébdomen, and testing implants at variogL stages
by transfe}ring<to'rarva1 hosts, Hadorn (1963) has shown that the

_differentiati'on capacities of each disc are normally very stable.

Through ;esting fragments of mature discs in metamorphosing

‘id?vxl hosts by examining the cuticular structures which are
A . .

secreted, various workers have been able to construct 'fate maps' for
the diff;rent,discs. A given disc fragment was found to give rise to

a defined array of cuticular structures correspondiang to a portion of
the normal imaginal derivatives of the disc concerned. The complementary
disc fragment differentiated the remaining structures. By fragmenting
the mature disc in many J;ys and asking what each fragment produced
when ﬁ?rced to secrete cuticle, detailed fate maps of some of the discs
have been produced (see Table II for references). For instance,
Schubiger (1968) was able to map the precise location of a’'single
bristle, the edge bristle, on the fd-e;;; disc. Since regulation was
not observed in ®hese experiments théy suggested that the c€lls of a
mature disc exhibit detailed pgtterning of a mosaic nature.

The regular and constant fates of particular disc regions, as
defined by these fragment trﬁ%splantation experiments, can however b€

altered by cell proliferation. Metambrphogis of a disc fragment can

be delayed by transplanting it into a young larval host or by a two-step

procedure in which it is first cultured in an adult abdomen and then

“



Table I1. Some Key References to Fate Maps in Imaginal Discs

v,

-—®- - - e
Genus Disc Investigator
Drogopht la Lye-antennal Vogt, 1946
g Gehring, 1966
Ouweneel, 1970
Wing Hadorn and Buck, 1962
Murphy, 1972
Bryant, 1975
Haltere Loosli, 1959
Ouweneel and van der Meer, 1973
Leg Bodenstein, 1941
Male Foreleg Nothiger and Schubiger, 1966
Schubiger, 1968
Female Genital Hadorn and Gloor, 1946
Hadorn and Chen, 1956
Ursprung, 1957
Male Genital Hadorn et al., 1949
Ursprung, 1959
’ Luond, 1961
Abdominal Histo- Santamaria and -
blasts Garcia-Bellido, 1972
Calliphora Leg Darchia, 1964
Histoblasts Emmert, 1972 (T\
Wing Sprey and Oldenhave, 1974 ~
Mugca Female Genital Dibendorfer, 1971
Culex Leg Spinner, 1969
Formica Labial Gland Emmert, 1969

(Updated from Gehring and Nothiger /1973).
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reimplanted into a iarval host. In both cases the fragment grows
through cell proliferation prior to differentiation even though it was
derived from a mature disc. The cuticular patterns formed after such

.

proliferation gre determined by the origin of the fragment. Two out-
comes are coO

(i) duplication of anlagen already present in the
disc fragment, whereby more or less symmetrical mirror-image patterns

of adult structures differentiate, and (2) 'regeneration' of missing
anlagen, such that sometimes the complete inventory of disc derivatives
is differentiated. For instance, Gehring (1972) reported that an eye .-
fragment from a mature eye-antennal disc, if allowed to grow, could
différentiate the missing antennal portion; whereas an antennal fragment
could only duplicate itself or r;éenerate a missing palpus. He also
found that the wing blade portion of a wing disc after growth could
differentiate the missing mesothoracic portioﬁ, but the mesothoracic
fragment itself was restricted to duplication. Schuﬁiger (1971) and

Bryant (1971) have shown that for leg discs, proximal portions can

regenerate while distal ones duplicate and medial parts can regenerate

while lateral ones duplicate. Similg} findings have been reported for
other discs (reviewed iq Bryant, 1975).

That the pattern differentiated depends upon whether or not cell
proliferation occurred led Bryant (1974) to suggest the necessity of
a more precise definition for the term 'determinatiom’'. According to
his proposal this term should be restricted to mean only those commit-
ments which show cell heredity, such as the decision to be a particular
disc — leg or wing for instance. For nonheritable commi tments made

by cells, such as the decision to become a particular part of a disc
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term 'specification'. This lafter precess, then,. can be altered by cell
proliferation‘as described above.

Wolpert's (1969) concept of 'positional information' can be .applied
to the detailed commitment (apecification) of cells within a disc. The
decisieh as to what part of .the a@yﬁt a particular cell of an imaginal
disc will produce would then depend upan its position wjithin the
developing system rather than its clonal ancestry. Some experinental
ev1dence supports this concept of d1fferent1at10n agrording to position
(see Wolpert, 1969, 1971). Bryant (1971) has presented results from
disc fragment transplantation experiments in terms.of a positional
infermation model. He postulates that disc .ells acquire'positional
information via a 'gradient.bf developmental capacity’ which>eﬁter
throﬁghoht the disc. Fragmentation surgery on discs can theh be
interpreted as removing a portion of the gradient. The model assumes
~that the’ceils in-anyAdisc fragment, upon proliferation, can only
regenerate portions of the‘gradiehf lower than their original level in
it. Regeneration of missing parts of'avdisc by a'fragment would then
be possible upon growth if'the fragment included the high point of the
gradient, A'compiementary fragment lacking the high point could only
regenerate ‘the gradient leveis it already contalned and therefore
 'would form a mirror-image dupllcat1on

A similar- gradient model has been propoSed by -Ouweneel (1972).

He suggests that disc size just prior to the time of dlfferentlatxon
specifies the reference points of a gradient and hence determines the )
’ »

p051t1onal 1nformat10n A distinguishing feature of this mbdel is that

given sufficient time for proliferation a fragment should be able to re-
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which could be interpreted as such 'duplicative regeneration' have been
reported (van aer Meer and Quweneél, 1974; Bryant, 1975) but the neces-
sary contrels, in thch(both fragments of the same disc are analysed,
were not reported.

The Concept of specification of‘positional information via gradieﬁts
'15 formally dlstxnct from the notion of progr0551ve compartmental1sat10n
in that in the formcr, growth and patterning are not tcmporally 11nked,
whi!e in the latter they are, .

The results of defect experiments on imaginal discs and vario&s
mutant phenotypes have also been 1nterpreted in terms of the-models

=t

arising from the disc fragmentation experimeﬁts described above (see,
for example, Postlethwait and Schneiderman, 1974). Waddlngton (1973)
has categorized the pattern alteratlons that could theoretlcally arise .
and thosevobtalned.ln Drosophila hgye been summarized by Gar01a—Be111do
(1972). Two tfbes éommén in béth defect experiments and mutant pheno-
types are éuticglar deficiencies ana dubliiations.

Ultraviolet microbeam i?radiation of early embryoﬁic stages was
found to induce imaginal cuticular agnormalities including deficiencies
and duplications (Geigy, 1931 ; NS;higer and Strub, i972). -X-irradiation
of mid-larvae with a high dose (Waddington 1942) and of late embryos
and early larvae with a lower dose (Postlethwait and Schne1derman 1973:?J
also produced structural def1c1enc1es and duplications in adult cuticle.
‘A variety of chem1cal 1nsu1ts have been shown to produce similar effects.
Exposure to the mutagen nltrogen mustard (Bodensteln and Abdel Malek
1949), the thym1ne analogue fluorourac1l (Gehrlng, 1964) , the RNA syn-

thesis inhibitor actinomycin-D (Margulles, 1972), and borate (Sang and

McDonald, 1954; Goldschmidt and Piternick, 1957) caused such abnormalities.
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Heat §hocks applied to=pupaé can induce deficiencies in the wing (Henke,
1947; wWaddington, 1953a; Stumpf, 1859).

The wealth of mutants in Drosophdla melancogaster (see Lindsley and
Grell,v1968) provides ample exampleg of these particular pattern altera-
tions. Mutants which .are characterized by the absence éf structures
ndrmglly present in vflaltype strains, such as eye facets, leg brfstles,
and wing regions common. Déficiency phenotypes are often accompanied
px duplicated structures. The mutants crippled, extra organs, and
reduplicated cause legs or their distal segments to duplicate i;
mirror;image symmetry . Dupiicated antennae agd other héad structures
are produced in erosion, antennaless8, defbrmed;recessive-Luers, eyelgss,
and other mutaqf"!fééks. The mutant scalloped shows wing deficiencies
and thoracic pattérn duplications, and even’bestigial ha;.been shown to
exhibit AUplicapgd thoracic structures (Waddingtoé, 19$3b).

One hypothesis to account for these pattern effects wodld invoke
cell death in the imaginal discs. The impdrtance of:céll death in
developmen;a% systems haé only recently come under scrutiny. In_ verte-
brates -it is of significance in normal,morphogenesis'(feview by Sgnders,‘
1966) and it has been suggestéd to be important_in’this capacity in
the higher Diptera as well (Whitten, 1969; Sprey, 1971). In mutants
witg pattern ébnormalitiés cell death might account directly fo? -
deficiencies and indiréctfy,”throughla'secondary éffect-such as induced
cgllhlar proliferation (see Waddington, 1942, Scé'ﬁizer, 19722, for
i‘q:lication;. Surgical extirpatioa of cells from a disc might be equiva-
lent in terms of itsleffect on the resulting cuticular pattern to

localized cell death which effectively removes cells from the disc.
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known to kill cells and in these different circumstances eell death
night be a common factor involved’in the production of the abnormal
patterns. "

D. Fristrom (1968, 1969) has examinedlcytologically the: discs of
the wing mutants vestigial, apterous-Xasta, Beadex  and cuty, and the
eye mutants Bar, eyeless, and lozenge."These mutants are characterized

- by structural deficiencies in the adnlt cuticle. ”ln all but lozenge
she fou;d evidence of cellular degeneration and reported ''the onset
and duration of degeneratxon and the number and distribution of dying
cells were spec1f1c characteristjcs for each mutant."” ‘The presence of
cell‘death in Bar efe discs has been confirmed by Michinomae and Kaji
(1973) and in pestigial, Beadex, and apterous-Xasta wing discs by Sprey

" (1971). However although this work suggests that cell death is often
involved in the preduction of mutant phenotypes with cuticular def1c1en-
cies, a complete analysis df the spatial and temporal distribution of
degenerating cells within the discs, and a thorough correlation of
ultrastructural and h15tochem1tal evidence with the light microscopic
observations, was not attempted. Such an analysis is crit%cal-for
testing the hypotnes1s that céll death is respon51ble for the observed
pattern alterations and‘fpr elucidatién of the prec1se mechanism(s)

A genetxc method for producing cell death at will would be useful
for this and other stud1es. As Auerbach (1936) po1nted out, and Suzuki
(19703 and’ others have effectlvely demonstrated in the last decade,
.temperature-sens1t1v1ty “in mntations is of cons1derable value in
”developmental studles With this in mind, Russell (1974) has 1solated;
a series of temperature sensitive recessive cell lethal mutants in

;-,_1__‘_,_\__,_@_5_‘-_‘]3_‘13_\1% .
* : i as a genetic tool for the production of
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cell"death in developmental studxes These t.s. lethals.were s;lecte& '
as ethylmethane sulfonate-induced X-linked mutants ‘which fail to com- W§
plete developmehtuat 29°C but are viable at -22°. Since cell—autonomy of
the lethal effect was desirable for investjgations jhvofazng mosaicism,
'twin spot' tests modified from the method of Stern and Tokunaga (1971)
were carried out to identify 'cell lethalg'. Mapping and complementa-
tion data have identified one such mutant, ts8?26, as an allele at the:
suppressor—oflfbrked locus (1-65.9) which, in a preliminary repart, has
"been implicated as a rlbosomal proteln gene (Finnerty et al., 1973).‘
More recently, Lambertson (1975) has reporte@ that the tran51tion from
larval to adult ribosomal pfoteins is delayed'in éﬂff) and another
’
allele, tg67, at this locus.
In tempgrafure shift experiments in which developing ts8726 larvae
- are exposed to'the restrictive teméératureﬂfor a 48-hour ﬁeriod, there
- results delayed pupariation,'reduced survival to eclosion, and up to
80 per cent of surviving'adults showbcuticular'deficiencies and duplica-
tions (Russell, 1974). The pattern abnormalities observed are similar
.to‘;hose described abp?é.for other mutants and experimental treatmehts,\
~and to those produced in other t.s. cell letha)l mutants (see Russell,
1974; krklng, 1975). In- mosa1cs, the cell-autonomous lethal effect of
t872¢ can lead to- the nonautonomous expression of pattern dupllcations,
and thus tea726 f1ts the.def1n1t1on of a prepattern mutant.
Although such pattern abnormalit1es have beeq 1nterpreted in terms
of any number of models of pattern format1on, in no case has a detailed
study of the development of the imaginai §iscs been:made. In order to

test the various models it is-essential that the intermediate stages in
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appropriate for such a atudy for several reasons. Firstly, because of
the high penetrance bf the pattern abnormality phenotype (a feature not
found in most of the othsr systems) histological observations can be
correlated with cuticular observations. Secondly, the pattern abnérmal-

ities are simple to induce in large numbers with this mutant. And

" ‘

-

finally, the mutant tissue can be associate& with various marker
mutations for convenient clonal analysis. This thesis presents the
results Sf hig‘glogical anq cytological investig;iions of ta?26 dosignod
to ascertain ihn’bresence and distribution of cell death,'its tissue
specificiéy, and its relationship, if any, to the observed‘cuticula¥

pattern abnormalities.



MATERIALS AND METHODS

Drosophila Stocks

o

‘Table II1 lists the mutations, chraomosomal rearrangements, and
stocks of Drosophila melanogaster ut}lized in the investigatioﬁs reported
in this thesis. The wild-typeé stock  used was an Orégon R inbred 1line,
which also constitutes the genetie ﬁackground for the mutant etoeks.
Except where stated elsewhere, all stocks were from this laboratory.
Detailed descriptions and references for the marker mutations can be
found in Lindsley and Grell (1968).- The temperature—sensitive lethal
mutations are described briefly here. ‘ . . o

Russell (1974) has described t&726 thoroughly and his findings are
summarized here This mutant is an X- linked recessive lethal mutation
recovered as one of a series of temperature- sensitlvc lethals,iﬁduced
with ethylmethane sulfonate. It is cell autonomous for lethalxty as
detefmined by the twin spot test method of Stern and Tokunaga (1968).
Its temperature—sensitive period (TSP) for lethality extends from ehe
flrst larval instar 1nto pupation, 22°C being the permissive and 29°C
‘the restrictive temperatures respectively. When mainteined continu-
ously at 29°C immatures grow slowly, leave the food early, and eventu-
ally die predominantly as second and third instar larvae. If developing
tg726 larvae are ‘pulsed for 48 hours at the restr1ct1ve temperature
survival is reduced, eclosion is delayed one to four days, and
deficiencies and duplications of.imaginal cuticular patterns occur at
high frequencies in surviving and pharate adults. As adults, females
are. sterile.ana males fertile at 29°C. The mutant is an allele at the

euppresaor-of;fb?ked (su(f), 1-65.9) locus,
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The temperature-sensitive lethal ts67 has been described by Dudick

~-

‘et al.‘(i§741. It is one of two ts letﬁils induced in t@e,same .
X-chr;ﬁosome in a screen for ts iethal alleles of-lethal (1) hyoaéhcroid.
(1-21.7) (Wright, 1968). In the ta67 stock used here-most of the
mutagenized chromosome had been replaced by a crbss—ovc? fb the left.

of oarnatibn_(i-éz.g). fhe +Sb %or"lethalityirpportgd for tsé? bégins
in the second larval instar.and ends at pupation, 22° and 30°C being

the permissive nﬁd restrictiye temperatures respectively. t86? has

also been reported as an allele at the sulf) locus. Lamberfson (1975),‘
in an iﬁvestigation o} the ribosomal proteins of this mutant, has
reborted'th;t the ;f;nsition from the larval to the imaginal complement

is delayed at 30°C.
~

Media and Rearing Conditions

Cultures were reared on the yeast-sucrose-agar medium of Nash and

Bell (1968) (Appendix I) in quarter pint bottles or shell vials. Incuba-
tion temperatures were controlled to within one degree of the nominal
value.” Humidity was not controlled. Prior to egg collections flies

were fed on the standard medium supplemented with a live yeast paste.

Temperature-Shift Experiments:

In experiments where developing larvae were to be exposed to either
29° or 30°C for a defined period, cultures were initiated from eggs
collected over a one hour period. Three to eight day old well-feéd

adults at 25°C were used for egg production. Prior to collections

thése adults were transferred regularly to fresh food in order to
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prevent egg retention by the females. This method ensured uncrowded.
,initially Qynchronbus cultures.

Following collection, eggs were immediately transferred from 2s*
to 22°C, the pgrmissivp temﬁ;rature, and incubated until the time of
adminis;ration of the restrictive pulse. Various pulse-huratiOns were
used and these were controlled to within one éuarter hour of the
s;ited period. Larval.ages in all cases were recorded in hours from
the‘bna of the egg collection period. Cuitures were observed in' the

morning and evening daily and notes on their developmental progress

were recorded. .

.
4

Larvae sampled for dissection or histological examination were
sexed while alive by obScrv;tion of gonad size (Deperec and Kaufmann,
1950) as detected at X250 magnification with a dissecting microscope .
hsing transmitted light. The unsampled larvae in ;ach tulture were
allowed to complete development at the ﬁermissive temperature (22°C)..
Adults, collected daily as they eélosed agg.aged for one day at 22°C .
to allow ﬁhturation of the imaginal cutidle,'were stored in 70¥ ethano1
pntil they were examined. By this method the cuticular morphology of
adults could be correlated with microscopic observations made on the
imaginal discs sampled from sib; in the same treatment.

A'Where C(1)RM/Y females sefved as internal controls, per cent
survival to eclosion of pales‘relative to females was determined as
total males/total females X100, and delay in eclosion'éf males relative
to females as I{ix(M;-F;)} days, where Mi and Fj repfesent the fractions

of males and females eclosing on the ith day of eclosion. For a sample

calculation of mean male delay in eclosion consider the fBllowing
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hypothetical situation:

Day &f eclosion 1 2 3

NumbBer of females eclosing 50 S0 0

Number of m eclosing 0 50 SO
¢

Mean male delay = E{ix(Mi-Fi)}

= 1 (-.5) + 2(.5-.5) + 3(.5-0) = 1.0 day

Scoring of Imaginal Cutfcular Patterns

Flies were aged one day following eclosion to allow for cuticle
maturation and then were scored for phenotypig abnormalities Qnder the
dissecting microscope at xso; 200, and 400 magnifications. Cuticular
pPatterns of the head (see Fig. 1) were examined in most detail.
Increased or decreased numbers of each of the major groups of bristles
were scored including frontal, fronto-orbital, interocellar, and
postorbital microchaetae'and vertical, postvertical, ocellar, orbital
and vibrissae macrochaetae. Roughness or reduction in number of compound
cye facets, number of oeellf, and condition of maxillary and labial
Palps and antennae Qere noted as well. For the thorax, segmentation
was examined and orientation and nﬁmber of dorsocentﬁfl bristles on she
'scutum and scutellars on the“scutellum were noted. Legs were scored
for segmgntation abnarmalities,.bristle orientation¥ apd distal duplica-
tions of any size including those involving just the claw. In males
the metatarsal sexcomb bf_the first leg was examined for abnormalities
in tooth number and distribution. :Wings and halteres were not examiﬁed
in detail and only gross pattern abnormalities would have been detected.
Abdomens were sco;ed for abnormal segmentation and micro- and macro-

-~

‘chaetal distributions and orientations, Genitalia were not examined.

f}, | ' .




Fig.

1.

The head of DJrosophtla melanogaster.
2. The head and mouthparts, general structure and areas,
setae omitted.

b. Chaetotaxy of the head. (After Ferris, 1950).



. plihom
o= ptiucad ushare

<= metemmed foramen
- .- ree-

prenandibuler sulw s -
W grpuiod far@men -
posteriof tentormt pot
postesior lenigtial bas - -
bentorum
~ prefrens
orne

\ ‘. \
- \ prementum \
. )
! - " anterk \
": clyprue - . erias Wﬂ \
V4 nearitiory polpus- -~~~ “whilurel gubare N
s \
S . ~. " Y
Sobial polpiss (dabellwsn) - - _ _ | Jnbrum - o lobe and apede
A caphoic sepect Ccoudal sspoct

_ _.wertcel setae_ _

- posterdited setee - — -
\:.“'hvnhorbcld seloe
~<frental selae

28



29

A permanent record of cuticular abnormalities detected under tgp
dissecting microscope was made in the following manner. From 70%
ethanol, flies of intere ¢ rinsed in distilled water, cooked in
IN NaOH at 60°C until g:?j—::f?§1e remained (about 30 minutes), then
cut with microsciséors intL head, leg pairs, wings, halteres, and
a?domen. These cuticular pieé@s were of convenient size for mounting
in Gurr's water mounting medium between two 22 x 40 mm glass cover-
slips. In this way all the parts of an individual fly were kept together
and could be viewed and photographed from both sides.

After adult eclosion had ceased for at least 24 hours from any
particular culture the remaining pharate adults were carefully dis-

sected from their pupal cases. Those with a completely secreted

imaginal cuticle were scored phenotypically as described above.

Histological Procedures

Larvae were collected for histological pyrposes by submerging a
sample of the culture medjum in 7.0% sodium chloride and decanting the
floating immatures into a strainer. They were then rinsed with
distilled water and sexed immediately in ste;ile modified insect Ringer
(Ephrussi and Beadle, 1936) as described above. Only small grouﬁs of
larvae, which could be handled quite quickly, were dealt with at any

one time,

Larval Histology
Larvae were relaxed prior to fixation by bringing them to about
50° for two to five minutes in a solution of 4.0% (w/v) magnesium

sulfate in sterile Ringer (Gottliéb, 1966). Relaxed larvae, their
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bodies A;sﬁshded, bore.‘hén immediately fixed by one of the twé.follow—
ing sth;é;;d méthodsé . '

1. ﬁlcoholic Bouin‘F%Quti&n. The Bouin Duboscq (alcoholic Bouin)
fixative hés been.reCDmmended fdr3t§ssﬁes difficult to penetragé {Pantin,

1946). 1Its composi;ioh is as follows:

80% ethanol 150 ml
40% formaldehyde: - 66 ml
glacial acetic acid - 15 ml
picric acid crystals ' 1.0 g.

Rélaxed iarvae were 1mm£rsed in freehly prepar&d hot (60°C) alcoholic
Bouin fér 60 minutes and then were "allowed to cool to room temperature.
The posterior abdominal segment of each larva was then punctured with
a dissecting need}e to improve iissue penet;étion, and -fixation was
continued for anothéf 18 to 24 hours at room temperatﬁre. At all times
the fixative volume was kept large relative to the amount of tissue
being processed (at .least 20 ml of fixative €or every 10 larvae). °
Because of the ﬁigh alcoholic content bf this fixative, dehydration was
initiated with 95% ethanol folloﬂ;ng fixation.

>2. Chrome Alwm Fization. The other fixation procedure employed
was that of Gott11eb (1966) for the punctureless prepdratlon of insect

spec1mens, whlch employs a chrome alum fixative. The comp051t10n of

-

this fixative follows:

40% formaldehyde 3C
dimethyl sulphoxide 25 ml
propionic acid ’ 2.0 ml - .
distilled water 1238 ml
chromium potassium sulfate 3.0 g.

Relaxed larvae were immersed for 5 minutes in hot (60°C) fixative
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~ which was then allowed to cool at room temperature for an additional ten .

minutesl Larvae fixed in this manner were r1nsed in dxstxlled water and

except the last where three one hour changes were used. Al;prnatlvely!
rinsed larvae were dehydrated in two one-hour changes each of 50 and
100% dioxane.

. Where the ethanol series was used for dehydratxon specxmens were

cleared in two one ~hour changes of toluene prior to infiltration with

paraffin (Gurr's raraffin, m.p. 58°, ESBE Laboratory Supplies).

Dioxane - dehvdrated larvae required no special clearxng step. Infiltra-
t1on was accompllshed by gradually 1ncreas1ng the paraffin concentratlon
.1n a solutlon kept -Just above the meltxng po1nt of the wax. This
reou1red about eight hours for the punctured spec1mens and 24 hours for
'the unpunctured ones, after which two final baths of pure melted paraffxn
(one hour each for the .punctured specimens and 12 hours each for the
unpunctured ones) were utilized. Individual larvae were then transferred
" to gelatine capsules conta1n1ng fresh paraffln cooled, and blocks were
trxmmed for sect10n1ng as descrlbed in standard textbooks on hlstologlcal
techniques (see, for example, Humason 19721

8ix or seven micron thick transverse sections were cut w1th a
stainless steel knife mounted in a Leitz Minot 1212 rotary m1crotome
Serial sectlons ‘were affixed to gellatlnxzed microscope slides, deparaf-
f1n1zed in xylene, and hydrated in an ethanol series with two to three

minutes in each stop. Hydrated sections were stained by one of the

following three procedures.
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1. Delafield Hematoxylin (Progfeséive Mbthod). Delafield hema-
Foxylin was prépa}cd as dcscriﬁed in Humason (1972). Hydrated slides
were stained for two to fiwve minutés, checked for intensity of thevstain
under the compound micro;cope, and either returned t6 the stain if
_neceésary‘or transferred to running water for three ﬁinuteé prior to
dehydration in 70, 95, and 98.5% ethanol (a few minutes each). Dehy-
drated stainéd scctions were made'permhnent with a qrop of Euparal and
a co;erslip. . |

! 2. Gomori Tricheome Staining. The trichrome mixtﬁre is composed

of the following:

chromotrope 2R, ClI. 16570 0.6 g
fast green FCF, C.I. 42053, or '

"~ light green SF, C.I. 42095 ? 0.3 g
phosphotungstic acid 0.6-0.7 g
glacial acetic acid ' 1.0 ml
distilled water 100 ml.

Hydrated slides were slightly overstained with Delafield hematoxylin
(three to fjve minutes), washed in running water five minute'ained'
jnﬁthe trichrome mixture five to twenty minutgs, ;in;ed briefly in
distilled water to remove excess stain, dehydrated in 70, 95, and 98.5%
ethangl, gnd made permanent. e ‘

3. Toluidine Blue Staining. Hydrated slides were stained for
about one.and oné-half minutes in freshly prepa;ed one per cent tolu-
idime blue 0 (C.I. 52040) in one per cent sodium borate, rinsed well in
" running water, dehydrated in 70, 95, and 98.5% ethanol (a few minutes

in each) and mounted in Euparal. Photomicrographs were taken on quak

Panatomic-X film using a Wild M20 photomicroscope.
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‘Vital Staining of Dtecse
1. Acridine Orange Fluoreecence Method.. Imaginal d15t complexes
and 1nd1v1dual discs were prepared for whole mount f)uorescence microscopy

by the method of Sprey (1971) Cephal1c complexes (eye-antennal d15cs,
braxn _first and second leg d1scs) and w1ng ;omplexes (wing, Kalter; and
third leg discs) were d1sseeted from larvae in freshly prgpared steril;
Droeophtla Qinger (Bphrussi and Beadle, 1936). These were immediately

s M acrldxne orange (C.I. 46005) in Ringer for

stained wi 1:6 X 107
about five minutes. After a brief rinse in fresh Rlnger, 1nd1v1dual
discs were gently covered with a coversllp suspended on spots of
pet;oleum jelly to prevent squashing of the tissue. Photographs were
takéni}mmediately with a Zeiss Photomicroscope 111 equipped for fluor-
eséénce miq;oscopy using exciter'filieré BCIZ and BG38, barriér filter
44, and Kodak Tri-X film developed to 400 ASA.

2. Trypan Blue Exclusion. Discs obtained as descrlbed above were
immediately stained with 0.5% trypan blue (direct blue 14). (C.1. 23850)
in Drosopﬁila Ringer for five to ten minutes, rinsed in fresh Ringer,
gently coyered.with a coveésiip suspend;d,on sp0t§~of petroleum jblly,

and photographed. Kodak Panatomic-X film was used in a Wild M20 photo-
: , .~

microscope.

Localzzatton of Cell Death in Thin Sections 3 f
Imaginal- disc complexes and 1nd1v1dual imaginal discs were prepared

for thin (1/2 to 2 micron thick) sectioning as-follows. Larvae were

collected and séxed as described p:eviously, then immediately wete

disse;ted'in“a solution consisting of one-part Ringer to one part primary.

fixative (0.1M phosphate buffered 3% glutaraldehyde, PH 7.0 at ZZ?C);



Each imaginal disc complex obta1ned was then quickly transferrod to ‘an
undi luted ;olutxon of the primaxry fixatxve The initial fikation pro-

. ceeded for two hours at Toom temperature (22°C). After euo 15-minute
rinses in buffer without fixative the discs. were placed in the secondary
fixative, 1* osmium tetroxide ln the same buffer, for two hours_aéain.
at room temperature: . o o '

Following. this double fixation procedure the d1scs were washed
‘twice in 10 ml phosphate buffer baths (flfteen minutes each) and. trans-
ferred to 50% ethanol to'initiate dehydration. (A graded ethanol series
con-sistin_g of S0, 70, 80, 90, 95 and 98.5% steps was used with S minute
changes in each but the last where there were three S-minute_changes.>
Dehydration was followed by clearing in three S-minute baths.of'propylene
ﬁoxide_and Lnflltrat1on beginning with a one to one (v/v) solution of
propylene'ox1de and Arald1te epoxy resin (Ladd Research Industrles Ltd. )
The epoxy resin consisted of one part’Araldite 502 resin to one part
dodecenyl succinic anhydride, with 2% dimethylamxnomethylphenol added
to accelerate harden1ng. The tissue was left uncovered in the mixture
overnight at room temperature so that the propylene ox1de could gradu-
ally evaporate off. In the morn1ng the tissue was transferred to fresh
epoxy resin in rubber molds and polymerized at 60°C for 48 hours. )

Blocks were trlmmed with a sharp s1ngle-edged razor blade and half
‘micron thick ser1a1 sections were -cut with glass knlves mounted in a
. Sorvall JB4 (Porter Bluna rotary mlcrotome. Sections were collected in
consecutlve groups of fifteen and placed in drops of 10% aqueous acetone
arranged in order on aéetone washed microscope slides. Evaporation of

the drops over an alcohol lamp heat-affixed the sections to the slide

in prdered groups.
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Cooled slides were then stained by flooding with 1%. toluidine blue O
"(C.I. 52040) in 1% sodium borate and heating over an alcohol lamp until
sté;m rqs;_from.theAstaiﬁ. Caution ;;s taken to‘avoid boiling.of the
stain whicthrinkles the flattened sections. The slides were cooledlto
room temperature and rinsed in runninéAdis}illed water.for 26 to 36 .
seconds. They were. then air—dri?d and checked under tﬁe compound micro-
scope for sfain intensity. °'The prdcedure was.repeaied if the seption;
were igsufficiently staiﬁed. Otherwise a- coverslip was affixed with
Pérmount JFishér Sciehtific), a toluene-based mounting medium, in which
fading of the stain does not occur. -The resulting permanent slides -

were later used for photomicroscopy. Kodak Panatomic-X film was used

with a Wild M20 photomicroscope. .

Electron Miaroecqu
i A review of thé general features of jmaginal d;sc organization,

.ba;ed on epoxy sections, haé been presented by Poodry and Scﬁneiderman
- (1970). The ultrastructure of Drosophila ;Taginal'discs has been
described ﬁy WaAdington #nd Perry (1560); Fristrom (1968,:1969), Pefry
(19é8), Ursprung and Séhabtaéh (1968, 1972), Gateff et al. (1969),
Wéhman (1969), Poodry and Schneidermap (1970), Wehman and Brager (}971),
aﬁd'Fristrgﬁ and ?ristrom (1975). It is reviewed by Ursprung (1972).

Epoxy embedded imaginal dis;s prepared as described above for thin
“sectibning and_-light microscopy were also ;uitable for electron micro-
scopy. The same blocks were used for both types of examination by
taking adjacentAthin and ultrathin sections. This procedure facilitated

correlation of light and electron microscopic observations.

o

" For the electroh microscopy ultrathin sections (600-1000 R), cut

»
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with a dramond'knife mounted in a Reiche;t omu2 ultramicrotome and
collected on Formvar-coated 100-mesh copper grids, were stained with

2% (w/v) aqueous uranyl acetate for three to four hours and tgen with
0.25% lead citrate\(Reynolds, 1963) for two to four minutes, 'Staining
with uranium was sometimes omitted. The preparations wgfe viewed in

a ﬁhilips 200 electron microscope. Electron ﬁicrographs were mado.fron
35 mm.Kodak Fine Grain Positive FRP 426 film.

Lfsosdmes are cellulﬁr organelles defined by morphological and
histochemical criteria. Daems,, Wissé, and Brederoo (1972) have reviewed
the electron miéroscopic appea*ance of these cytoplasmic bodies and
their progressive changes.duriﬂg sequential stages of cellular degener-
‘ation. Their criteriﬁ for the ultrastructural identification of fhose‘
- bodies, and the generallylacceptéd functional interpretation, are
summarized here for the reader's convenience. Although the coﬁtinuous
‘nature of lysosqmal transition is stressed, three kinds of lysosomal
Sodies are describe&. 'Primary lyéosomes' contain the degradgtive_
hydrolytic enzymés and pltrastruéturally they appear ;s small. (a micron
or less at their widest point), generally ovzl, unit membrane-bound,
eleétron-déngé structures often exhibiting a narrow electron-faint
""halo" beneath their limiting m;mbrane. They fuse with cellular frag-
ments to form gecondary lysosomes. 'Seéoﬁdary lysosomeé' are active in
the process of degradation and are 'fusion éomphtible' with primary or
pthgr secbndary lysosomés until a 'ma;imum loading capacity' is reached
when the indigestible ?esidues have accumulated to such an extent that

they saturate the digestive capacity of the lysosome. Early secondary

lysdsomgs are larger than primary lysosomes and much more variable in
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shap?. They shaw mdrpho}ogicnl.evidonce of fusion, a;e membrarre-bound,
and often‘contain inclusions identi%fcble as various cellular components.
More sphetrical bodies of fairly consﬁant size with only degradnfion
resistant femnapts of cellular- structures, such as mitochondria and
.nuclear membrane tracts, present within them are considered late
secondar; lysosomes. ;Residunl bodies' (post-lysosomes, telolysoﬁes)

are no'longer enzymaticélly active in d;éradation but contain the
femaining indigestible residues accumulated during[%he degradation/fusion

cycle and are often egested from the cell following their formation.

Acid Phoéphaéaee Hiatochéﬁiatry
_ Acid phosphatase, a marker enzyme for lysosomes, was stained his%p-

chemically at the electron microscopic level by a lead precipitatién
meghod (Gomori,,1952) ﬁodified"for use on imaginal disc; from the pro-
cedd?e of Maunsbach (1966). Imaginal discs were dissected from larvae
in Drosophila Ringer, fixed for two hours at room temperature in 3%
glutaraldehyde in 0.05 M sodium cacodylaté buffer with 4,5% ‘dextrose,
and'rinsed in fresh buffer for twelve hoyrs. Incubation in the ‘'staining '
medium fdlloweﬁ.' It wag prepared fresh as follows: 10 ml of distilléd
water was ahdeq to 10 ml of 1.25% aqueods sodium- B: glycerophosphate
-(Q/y) and 10 ml 0.1 M tris maleate buffe; (ﬁH 5.0) (see below)..’ZO,ml
O.é% aqueous lead A;traté (Q/v)'ﬁere then .added drépw}se with coﬁtinual
'Sfirfing. The pH was adju;ted to 5.0 with normal HC1. The tris maleate
buffer consisted of 7 ml 0.2 M sodium hydraxide, SO ml 0.2 M tris acid
‘maleate (thit is, 24.2 g tris amino methénp plus 23.2 é anhydrouggmaléic
'aéid in 1 litre di;tilled waters_and 43 ml distilled water.

Incubation periods of 20, 40, and 60‘minutgs were used prior to



two 15-minute buffer rinses-and eost—fixntion with.l% (w/v) osmium”
tetroxide in 0.1 M phosphate buffer with 1% sucrose (pH 7.2) for one
kour Following such treatment the tissue was rinsed twenty to thirty
minutes in fresh phosphate-sucrose buffer, dehydrated in a graded ethanol

series, ‘cleared, embedded in Araldite,.and sectioﬁed as described above,

" for electron microscopya Both unstained and lead citrate stained
ultrathin sections were viewed in the electron micro;cope. Aglin ell
electron micrographs were made from Kodak Fine Grain Positive FRP 426
film. ‘ S

The detection of the enzyme by this method results when phdsphate
groups, released eniymatically from the substrate, react with lead ions
and precipitate, thereby producing an electton—dense depdsit. This
deposit, when detected in the electron microscope, indicates the distri-
bution of acid phosphatese activity within the tissue. "As a cqntrdi
fof the method, discs were incubated in medium lacking the substrate,

sodium-B-glycerophosphate.

Imaginal Disc Reconstruction

Imagidal disc complexes, serially-sectioned and stained as described
abo?e, provided material for reconstructions of eye-anténnal, leg, andv
' wing discs. Control (ts’26 at 22°C fot’14l hours) and treated (ts726 at
22°C f?_96 hours and 29°C fdr an additional 48 hours) discs were re-
constructed. Generafiy, only material in-which cephalic and wing B
complexes remained together and intact upon dissection was ueed in these

studies. Camera lucida drewinés of entire sections (magnificatioh 200

or 400 X) were made using a Wild M20 microscope equipped with a drawing
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tube. In order that many discs could héEi’ponstructed, the reduced
section thickness (1/2 H) require; for adeeuate resolution of cellular
detail necessitated the use of a section samplxng system. The method
fixed upon; after consxderable fam111arity with the sectionlng of discs
had been achieved, was as follows One section pe: group of fifteen on

a microscope slide was drawn after being selectee as the first section
free fromlyrinkles, fblds, and stalniﬁg artifacts observed when the

group was scanned Lnder the ‘microscope. In this way individual sections,
. drawn in a random fashion from small consecutive groups, were used for
the reconstructioﬁs.

Each disc was ideﬁtified in the sections by means of a number of
criterlanincluding siie, shape, 'position in.the'complex (Chen, 1929;
Auerbach, 1936; Robertsen 1936) , and other disc- spec1f1c features such
as optic stalk:’attachtng eye- antennal discs directly to the brain
hemlspheres, both first leg discs being enclosed in one peripodial
membrane, third leg discs lacking a difect nervous stalk to the ventral
gangltiom, etc.

EV1dence of cellular degeneration (see Results) was plotted on each
drawing. It was quantified by using small xz's to 1nd1cate the posltxon
of each late secondary lysosome and re51dual body (that Ls,‘the Type 1
- bodies of Table XIII in the Reésults) on the drawihg. “ Hence theﬁrelative
extent and distribution of cellular degeneration in the selected sections
was indicated by the number and position of x's on-the camera lucida
drawings. The information gathered from all the drawings associated

with one digc was then plotted on a standard surface map of the disc to

provide a reconstruction.

C .
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Each camera lucida drawing was represented by one dotted lin.\‘;j'
ented appropriately on the surface map of the disc. The'number and
posi£ion of x's per drawing were indicated on the line. The number of
parallel lines across the surface map, then, corrgsponded to the number
of sections drawn, and depended upon the size of the dis; and the angle
at which it was sectioned. |

The orientation of the plane of each section was'determined as
follows.  The angle at which the disc complex was sectioned relative to
it; major axes (anterior/posterior, dorsal/ventral, and medial/lateral)
'was'estimated. The fixed positions of the discs in a complex relative
to one another, their paired ﬁ;ture, and.other disc features such as
characteristic regjonal folds of the ep;thelia, size and shape of the
lumen, pﬁsition of nervous connections (Chen, 1929; Auerbach, 1936)
and adepithelial cells (Bryant, 1974), et cetera indicate the orienta-
tion of the, sections and help identify what region of a disc one is.
viewing_in-a particular section. Cases where section orientation was
’subject to doubt weré not used for recon;tructions. |

Orientation of disc sections and identification of particular
discs is often more difficult if only part of the disc ‘complex is present.

For this reéason use of such material was avoided.



RESULTS

The work described here was designed to test and elaborate the
hypothesis that cell death in the imaginal discs of ta?26 accounts for
its cuticular effects in temperaturc-shift experiments. In particular
1 was interested in how the pattern of cell death discernible histo-
logically might correlate with the ultimate morphological effects. To
increasc the scope of the investigations another temperature-sensitive
lethal allele at the su(f) locus, not known to produce cuticular
deficiencies and duplications, was also tested.

The results are presentcd in three sections. The first deals with
general characterization of the two ts lethals, the second with the
development of an appropriate histological system for the detection of
cell death in imaginal discs, and the third with the patterns of death

detected in te?l6 imaginal discs.

Characterization of the ts Lethal Mutants
ta726 and te67

Terperature Sengiiivity

In light of the instabilities known tec be associated with the
phenotypes of many temperature-sensitive stocks (Igarashi, 1966; Smith,
1968 Suzuki, 1970; Mayoh and Suzuki, 1973; Wright, 1973; Kaufman and

)

Suzuki, 1974), the two conditional lethal Drosorhila stocks to be
invcstiggted histologically here weré\first tested for lethality.

The wen?® te?c€/C(1)RM/Y stock produces zygotes of fo different

genetic constitutions: wan? te?26/C(1)RM diploid metafemales, Y/Y

nullo-X individuals, C(1)RM/Y females, and wan’ t8726/Y males. Only

41
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the latter two survive to adulthood and perpetuate the stock, the males
expressing the conditironal lethal, and their female sibs serving as
controls. fbpy samples, collected as described \n.tho'Marorinls and
Méthods, were transferred to cither the permissive or restrictive
terperature tor incubation.

The car te€7? stock produces only hemizygous mutant males and homo-
zygous mutant females. Lkggs were collected on medium suppﬁcmented witﬁ
a live yeast paste in petri plates over which stock bottles were
i;vcrted. The egpps were counted and transferred to the Qppropriate
culture temperature. After two days all the medium and luarvae were
transferred from the petri dish to a fresh bottle of }ood for further

incubation.

The data presented &n Tables IV and indicate that both stocks were

still temperaturc-sensitive for lethaligQy he time of testing. A
similar test with the 1 ts'2€ stock she o be fully temperature-
sensitive as well. The single male escaper at 30°C in the car teé?

stock cclosed late and exhibited a "Minute-like' phenotype with several

macrochactae reduced 1n size or missing, both eves rcugh, and a blistered

wing.
Stege-Distritutec Mortalities at the ﬂ
Fegiriative Jerperatures o
Stage distributions ®f mortalities in ts’”.6 and ts€7 maintained at
the restrictive temperatures were also examined. Daily records were kept

of the develorrental stages attained in each culture. For the an’ te726/

C(1)RM/Y stock about half the larvae grew slowly at 29°C, left the food

3

early, wandered on the sides of the culture bottle as immature laPvae,
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Table IV. Survival to Eclosion in wen3 ts72f/C(1)RM/Y Cultures
Reared at Permissive and Restri_ctive Temperatures
Culture Number of Number of Relative %
temperature wan3d males -attached - survival
- (%0 eclosed X females of Males
) eclosed to Females
22 241 312 77.2
/
29 0 299 0
Table V. Survival to Eclosion in car tse7 Cultures Reared
at Permissive and Restrictive Temperatures .
Culture Fgg - Number of Number of Total survival
temperature count car males car females (male + female)
(°0) eclosed eclosed from cggs (%)
22 307 115 121 ' 76,9
30 250 1! 0 0.4

T

1"Minute71ike” phenotype of lone survivor described in text,

N g
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and died after two to ten days, predominantiy as second and tﬁird'instar
larvae as deterrined by examination of the number of ieeth on their
mandibular hqoks (Rodenstein, 1950). . Although they could not be unambig-
‘uoﬁslx sexed bécause of their small 51zq prosumably thcy represent the
lcthal -bearing males as these flies eclasing without . developrental delay
were all females,

For tsé67 Dudick.eg ul.'(19%4) have reported combined embryonic and
larval hortalttv of 100% at 30°C. However, 'the ear teb7? stock tested
hero fave blgnlflLantl\ olffcrcwt re\ult$, with noctly late larval death,
but up to 25% pupa] and con31derab1e prepupal mortality. In contrnst te
ts72€, larvae grew to normal or near norqal ;ize‘vith only a slight
developrental delay, and did not'lca?e the food preraturely.

Yrﬁm these results, thén, it'is appaxonf that for these stocks at
~least,_‘°7°b showed an carlier effective lethal phase at the restrictive
températﬁro. Such a result might be predicted cn the basis of the
publishodlfSP'sAfor the two mutants, since that for t872€ btegins éarlier
- in dcv;]opypnp;and la$t§ longer'than that for ts6” (Russell, 1974;

Dudick et al., 1974).' |
-illélism-Tesi ‘ -

As both te726 and t$€7,had beén'rchrted as mutatiohs a; the. su(f)
locu§ (Russe)l 1974'-Dudiqk ct al., 1974) it was df intercst whether or
not qﬁZ) uculd complcnent with respcct to lethallty in a <pmple~allellsm
itest W1th this in m1nd the F; progeny from rec1procal crosses between
the homozygous mutant stocks.y ta72€ and gar te€7 were cultured at 22°
and 30°C. . ‘ | . .

Virgin females were mated in groups of about 20 to an equal number

’

./»*
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of males trcm the other stcckh in vials. Eggs were collected over A—hour.
Reriods on food supplemented with a live yeast pas;e. Vials with suffi-
cient eggs were cultured at either 22° or 30°C. A{;hopgh egg counts

were not made, the developmental Fregress of ‘each culture was recér&ed
daily. Incubation continued until al} survivors had eclosed. These‘
.were counted and scored with respect tc sex and-genetic#markers
expressed.

.No Fi progeny from these crosses survived éo eclose at 30°C,
whereas the pfedictcd phenotypes appearea at 22°C (seé Table VI). From
these results it was cgncluded that, with ;Espect'to biabilit; at the
restrictive temperature, the two mutafions'fail to complemeht, and can

be considered allelic.

Phenctyric Charceterizaticr. of the Mutart Stocks
in Tenperctwre-Shift Fareriments

a) Varioue temperature treatmerts. s
. v

The experiments described here were designed to characterize the
two ts lethal nutants with respect tc survival to eclosion, developmental

delay, and effects on imaginal cuticular patterns in temperaturg-shift

experiments, inasmuch as these characters might be retated to the-hypo-

thesized cell death in the imaginaf’discs. The results of these experi-

ments were then to be used te help_detefﬁine which temperature treatment
and mutant stock would be most suitatle for th€ detailed histological

. : - .
investigations to follow.g. The reiults of th¥e exreriments are sum-

o h

marized 1rg~Tables VII?_’&{V.VIII.
L4

Paxt A of Tgale VII confirms and extends the earlier work of Russell

(1974) on 48-hour restrictive temperature pulses during larval life in
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ta726’ The wen® tsf26/é(l)RM/Y stock was used here and it can be seen
that‘squivaI to eclosion of the mutant males relat#ve to the control
females was most significantly reduced in cuitures pulsed at 48 (7.95)
and 120 hours (13 2%). However, mean developmentai delay was not ;s
great in ‘these treatments as in those pulsed at 72 and 96 hours (Table VII)
in whitch ‘abnormalities of the imaginal cuticular patterns of,surviving'
and pharate males were ;most freéuent. These ﬁorphologi‘nl abnormalities .
will be described in detail below. |

The ?osufts in part B of.lelc VIT illustrate the offocts ofA;ostric-
t1ve temperature pulses adm1nlstered late inthe te726 TSP. It has long
been known from histologlcal studxes (Ganin, 1876; Robertson, 1936) that
the imaginal abdomen is formed from small nests of cel}s, abdominal
hisksblasts, which unlike imaginal discs only begin to divide much later
in development at thé time of ppﬁariation.v ;ince restrietive temperature
pulses during ts?26 larval development did not affect the cuticle of the
imaginal abdomcn at signifiéant freqﬁencies, it was of interest to deter-

1

mtpe the effects of restrictive temperature treatments late in the TSP,
at the tlme Vhen abdomxnal histoblasts normally proliferate.

For this purpose StagedWIarvae, prepupae, and pupae were subjected
to heat tre;tments as follows. éul;ﬁrgs of y £8726 larvae were ‘incubated-
at 22°C until white pfepupae were present. At this time, mature larvae
¢(ML) and white prépupae (WP) were picked from th; sides of the, culture
‘battles (a fine értist'paint brush well-moisten!h with distilled water
was used) and placed in Qials. Tanned prcphpac (TP) and young pupae (P)
wefe ob;aine& by allbwihg WP to age 12 and 24_l.urs, ib;pectivelyr at.22'C;

Since the white prepupal stage only lasts fro-‘ to two hours at 22°C
Q : . :

L4
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" this method provides an excellent means of developmental synchronizatlon

just prior to restriotlve temperature pulsing. ’

- The survival to eolosion of these staged animals following a 48-hour
29°C pulse is shown in Table VII and confirms that those animals spending
a greater portion of the TSP at the restrlctive temperature suffer the
greatest mortality. Developmental delays were -riot determined. Cuticular
effects were of two types, both designated as deficiencies in Table VII.
In the heads and legs, 1ndividual macrochaetae were often missing, or
‘grossly reducéd 1n size, although the surrounding cuticle was not defi-
cient. This was thought to be indicative of a block in bristle differ-
entiation itself In the abdomens of surviving flxes these bristle
deficiencies were again observed and in several cases- involved the
microchaetae as well. In the pharate adults imdginal abdominal cuticle
.was often entirely or partially absent, and frequently tracts of

brlstleless, trichomeless cuticle. were observed. External genitalia,

which are derived from the genital disc rather than the h1stoblasts,

were invariably present. The defxcidhcibs described above were observed

a'—

throughout the treatments although the most severe effects were observed

. in those animals treated at the ML stage, and the incidence .of missing
abdominal microchaetae and abdominal cutxcle detlined with increasing

age at treatment Deficiencies and dupllcatlons of cutx%ular regions in

the Head, thorax -wings and legs were not observed in any of these

treatments. .

Part’C of Table VII presents data on the effects of certaln other
temperature ttaatments on ta726. As it was known that this mutant failed
to produce imaginal cut:lcular pattern’ alterations in experi')ts in which

pulses much shorter than 48 hours at the restriotive temperature were



Lo R 3\

employed (Russell, 1574 and unpublished results), it was oﬁ interest to
determine whether ®levated pulse temperatures might .effectively reduce
the required pulse duration. . -

40°C pulses of 3, 6; 12 and 24 hours, duration were administered

to wan® ta?28/C(l)RM/Y,cultures beginning at 24, 48, 72 and 96 hours of

o
.

development following egg collection At this temperature pulses ef
6,'12‘and 24 hours duratlon proved virtually lethal to both mutant
males-and control females. In those cultures pulsed for 3 hours the .
males showed reduced survlval to ec\oslon relative to their female sibs,
‘ “ranging from 47,5 to 74,38, and sign1f1cant developmental delay, from
0.01 to<0 40 days (see Table‘VII) However,'significant:freduencies of
cutxcular abnormal1t1es in surviving and phara{e males were not detected
-In an attempt to ihcrease the frequency of imaglnal cuticular '

pattern alteratlons 33°C treatments of 15 hours duration were adminlsF

3

tered to wen t8226/C(l)RM/Y cultures at vgrious developmental stages

~Here survival to eclosxon of mutant males was h1gh and deve10pmenta1
delays, although small, were sign1f1caht csee Table VII). However, again
cutlcular abnormallty frequenc1es were very low mostly“below S;e per
cent. _ﬁowever in those males pulsed at 72 and 96 hours of development
eye facet deficiencies occurred atxfrequencies just less than 5% when
pharate.and sunvlviné adult data were comnined. . The eye tacet defi- .
ciencies recovered were predominantly of the type shown in Figure 2a,
that is, reduced along.the anterior margin adjacent to the antennae such
) that the eyes were kidney-shaped. |

The results of less extensive investigation with the car tef7 stock

-are summarized in Table VIII. Here survival to eclosion was reduced

-

o
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Pig. 2. Two eye facot dcficiqncx types observed in restrictive

to-porature pulse experiments:

a. anteriorly indented eye from a wen3 ts72€ adult pulsed

from 72-87 hours at 33°C ’
b. posteriorly—indonted eye from a car tsf7 adult pulsed

from 48.96 hours at 30°C.
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only slxghtly by a 48-hour restrictive temperature pulse, and dcvclopmcn—
tal dclays were much smaller, compared to equlvtlent treatments with the
tu726 mutant. Cultures pu::cd at 48 and 72 hOUfs gave the highest sur-
vivals and ?reétesi dcyclopmental délays as well as the only cuticular
abnormalities. The latter consisted solely of eye facet deficicencies w{th .
occasional nccomﬁunying head bristle duplications. Two types of abnarmal
eyes were o$scrved: (1j eyes lacking facets along the apterior margin
(antcriorly-indented, as déscribed above, see Fig. 2a) 6ccasionaliy associ-
ated with duplicated (extra) fronto-orbitals nnd/or orbitals, ypnd (2) eyes
missing facets along the.poﬁteriqr margin (posteriorly-indented,,see Fig.
2b) somctimcs accompanied by duplicated postorbitals. Antcriquy-indented
eyes were produced predominantly when the pulse was initiated at 72 hour;.
that is when‘scéggd instar iarvae wérc-prcsdnt in the culturc almost
cxclusiy;ly, while posteriorfy—inden;ed ones occurred only in flies from
those cul;ures which were 5ulsed at 48 hours, whe® late first and ~asty
second instai larvae are bresent (cf. répOrt by PoodryAet al. [1973) on a
similar phenomenon with shi tel). Byvthe contingency Chi-square test there
were significaﬁtly more.ante}iorly—indented eyes in the hemizygous malés
than in the hoﬁozygous females from the culturé pulsed at 72 hqurs

(P < 0.001).

b) Imaginal cuticular pattern abnormalities in ts726 pulsed
from 96-144 hours at 29°C. . )

With the results of these temperatbfe—shift experiments in mind it
was decided that 48-hour 29°C pulied te?26 farvae would be used for the
.hlstologxcal 1nvestxgations. Where whole larvae were to bé sectidned‘both
pulses 1n1txated at 72 and 96 hours were ‘selected as suitable, while-for

procedures requxrtng dlssectlon of the 1maglnal dxscs from the larvae,
J
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the size constraint suggested the 96 hour pulsed larvac as most suitable.
Both these trecatments result in reducad survival to eclosion, lengthy
developmental delay, and high frequencies of cuticular deficiencies and
duplications (see Tahle VII). The imaginal pattern altcratians observed
in surviving and pharate “tg’26 Qdulfi{follbwing a 48-hour 29°C pulze
initiated at 96 hours of development will now be described in some detail.

9

The data presented here arc from sibs of y ts?26 male and fcmale larvae

¢
used in the histological investigations reported in the remainder of
s
the Results. In this way cuticular and histological effects could be
~

4
compared apnd gorrelated where possible.
A total of 111 eclpsing flies and 15 pharate adults were scored for

cuticular abnormalities as described in the Materials and Methods. Heads

4

were cxamined in most detail and the data for them are presented in

Tables IX, X and XI. With respect to the flfis which survived the

restrictive temperature pulse, it can be scen from Table IX that abnormal-
ities of the head occur in early as well as late eclosing flies. tHowever,

when the type of abnormality is considered, there is a no&dceable frequency

LI
difference associated with Jdevelopmental delay. FEye facet deficiencies =
P

were the most common abnormality observed with an overall frequency of:
. *

16%. Thé various eye types and their frequencies are summarized ‘tn

LY

! M »
Table XI. In the eclosing flies some eyes (25 out of 222) weYxe missing ¢
: . e
fac€te along their anterior border adjacent to the antennaé“(cla§5_2~iq AN
-y - - L

Table XI, see Fig. 2a). These anteriorly-indented cyes were all ffound fﬁ
flies eclosing within the first three days of the ninc-day eclosgo
périod (see Table XI) when only 35.1% of the survivors had ecloseq

Thirty eyes were found to be deficient for peripheral facets ju%{ ;nsthe
3 - .
a 108 ¢
L« Phis
e
R

i
region of the eve adjacent to the vibrissae (class 3 in Table X
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eye type began to appear in flies eclosing on the third day of.eclosion,

and became more frequent in flies eclosing towards'shp end of the -eclosion

’
-

period. Forty eyes were observed with. both of the‘gzcet deficigncies
: ~
described above (class 4 in Table XI). These occurred iy flies which

Jw!

began to appear on the th{rd day of eclosion and had all eclosed by the
end of the fifth day. The seven remainiﬁg eyc abnormalitics were the -
most cxtreme defects, two being deficient for man§ facets thereby reducing
the eye to a small number of centrally-located faccts covering less Fhan
half the area of a'normal eye {class 5 in Table X1¥, and five completely
lacking facets (class 6 in.Tablc XI). Six of. these seven secvere cye
dcficiéhcics occurred in flies eciosing on‘or after the fifth dax of
eclosion (see Table IX) when over 64% of the surviving flies.had already
cclosed. The remaining one had eclosed on the fourth day of cclqs&on.
Thus, with respect to surviving t8726 flies, those w};h.thc most severe
head abpormalities tend to cclose later.

Data for the heads of ghe 15 pharate adults scored are -included in
Tables X and XI. From Table X it can be §c¢n that 57% of the cyes of the
pharate adults w;re deficient. The various classes of eyes that occurfcd

in the eclosing flies, save class 3 (Table XI); wbre'qlso found in the

pharate adults. However, the mere severe cye dcfects@ﬁ‘hich include

«’ -

classes 5 and 6 of Table X1, occurred at a much higher'combined frequency

»
fn the pharate adults than in the eclosing flies (xz(l) = 7.83 with Yates'

»
correction, 0.005 < p < 0.010).. Eye facet duplications into other regions
of the head were never detected.

Although the eyes wérc~tﬁé most frequently affected, other cuticular

structures of the head were deficient or duplicated at lower frequencies

(see Table X). Orbital and fromto-orbital bristles were found to duﬁlicate
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at the highest frcqucpcies in eclosing flic!k 0.13 and 0.23 respectively. .
These duplicatﬁons were alwiays associated with eye facet deficicnc?es.'
Vibrissae were'duplicatéd in five of the 222 half-hcads of survivors scored,
while postorbitals and vert{éals were duplicafed in four and one half heas,
‘respectively. Occllar;, postvorticals} interocellars, véfticals, orbitals,
fronto-orbitals, and.vibrissao were found to be deficient only at low'
frequcﬁcics (sce Tabic-x).: Data for'tﬁé hcads of the 15 pharate adults
scored show somewhat cicvatcd'frethncics of dupiication for certain struc-
tures such as écellars, postverticals anq interocellars. For other struc-
‘tures, sdch as frontnls and oéelli deficicencies werc observed which had
48f been detectcd in the eclosing flies. In pharate adults, as in the
.eclosing flies, and with comparable frequcncxcs the frontoorbitals and-
orbitals were the cuticular structures duplicated most'oftcn. More pharate
adulfs would be required to claborate these conclusions. ‘
Tﬂué, following a 96-144 hour 29°¢ pulse some imaginaf structures,
-such as eye facets, become deficient.put apparently never duplicaté; others,
;uch aé postorbi;als, duplicate.occaSiéﬁally but rarely orknever are .found
to be dcficicnti and still others, such as verticals, orbitals, fronto-

orbithlé, and'vibriSSac, both duplicate and become deficient at easily

detectable frequencies) Structures scored but not listed in Table X ‘were
» - - ' LN

not affocted in any of the heads obscrvcdl

Frequencjes of deficiency and duplication for each cuticular structure

of the adult head were calculated using thc combined data from the eclosing

.

and pharate adults. These figures were then plotted on a fate map of the

eye-antennal disc as shown in Figure 3. The "Eﬁt“most frequently observéd

.cuticular patterns in all 252 half-heads scorea are deﬁicted in Table XII.
AN ‘ ) .
Together, these eight patterns account for 225 or 89.3% of the half-heads

=



>

Fig. 3. Deficiency (upper figures) and duplication (IOwer
-figures) frequencies of imaginal cuticular structures derived from
the eye-antennal disc in ta726 pulsed from 96-144 hours at 29'C
Fate map modified from Gehf}ng (1966) and Ouweneel (1970) AE,
_anterr?r eye factes, ANlrg'flrSt second and third antennal segments,

-
AR%, arista; FO fronto-orbita; LE, lower eye facets; LPO, lower

S

postorﬁita; 0B, orbital bristles, PLP, palpus; ROS, rostrum;

uPO, upper poéstorbita; VER, vertex; VIB, v1brissne.
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-observed.

Cuticular patte(;tf)abnorn;alities in re’s of the adult other than
the head were much less froquent in these 96-144 hour pulsc§ cultures.
They were generally found in ;dults with severe head defects and included
bristle dgficiencies fromvihé scutellum and abdominal tergites, adventi-
tjous bristles in one abdomen and oﬁo labial palp,‘aﬁd nine leg abnormal-

.
ities. The leg abwormalities consisted’of one distally truncated first

leg ending with thétsecond tarsal segméht, two distally truncated third

>, -

legs, one ending with the tibia, the dt‘er with the bas{tarsus, two
distally duplicated third legs, both Tpvo}ying the entire tarsus, and
four third legs with ahhormnlly short'and/or thickened segments. "The
third leg, thep, was involved in eight of éhc nine leg pattern abnormal-
itiees observed. Scven of the leg abnormalities occurred in the pharate

adults, two in the eclosing flies,

Histological Investigations

Larval Histology

.

Larvae from the wen3 ta?26/C(1)RM/Y stock were fixed immediately

following 48-hour 29°C pulscs initiated 72 or 96 hours after egg collection..
q .

Females of the C(#)RM/Y constitution served as intérnal controls, while

won3 males from parallel cultures which experienced identical temperature

'treatment, and unpulsed wen3 te726 males, were studied along with the

‘ ‘treated mutant males.

Comparative histological features of the thoracic region were ascer-
tained from serial cross-sections of trcated and control larvae. The

presence or absence of the eye-antennal, wing, haltere and leg discs,
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their oosxtions, morphological appeararice, and size, as well as the condi-
tion of various larvnl tlssucs, includlng the hypodermis, muscles, snlivary
glands, %at body,‘Malpxghian tubes..oesophagus, brain and ring’gland, were
invcsttgated;' . | . v

Special fixatives and procédures (;oe Materials aod Methods) were -
co;loyed for thcese prclxmxnary histological studies in ordcr to obtaln
seotions frcc from distortipn of the 1nternal spatial organlzatxon as it

_exists in the.live larva. Because larval cuticle is résistant to pene-
tration by-histologicnlhrcagents*'attainink the ofooisc degree of fixation
dcsired has always been a problem. Normal fixation techniques iovolwe. :
punq‘urxng the specimen at.SOoe oimc prior‘to,'or.during, fixation'oo
c1rcumvent the cuxlculdr barrier lHowever, the subschoht drop in hydro-
static pregsure.ofth alters the internal spatial ofdcraof tissues apd-
organs. Con;equcntly, Gottlieb's {1966) puncturcless prooedurc was
cmployed, along.witﬁ.a mod?ficd téchniducvémploying puocture,.and thc~
results were compared. |
Both fxxatxon methods resultcd 1n some varxab?llty from specxmen to
_spec imen and_ad;ustang the flﬁftxon periods failed to eliminate the’
occasional'poorly fiXeJ specimen; This problem was sfightly more prevalent
with the punoturcless p;ocedure; hoyever, with the fixation pcriods'used,

only a m1nor1ty of larvac showed signs of unsatisfactory fixation such as
~ ”*

cytoplasmic lcachlng and cell rupture. In gencral gross morphology in

the thoracxc regxon was adequately preserved by both Qothods "The ad?ao;
tage of rapid fixation by the chrome alum fixatlve utxkized in the puqfture-
lcss method was negatcd by 1ocreased dehydration and 1nfiltratxon tiiﬁ%g

relative to the other procedure.

.‘.



4n genoral, it was found that relaxatiom“of the larvae inbmérm“4%
magnesium sulfate (w/v) prior to fixation proved effectxve in. elxminating

abnormal muscle LontTactxon as indicated by excesstve folding of t?e ‘larval

cpidermis between muscle attachment sites.,

2.

Dehydrution by both the tradltional gradcd ethanol scries and the
1

two-step dioxane Rrocedurc'was satisfactory. Where ufeoholxc Bouin s
ftxative was used ethanol dchydration was preferred,‘whxle chrome alum
_fixation could be .followed by either form of dchydration<withleomperable
resufts.'~&he rapidity of the dioxanelmcthod, and the é&limination of the
necessity of a clearing step prior to infirgration, were foundrto consti-
tute two advantages of this procedure o
' Of the stdlnxng mermods, thc Gomori Trichrame procedure (see Materlals
and Methods) proved most eatisfactory and is hxghly recommended It
consistently resulted in excellent tissue differentiation with uniform
stuin jntemsity throughout ; section. (A representative e}umple is shown
in the light mxcrograph in ngure 4 . Both hcmatoxylim and toluidine blue

y

‘when-used alone often resulted in unecven starning lntcnsxty throughout a

scction, and ncither attained the degree of tissue differentiation achieved ‘

with the .trichrome stain{ng: - .
~From this whole 1arye histology it was found that in all specimens

cxamincd.basic larval morpﬂoiogy appeared normel. There was no evidence

of larval tissue dcgeneration in either control or treated. animals.

- Internal tissue organization remained unaltercd and all disc pairs were

cons}stentl; present; In these relatively thick sections the larval

tissues from cxperimental and control specimens were indistinguishable.

Average imaginal disc size for the six pairs examined appeared slightly



Fig.

Gomori trichrome/hematoxylin-stained paraffin cross-section

-in the thoracic region of a wen3 larva illustrating excellent

tissue differentiation.
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reduced in the treated mutant males. This apparent” size reduction was -
also reported by Russcll (1974) who confirmed it by measuring exc-antenfal ¢
and wing disc areas in whole mounts. An initial cstimation of disc dize
carried out here, and based on counts of the number of consecutive sections
. < N
in which a disc appeared, failed to confirm the apparent sizc reduction.
However, data from cpoxy sections of dissgcted discs, to be presented
N~ .
later, did suggest a size reduction for the eye-antennal disc at least,
The detection of cellular degeneration in imaginal discs using this

thick-sectioned material proved less than satisfactory. Relative to larval

tissues, which grow predominantly by cell enlargement (Bodenstein, 1950),
>

these mitotically growing organs have very small cells, onty 2—6 u in

diameter (Poodry and $c¢hneidermin, 1970), and this small size in conjunc-
tion with thick sections results in poor Gcllulur rosolurloﬁ updor the
microscope, The "pycnotic nucler” recorded in the literature as evidence
of cell death were difficult to discern as individual entities in this
material, and only regions of fairly ¢oncentrated staining could be tenta-
tively identified as regions of cellular degeneration.  One such rt‘gion of
high intensity staining whio' appeared fairly cnn«iﬁtentiy in treated
mutant males and not in contrals was a region in the eye disc adjacent to
the brain hemisphere (sce Fig. S). However, it was telt that passibly -
only heavy concentrations of degenerating cells were being detected by
this method, and sinc¢e much thinner sections could not be produced w.ith
paraffin-embedded miterial it became apparent that other methods would

have to be employed.

Vital Staining of Imaginal Disgcs

As an alternative to paraffin-sectioned material whole mount mcthods



Fig. S.

Hematoxylin-siained parﬁffin cross-section through the

)
eye-ahte:;al'ﬂiscs of a 96-144 hour restrictive tempera-
ture pulsed wgn3 ta726 larva. Notice region of intense
staining in left eye and antennal discs. a, antennal

disc; b, brain; e, qye disc; f, fat body; s, salivary

gland. X 180. -
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“WCT dérced for the detection and localization of cellular degenera-
L » - . ' ‘
tion in ﬂ"1ginnl discs.  The literature contains various reports on thej

ut)lnzut:on of «tains for dnstxngunshxng live and dead (cllq (Luyet 19$7£
King ct ql., 19593 Emmel and Cowdry, 1063 Gaff and Okong'0- Ogold 1971,
Sp;cy, 1971; DeRenzis and Schechtman, 1973}, Two of these were ﬁclcctvd
and appficd to rvstrictivo.tcmpcfaturc pu{scd ta7l6 imaginal di;és.

a) Aeridine orange fluorhncance Authod. |

Strugger (19493 considered ncridinc orangc~staining a apvclfic test
to'distfnguish living from déad cells. The scridino orange vitality st ”?
.itse.lf is briefly rcvicwcd by Price and Schwartz (1956) . Accordxng t'o/ *.
Kécpig (1965), Hu;ic dyes such hs neﬁtrul red, mcthylcno bluc, azurc B,
and, acridine 6rnngc, :hich stain cytoplasmic inclusions, arc $pecific for

:

lysosomcg. F;r ucridinu orﬁngo,‘this‘conclusion wids based priﬁarily.on
inlvibro studies of .particulate fractions- of rat brain, liver, and kidney.
Howcvcf there are nb data available as yet for fhc specificity of the' dye
in llving cells (Smith- Sonnohorn, 1974)

Sprey (1971) has rcpori;d a mcthod~u9x£‘ bcrldlne orange fluorcscencc

[ o . "3 ;.
for detecting cell death in dissected wholc imaglnal discs (sce Materials

and Methods). He used the dtstrxbut1on of Zcridine orange fluorescing
spots as an indication of the dlstrle:1on of cellular dcgcncrati{; in
wild- type Calliphora discs and in wild-type and mutant Drosophila discs.
Murphy (1974) decemed the method useful for detccting the‘presence of cell
wydcath in the discs of a scries of X-linked lethal mutants in Dnoéophiia.\
My ob;ervations on imaéinal discs from )44 hour-old wunpulsed contrgl,.

-and 96-144 hour 29°C pulsed y ts726 larvae, prepared according to Sprcy s

procedure (see Matcrials and Methods) are 5ummarized here. Considerablc

.
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variability ihf;tainjng was observed from one dis¢ to the next but, in
generak,.eye~qntehnal, wing, haitcre and’leg{discs from treated larvae>
showcd increased frequencies of fluorescing spots reclative to hnshiftedr
controls.(see Fig. 6). Some of thesevspots appeared randomly distrib-
'uthuthrooghout the d}sc similar to those ;een.in Figure 26 of Murbhy
(1974) . Clumps of fluorescxng spots Nhth appeared to be }ocalized in
specxfic regxons of the dlSCS were detected however it was difficult )
. to dxscern their Qrecxse tocatlon in the three-dimensxdnal folded
structure. - Similarly, it could not be dxrectly determxned whether or

not thc perlpodxal membrnne which is cellulur, contaxncd any sources

of fluorescence. The clumps of fluorescing spots were usually not
- .

appurent in-control discs: However, in trcated eye-antennal discs

fluorescxng Spotb and uggregatcs of spots were observed in both the eye
- v
and antennal portions of the disc, as shown in Flgures 7a and 7b, with

conslstcnt stalnlng in the‘facet formlng area,. It could not be dlrectir
dctermxned whether variability "in pattern’ of fluorescencc between discs'
. was rea{ or artlfactual. | |

| ﬂh‘&r{ous problem'encountered with the.method was thooﬁht to arise
?rom~de;eneratfon within a- disc following dissection from the larva,
which involves severiné the nervous, tratheal and hypodermal connections‘
and possibly jntroduces other damage during handling of the disc ;f
problem may be reflected 1h the progressive increase in fluorescence
observed from both control and treated dxscs over short periods of time
undegithe mxcroscope Degenerative changes may or may not be uniform:
from disc to disc or from region to region within a disc, and hence have’

" the potential of introducxng artifacts into the data_compiled. ﬂpssibly
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fixation of.the discs .immediately subsequent to staining with acridine

*»

‘orange would eliminate this problem. ' “ .
i'.!: In their critical évaluation of the use of acridine orange for dis-
tinguishing live and dead celle, Wolf and Aronson (1961) concluded'thet

the acndine orange stain is not s self-sufficient vsgg\lt.ty tut but .

must be critically interpreted aleng wi:h 6ther data. ‘l‘ft:;{elae indi- -
. » ‘cated that concentrations ef ecridine orange greater than lO . g/ml
? proved lethal to four types of cultur'i anbmai cells. ‘ﬁ\e @ye concen-
PR 'tration \‘in Sprey's. nethod for imaginal discs, sbeut 7 0x 107 /ll

. appr,oaches this concentration With these considerations in mind, and
. -," ';, .

i .3
o resultﬁwhich Shdwed éOnsiderable variability from di sc to disc .with

respect to diqtribution and concentratibn of fluorescing spdts, ambiguity

'-4-"

as to where in the disc the fluoresc,gnce arose, and uncertainty as to

what in reality was stained, the necessi‘ of an alternative- npproach

3

more a_menable to analysis was indicated.

kip,n

’ b) Trypan blue e.rélueion pethod.
The other whol'e. mount method investigated was modified from the
}rypan bi:ue exclusion test for \fital‘ cells (Pappenheilner', 1917; DoRenzis
: " and S‘c'he.chtman 1973) t;or'uae on dissected l.eginal discs (see Materials
i\a' an‘d Methods) . ’me underlying assumption of this method is that the ' .

- . differea‘ially permeabl'e plasme uenbranes of living.cells exclude the >

? dye particles from their contents, while dead cells take dp the dye
b . ‘resulting in a more or less diffuae distribution of stain within them
(King et -1., 1959) . TN .

Staining of whole discs, from unpulsed control and 96- 144 hour 29°C
treated Y te786 larvae, with trypan blue produced results which were

L] . . -l
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di?ficull to interpret. Often whole arees.og a distluppenred'to be
.'densely stnxned whilc-adjacen{ to these stelning was less intense and
other regions of the disc appeared unstalned (see Fig. 8). Whether or
"not” this variation in staln intensity was due to vurious stages pf cell ~ -
._denth as hypothesized by ing et al. (1959) could not be directly deter-
mined; however, the dlstrluutlon of stained areas was varidble suggestlng
,thnt they might slmply repre;pnt'posleluns of leakage in the basgment
lamina surrounding' ‘u;, po‘uibly due to damage lnflicted du:iﬁg .
dissection. The frequegt“}elplng of areas of the discs adjacent to
‘severed hypodermnl stal and the fnllu?e to detect slgnlflcantly
dlffesgngbqgglndgg prOpertlesiQ'tween gulsed and unpulsed ta728 dlscs,

.lends support to the s\

jtlon that the staining might be, at least in
part, artifactual, CW® ently the mcthod was.not pursucd further at

ol . . !
-this point. -~ . oo
e v N E " 3:'\, :
"Dige Mor-pﬂblogy asd Ultraetruaturc in ‘ o )
&:ozy-bnbec&!od Hate:‘ial o . Lo
Y The use of epOxy-enbe&d‘u imaginal discs permits sections for both .
‘ ll‘pt and électron microseopy -to be taken from the same disc. Hence, a
correlation of ultrest:uptuxel detall and light microscopic localization .
‘of cellular degeneretloﬂ could be nttempted. lmeginel disc complexes
from 144 heur old unpul!ed control and 96- 144 hour 29°C pulsed y te726
lervee were prepared as described in Meterixls and Methods.
The - gentle buffered glutaraluehyde fixative used here produced
excellent tlssue preservation.. Thin sections (0.5—2.0 u) stelneJ with
either of the basjc dyes, methylene blue or toluidine blue, resulted in

good’ resolutiw pt‘ celluler detail under the 1ight nlcroscope Nucleoll



»

Fig., 8. First lei discs from a y ;igze larva, stained with trypan

blue after a 96-144 hour restrictive temperature pulse.
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stained lnteﬁscly, nucleoplasm resisted the seain, and cytoplasm stained
lightly. ‘lhe suggestion tﬁut these dyes bind predominantly to Elbonuélclc
acid is supported by the studies of Gersh (1968) in which the staining

of xthlons preincubated with RNAasc was investigated, The prcscnge of
densely stained toluidine bluc po%xtnvo Lytoﬁlnqmlc inclusions in disc
cells has been rcportcd by frigtrom (1969) and Murphy (1974) as evidence
of cellular degcn?rution. Fristrom describes thes; as degenerating

bddics or cells while Mufphy simply refers to them_ as dead cells.

a) Unpulued ts726 vontrol diaos.

Unpulsed tp72€ control discs whowed morphologlgal features consistent
with previous reports for Q1Ld-the dlSL\ at the same dcvclopmentul stage
(Poodry and Schneidcrmun; 1970; Ursprung, 1972). Reprcecntutive light
(Fig. 9, a nnd b) and electron (Fig, 10; a and b) micrographs are presented
* here which confirm the wi ld-type appearsnce of control discs at the ﬁro;s
morphofogical and ultrastructural levels, }esﬁectivély.

Under the light microscope serial ﬂtttlons revealed occusionnl small
darkly-stained gytoplasmxu globulos or bu*ophlllp like those described by
.Fristrom (1969). Thesc.qccurred_in_all discs of the w1ng and cephalic
complexes ‘and in the ccllulpr'portion_of the brain hemisphere, but only
. at veryAlow levels; that is. in less than one per cent of the Fei}s

present for the eye antennal disc nnd even less. frequently in the winy
and log discs. . Their distribution in the disc epithelin appeared to be
random. ‘No evideﬁce of localized copcentrntions of basophilia was
doiocted in'any ofvthe late third instar control'imaginal discs exnmin;d
hore. | .

"Electron microscopic obscrvations on control eye-antennat wing,

. o : : B ™



Fig. 9. , Light microgfabhs'of toluidine blue-stained 33 u epoxy

.,
sections of Unpq}.ed control y ts726 discs. 3, eye-disc;

b, X 720.

* b, wing disc. 3, X 800;
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Fig. 10. . Electron micrographs pf unpulsed control y ts72€ eye discs.
a. Low power, showing disc organization. X 2700.

bh. Higher power. X 25,500.
» s
bl, basement lamina; C, cvtoplasm; 1, lumen; mt, mito-

chondria; mMv, microvilli; n, nucleus; pm, peripodial

-

membrane; r, ribosomes
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and leg discs support eurjicr reports (reviewed by Ursprung, 1972) that
différcnt discs,eor regions within a disc, cannot be u]trnstructﬁrally
distinguished at this.develobmcntal stage. Ribosomes were cammonly found
lined up_aloné nuclear membranes (Fig. 10b), é featqrc not previou§ly
noted 1n di%é cglls, bot %vident.in the published micrographs of several
authors. As reported by Fristrom.anq Fristrom (1975), microtubulesbwere

not found to be prominent with this method of fixation.

P hestpiotioe terperature pulsed ts726 imaginal diges

[maginal di%c; trom 33;36 larvae pulsed 96-144 hours after egg
coliv-tion and prepared immediately ftor micfoscopy were also examinéd.
‘nder the light microscope these showed the same basic-histological
features as the unpulsed control discs except for oné major difference,

a dramatic increase in the frequency of occurrence of darkly-stained
cytoplasmic globules in the pulsed Jdiscs (compare Figs. 9 and 11). This
observation applied to all treated discs examined as well as to the
cellular portion of the brain hemisphere. It was investigated further
ultrastructurally in the eye-antennal disc.

Serial sections through eve-antennal discs revealed elevated frequen-
cies of toluidine blue positive cytoplashic spheres throughout the disc
epithelium with dense concentrations occu}ring in particular regions,
Their numbers rose from Contfol levels averaging less than one per
hundred disc cells to about 75 pef hundred cells in some regions of con-
centration. In such regions one cell often contained more than one baso-

philic body in its cytoplasm. A sample of electron micrographs prepared

4

from ultrathin sections taken in these regions of concentrated baso-

philia is presented in Figure 12, a and b. These demonstrate a variety



"Fig.

11.

s

Light micrographs of toluidine blue stained ' u epoxy
sections of 96-144 hour restrictive temperature pulsed
Yy t8726 eye discs. Notice cytoplasmic basophilia.

a, X 1280; b, X 1400.
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Fig. 12. Electron microgr?phs of 96-144 hour restrictive temperature
pulsed ts726 eye discs in regionscof concentrated cellular
degenerat.ion. 1, disc lumen; N, nucleus; P, post-lysosome;
S, seconda;‘y lysosome. 2 X 7360; b, X. 7820.

A

«
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Fig.

13.

Electron micrographs of 96-144 hour-restrictive temperature

pulsed y 8726 eye,disés. Acid phosphatase staining control.

Incubation medium lacked substraﬁe. Background precipitate

evident. n, huciqus; S, secondary lysosome. . -

a, X 12,160; b, X 12,160.

L . . b
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of clectron-dense cytoplasmic bodies; I'ike those described by Fristrom

(1968, 1969) in various mutant discs, but uncommon in 0/ [d-type discs S
and here in unpulsed control discs. These were’tentatively identified

as lysosomal products on the basis of the morphological criteria.

‘.

-

’
Jistochemical Identification of Basophilic Bodies

Histochemically, lysosomes are a distinct class of cellular orgah-

-

elles rich in acid hydrolase activity (see re;icw by de Duve and Wattiaux,
1966). Of their.yarious degradative enzymes acidfphosphataS; is the

most commonly used as a marker enzyme for these organell?s (Novikoff,
1963). Acid phosphatase staining sometimes marks Golgi and/or endoplas-
mi¢ reticulum as well; however, these aré distinguishable ultrﬁétructurf

ally from lysosomes.

“

A lead precxpltatlon method for acid phosphatase staxnlng was
addpted and applled to cephalic complexes trom 96-144 hour 29°C pulsed
¥ ts72¢ larvae to determine the ultrastructural localization of the

enzyme activity in the eye-artennal disc. Half micron sections were
Yy ) ye-e _

taken from various regions in the disc, stained with toluidine blue, and

viewed under the light microscope. The observations were correlated

with histochemical'}ochlization of acid phosphatase in adjacent ultra-

thin sections viewéq&in the electron microscope.

Sections from heat-xreated discs used as controls for the staining

procedure (incubated in meédium lacking substrate) showed no cellular
organelles marked’tith dense lead precipitate, although bodies temta-
tively identified as lysosomes on the basis of morphology were present

‘. in numerous ctions (see Flg. 13,3 and b),and background precipltate

uniformly distrlbuzgdx\:ii evident. Heat- treated dlSCS 1ncubated with
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substrate gencrally yiclded sections with specific 6rgnuclics marked as

_strongly acid phosphatase positive (see Fig. 14, a and b). Their

-

morphology and acid phosphatase activity identified them as primary and
segondary dysosomes. Their s£aining is similar to that répor}cd tn
other systems (Beck, Lloyd and Squier, 1972; Daems, Wikse ‘and B:cdcroo,
1972) . In Figure 14b partiall& marked and unmarked electron dense
organclles can be seen. These represgnt late secondary lysosomes and
residual bodies (posl-lysosomes) resbectively. The lack of acid phos-
phatase activity associated with the latter is cons{stcnt with other
st%gics as well.

For the times tested, the influence of the duration of {hc incuba-
tion peripd (time spent in staining.mediums was found to have only a
slight effect on the acid phosphat;se staining obtained. All threé
incubation dufations produced satisfactory results. Lysoseme staining
was slightly less dense in several discs incubated for 20 minutes and
Sackground precipitation higher in some 60-minute ones. Hence, 30
minutcs‘seemed to be a suitable inéﬁbation period in this system, and
ha¢ independently been suggested as optimal for the localization of
acid phosphatase in Drosophtla salivary glands (Aﬂastaéia-Sawicki,
1974). ) : " e

Two minor observations should be mentioned brief}y. The first
jnvolved apparent acid phosphatase staining of the plasma membranes
within an otherwise ostensibly representative disc in a sémple incubated
'60 minutes. Similar results in which acid phosphatase,activity was
apparently detected outside the lysosomal system have been previously

reported (see, for example, Neil and Horner, 1964a,b). No other disc

was found to illustrate this feature.



Fig.. 14.

Electron micrographs of 96-144 hour restrictive temperature

“~ .
pulsed y ts’. € eye discs stained for alid phosphatase.

Substrate present. Notick post-lysosomes fail to stain.

n, nucleus; p, post-lysosome; S, secondary lysosome.

a, X 9860, b, X 12,160.
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Theyather unexplained result was the observation of nuclear inclu-
. »

<ions in twd cells from discs incubated 20 and 60 minutes each (sce
Fig. 15). Both nucle1l were observed in regions of the discs where
secondary and post-lysosomes were numerous. The nuclear membranes
appeared diffuse. From their size and appearénce it was felt these
inclusions might have been transversely-sectioned, closely aligned
spindle-microtubules of cells preparing tor division.

Heat-treated discs, or portions of them, infrequently failed to
produce evidence of acid phosphatase activity even wher incu! ated with
substrate. vThis occasional lack of stalning was not associated with
any one particular sample of diseﬁ. It is taken to represent artifact
introduced by enzyme inactivation during preparation. As noted by
Daems, Wisse, and Brederoo (1972), the consecquence of the inactivation
of enzyme activity by the pre-fixation procedure is that ofly the actual

L3 .
demonstration of enzyme activity has a positive value; the absence of
dc&onstTuble enzyme activity generally means either a real absence
or that the pre-tixation procedure has so greatly diminished it that the
cytochemical method 1s no longer sensitive enough to detect the remnants
of activity. Altefnatively, the pre-fixation may not have ﬁude the
lysosomal membrane sufficienff§\;?rmeablc to the incubation medium
(cf. Seeman and Palade, 1967).

With respect to the distribution of lysosomal types, primary lyso-
somes, identified by their size, morphology and extremely dense acid
phosphatase marking were found throughout both treated and con;rol
eve-antennal disc epithelia and peripodial membranes. Secondary lysosomes

woere found to be concentrated in regions of treated discs which also had

large numbers of residual bodies. These regions corresponded to parts



Fig.

15.

Electron micrographs of nuclear inctusions (i) from a

y ts726 eye disc pulsed from 96-144 hours at the restric-
tive temperature.

a. Low power. X 9860.

b. Higher power. X 12,160.

s, acid phosphatase stained secondary lysosome
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of the disc found to contain large numbers of toluidine blue staining
cytoplasmic basophilia in 1/2 u secTTShs§239wed under the light micro-
scope. No concentrations of early or late secondary lysosomes, or of

post-1lysosomes, were found in control discs.

Correlation of Light and Electron

Microscopic Observations : \

The observation of large numbefs of thop}ésmic basophilia in
certain thin sections from ;estrictive temperatﬁre pulsed ts726 imaginal
discs, along with the ultrastructural and histochemical demonstration of
lysosomal products in the same régions, confirmed fhat observations made
under the light microscope on serial sections stained with toluidine
blue would be useful in localizing cellular degeneration within the
discs. Therefore, to make a positive identification of the toluidine
blue staining cytoplasmic bodies, adjacent thin and ultrathin sections
were taken from epoxy blocks and prepared for light and electron micros-
copy respectively as described in Materials and Methods. These sections
were sampled from six different eye-agtennal discs and three different
leg discs from 96-144 hour 29°C pulsed v ts726 larvae,.

Those cytoplasmic basophilic bodies stained with toluidine blue
were classified into two more or less distinct categories. Type I
bodies stained intense}y, were spherical, and fairly uniform in size.
Type I1 bodies stained less intensely and were more variable in morph-

//gaogy and size. From adjacent ultrathinPsections 42 of the former, and
11 of the latter'class were identified ultrastructurally. The results
are presented in Table XIII and examples of adjacent sections are shown

in Figures 16, a—e. From the table and figures it can be seen that those
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Table XIII. Ultrastructural Identification of 53 Toluidine Blue Staiﬁed
Cytdplasmic Bodies from Adjacent Sections in Restrictive

Temperature Pulsed y ts726 Eye-antennal and Leg Discs

I

1

Type of Body' and Number Observed Ultrasttuctural Identification
1 1 '
0 o primary lysosome
0 11 early Secondary lysosome
19 . 0 late secondary lysosome
23 0 pest-lysosome (residual bddy)
0 0 E other (including artifacts)
t

'See text for description of cytoplasmic body classification and
criteria for ultrastructural identification.
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Fig. 16. <a. Light micrograbh'of a8 thin toluidine blue-stained section
of a leg disc from a 96-144 hour heat-treated y ts?26 iarva.
b-;c and.d—-f. Eiectron micrographs of adjacent ulfrathin
.sections of regions 1 and 2, respectively, in a.
t;, Type I body; t,, Type II body; 1, late secondary lysosome;

n, nucleUsf P, post-lysosome; S, secondary‘lysosome;

a, X 680; b, X 2900; «c, X 12,160; d, X 2900; e, X 6080:

f, X 12,160.
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cytoplasmic bodies staining witﬁ toluidine blue in khin sectidns are
virtually all séCoAdary or post-lysosames. Further;ore, it is.apparent
that the Typ; I bodies che, in fact, made up of late secondary and
post-lysosomes, while all Type I1 Sodi;s were early secondary lysosomées.

In other animal systems the presence pf §econdary and postzlysosomes
(residual bodjes)'is ind;cative of cellular degqner§tion, and their
number éorrasponds to the extent of cell death ip a tissue (reviewéd ih
Dingle and FETI, 1969). Hence their distribution im imaéinal_disc;, as

detected under the liggt microscope with toluidine blie stainihg, could

* be used to Eﬁcalizé%ahd quantify heat-induced cell death.
¥ .

Cell Death in t567‘ImaginaZ Dises
For comparative purposes diﬁﬁ"complexes from unpuised 144 hour old
control and 96-144 hour 30°C-pulsed car ts67 larvae were also examined

s

in epdxy géctiohs Qnder,the light microscogé. Four cohtrol and four
.'Ir;ated intact wing/cephalic complexes were sectioned. Sections from’
varioug regions of treated leé, wing, and haltere discs revealed a lével
and d1str1but10n of cytoplasmic basophilia difficlult to- d15t1ngu1sh from
that ;n controls - This level was equivalent to that found in'te726
controls. Treated ts67 eye—antennal'discs showéd a slightly elévated

» level of cytoplasmlc baSOphllla relatlve to controls in both the eye and
'antennal portions. The frequency of cytoplasmxc basophllia per disc cell.
was roughly two to four times that 1n4controls. " No localized qoncentra—
tion of these Bodies was detected in any of the eight treatéd eye-antennal

discs sampled and the significance of the slfght‘increase in basophilia-

over control levels was not inve%tigated further.
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'‘Density and Spatial Distribution of Cell Death
in ts726 Imaginal -Discs
The extent and distribution of cell death in ts?26 imaginal discs
was determined by reconstructing disc#.from serial thin sections as
-descrxbed in the Matcrxals and Methods Discs used were from-sibs of

y ts726 larvae Nthh were allowed to complete development and then were

scored. for abnormalities of the imaginal cuticle. Control and

‘hour 29’C-pulsed.eye—antennai, leg, and wing discs were recC

The total number of degenerating bodies present in the sampl

and the average frequency of bodxes per section were rmxn? ¥ ,
each disc reconstructed. Direct cell counts, i @E g :
random, provided an idea of the absolute frequency of ccllular degcnera-
tion. The distribntion of cell-death witnin the disc epithelium was
determined and plotted on a surface map for each reconstructed disc.
This allowed comparlson of the patterns of cell death found in the

various reconstructions with the cuticular abnormality frequencies

observed in‘the adults (described above).

Extent of Cellular Degeneration in Control and 96-144
Hour Heat-Treated ts726 Discs

The totglindmber of Type I basophilic bodies (late secondary
and post-lysosomec, see Table XIII) found in the sections sampled from
each disc were'tecordcd in the reconstructions (to be presented later).
Only Type I bodies were enumerated as these were uniform in morphology,
stained intensely with toluidine blue in thin sections, and were
thought to be indicative of an advanced stage of cellular degeneration.

Their numbers provided an estimate of the extent of cellular degeneration
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in each disc.
The dJdata obtained for the various discs reco struc;ed.qre presented
in Table XIV. The number of sampled sections (one from each consecﬁtivo
group of 15) qﬁd the total number of Tyﬁe I bodies for each rcconstrug('ﬂ
disc are given. ,Excluding.reconstructions of inﬁomplcte discs, the.total
number of Type 1 bodies ranged from 13 to 41 for control (X = 28.00) and
57 to 319 for heat-treated (x = 137.17) eye-antennal discs. Applicationr
of the t-test gave t ), = 2.47 which confirmed that there was signifi-
cantly more ‘cellular degeneration in the heat—treatéd sample (0.025 < p
< 0.05). Similarly, in the comﬁined first and secend leg disc data the
observed number of degenerating bodies in the discs from 29°C-pulsed
larvae (x = 24.20) was found to be sighifiéantly greater than in controls

(x = 6.40) = 4.05; 0.001 < p < 0.005). In the control wing discs

“as . |
sectioned very few Type I bodies were detected. But again this frequency
increased dramatically in the heat-treated discs. However, ts726 failed
to produce high frequencies of patiern abnprmalitie; in the imaginal
cut?cle derived from the ;ing disc. Consequently, only a few recon-
structions of this disc were made.

As it was possible that variability in disc size itself was
influencing the total number of Type I bodies observed -above, this factor
was roughly estimated as foliows. Since one section out of each éonseCu-
tive group of 15 had been sampled for reconstruction pu;poses, and section
thickness was maintained constant throughout, the number of sampled
sections required to trévefse the entire disc provided an approximation

of relative disc size. This estimate was, of course, affected not only

by actual disc size, but also, since discs are not perfect spheres, by
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Table XIV. tur2¢ Imaginal Disc Reconstruction Data

Number of Total Number
Sections of Type 1

Disc ’ Disc¢ Sampled Bodies Ratio
Designation Treatment Designation (s) (D) D/S
Eye~antennal . control a 25 13 0.52
" b 23 20 0.87
" ¢ 47 4] 0.87
" d 44 ' 34 0.77

" e 28 21 0.75
" £ 25 35 1.40

" g 21 32 1.52

" h(n! (20) (9) 0.45
" i(n) (21 (10) 0.48

29°C-treated a 27 218 8.07 "

B b 26 319 12.27

" c 18 57 3.17
" d 18 69 3.83

" e ) 13 101 7.77
" f 16 59 3.69
" g() (30) (106) 3.53

" h(I) (22) (64) 2.91
" i(n) (7) (51) 7.29
- " j(n) (7) (66) 9.43
Leg? control-1 a 17 4 0.24
" b 14 4 0.29

" c 14 3 0.21
" d 13 2 0.15
" e 21 9 0.43
" f 22 13 0.59

'(1) indicates reconstruction incomplete (sections missing).
2Both first and second leg discs sampled (-1 and -2 respectively

under treatment). (Cont'd)



Table XIV (cont'd)

e e e e e e ——— e —————— .l e ————— e~

Number of Total Number

sections of Type 1

Disc Disc Sampled Bodies Ratio

Dc%i&nntinn Treatment Designation (s) D) D/s

control -2 g 17 0 / 0

" h 20 4 0.20
' 1 2 11 0.48

" j 26 14 0.54

29°C-treated-1 a 19 21 1.11
" b 18 14 0.78

29°C-treated-2 c 20 37 1.85

" d lo 30 1.88
" e 16 19 1.19
" - f(I) (20) (12) 0.60

.

Wing control a 28 2 0.07
29°C-treated a 36 146 4.06

* 26 124 4.77




the plane of sectaon, To minimze %hi* latter source of variation an
attempt was made to obtain transverse \('c.(inns of the disc complexes.

For eyce-antennal discs, considerable vartability was observed in the
number of sampled scctions for both control and treated discs (see
Table X1V). The eftect ol the treatment on disc «ize was roughly
estimated by comparing the mJ:n number of sections tor control and
treated discs by the t-test. Incompletely sectioned disces were omitted
from the calculation. By this method, trcated eyc-antennal discs had

significantly fewer sections, with a mean of 19.67, as compared to 30.43

for controls (t(ll) = 2.34, 0.025 < p < U.OSU). The result of thd same
test on the combined first and second lteg values was non-significant
(control x - 18.70, treated X = 17.80; t g4y = 0.56, p > 0.5).

The last column 1n Table XLV presents the average number oF degener
ating bodies per <ection scored for each reconstruction. This ratio
provides an cstimate of the extent of degencration which minimtzes the
effect of differences in disc size, Herc again the values are signif-

icantly greater for the treated discs. Their means and standard errors,

incomplete reconstructions included, are as follows:

-
Comtrol Heat-treated
eye-antennal 0.85%0.13 6.20%1.02
leg 0.31t0.06 1.24+0,22

The final feature of the data in Table X1V, which should be noted;
is that both control and treated eye-antennal discs showed mox cellular
degeneration than the corresponding leg discs. This was appa;ent from
bqoth the total number of degenerating bodies and the frequency of these

bodies per section.
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In order to relate the extent of degeneration to the number of cells
present, sections were sampled at random from control and heat-treated
eve-antennal discs, and direct cell counts were made. Epithelial cells
of the disc proper and peripodial membrane were counted, while nerve,
tr i; blar, and adepithelial cells were not included. In addition, any
cell not sectioned through the nucleus was omitted from a count. The
exact numbgr of Type 1 bodies in each section sampled was also recorded.
When a section traversed both eye and antennal portions of a disc, each
region was counted separately. The data obtained are presented in
Table XV. From these it can be seen that the ratio of degenerating
bodies to live cells has a much extended and elevated range in the
heat-treated discs. %his applies for sections in both the eye and
antennal portions of the disc. The mean values and their standard errors

are as follows:

Control Hexs-treated
antenna 0.006+0.002 0.045+0.015
eye Q.005f0.003 0.211+0.060

Sratial Distribution of well leath in ts726.knaginal Discs

a) Wing discs

Sections through control (y ts72€ 144 hours at 22°C) wing discs
showed very few Type I cytoplasmic basophilia. For example, the recon-
struction presented in Figure 17 revealed only two Type I bodies in
28 sampled sections. Other control wing discs sectioned showed similar
low l;vels of cell death. Two heat-treated discs (96-144 hours at 29°C)
were reconstructed“aqd the results are presented in Figure 18. These

demonstrate the greatly increased frequency of cell death over controls,

and its non-uniform distribution, which differed in these two discs.




Table XV. Number of Cells and Type I Bodies in Sections Sampled from
Control and Heat-Treated ts72¢ tye-antennal Discs
Disc Cell : Number of
Designation Count Type 1 Bodies Ratio
(©) (D) b/C
Antenng *
Control-2 221 1 . 008
"2 229 0 <.004
" -11 339 ) 2 .006
" -11 212 1 . 005
" -12 161 0 <.006
" -12 139 2 .014
' -13 77 1 .013
" -13 48 0 <.021
" -13 288 3 .010
' -14 173 1 .006
Treated-1 111 9 .081
' -6 176 4 .023
" 40 120 3 .025
' -40 "311 0 <.003
" -40 43 2 .047
' -60 157 15 .096
Eye
. Control-2 186 4] <.00S
" -2 301 1 .003
" -11 366 3 .008
' -11 317 2 . 006
" -12 198 0 <.00S
"ool12 150 0 ®006
' -13 191 1 . 005

113
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Table XV (Cont'd)

1§

! Cell Number of

Dcs}gnation Count Type 1 Bodies Ratio
| © ) D/C
i

Cod%rol-ls ' 69 0 <.014
13, 152 5 .033"
"3 180 0 <. 005
"o_14 203 0 <.005  s%m

Treated-1 73 ‘ 24 i .329
S| 95 : 9 - 095
"6 a3 74 565
"6 120 56 .467
" -9 . 51 . 3 , .059
nl21 gy 15. 172
no_22 147 . 20 136
w22 § 133 . 15 133
" Z40 168 11 .065
noo_a0 131 T .008
" 40 253 20 , .079
" _60 165 .40 ‘ 242

" -60 294 . 39 _ .133




Fig.117. a. Imaginal fate map of wing disc,.simplifiéd from Bryant
(1975). AC, axillary cord of wing hinge; Sch,,tweivé
seﬁsilla campapiformia between the first ;ﬁd second
septa.of thc“,pﬂiimal dorsal radius.

b. Control tf;ZSEwing disc reconstruction. Lines indicate
posifioné»oiﬂ‘ampled sections. Figures represent'ihe
number of ;ype I cytoplasmic basophilia per sec}ioh.

S, number of sampled sections; D, total number of. -

Type 1 bodies in sampled sections.

©
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Fig. 18, a and b, Heat-treated t8726 wing disc reconstructions.
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I'm both, regions of somewhat concentrated cgllular degeneration occurrgd.
In Figure 18a-a concentration of Type 1 bodies can be seen in the region
of the disc corresponding to the ventral wing surface (see fate map
presented in Fig, 1§a), and in Fighre 18b two regions of concentration
occur, one in the part of the disc which goes to form the imaginal
scutum, and the other, which is less extensive, in a region which
includes the axlllary cord (AC) of the wing hinge. Since there were no.
pattern abnormalltles observed in the imaginal cuticuylar derivatives of
§he wing disc, whether or not these concentrations reflected patterned
cell death, or simply a'statistical effect of random cellular degenera-
tion, wa; not further investigated here.

b) Leg Discs

Sev?ral control and heat-treated first and second leg discs were
reconstructed. Figure 19 presents the reconstructions of the unpulsed
gbntrol discs. It can be seen from thesé that Type I bodies appear at
a low level similar to that observed in the wiﬁg disc and are apparently
randomly distr{buted throughout‘the disc epithelium. - Figure 20 presents
the heat-treated leg disc reconstructions. From these an increased
frequency of'cell death over conirois is evident, but again there is‘nq
clear indication of recurring patterned degeneration. Howeyer, Qhen a
grid system, devised for counting cytoplasmic basophilia in various
,;égféhé of the disc, was appli?d to these reconstructions, apparent
regional frequency diffgrencgs were detected. The grid, shown in

Figure 21, was drawn on a plastic transparency and then superimposed in

s o

the same position over each of the reconstructlon,surface maps. In this

L

way, numbers of degeneratlng bodles per grld 5quare were recorded for




Fig. 19.° Control leg disc recohptructions. Symbols as in previous

Figures. a—f, first leg discs; 9g—J, second leg discs.

*
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Fig.

Héét-treated leg disc reconstructions. Syﬁbols as in
previous Figures. a—b, first leg discs; ¢—f, second
leg discs. Shaded area in f represehts ventral portion
of disc epithelium lost when block was trimmed for

sectioning.












Fig. 21. a. Imaginal fate .map of the mature ‘leg disc. Simplified
- from Schubiger (1968). .

b. Frequencies of Type 1 bodies per grid square in control -

(uﬁper figugésj and heat-treated (lower figures) ts726

leg discs.
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each reconstruction and average frequencies were calculated based on

all reconstructions. A correction factor for each grid square which
extended over the border was used to adjust the average frequencies of
Type 1 bodies for these squares appropriately. Frequencies for both

control and heat-treated leg discs are indicated in Figure 21 .which

-includes a fate map of the disc. The average regional frequencies of,

Type 1 5bdies were then used to construct contour mabs‘oﬁ cellular
degeneration as shown in Figure 22. From these it would appear that in
leg discs_which experienced a 96-144 hour 29°C pulse, cell death was
more extensive in the anterior halves, particularly in the regions which
correspond to portions of the tibia and femur. However, it cannot be
ruled out that the regional frequenéy di fferences observed within the
disc were merely due to the combined effects of randoﬁly distributed cell
death, which could generéte.some localized concentrations of Type I
bodies, and sampling error, due to the small number of reconstructions.
Further é}aboration of this point would require more reconstructibns.

c) Eye-antennal Discs

The eye—gntennal discs were of particular interest because their

cuticular derivatives showed the highest fsequencies of pattern abnormal-

ities in adults following a restrictive temperature pulse. Reconstruc

tions of control and heat-treated ts726 eye-antennal discs are pre nted

4n Figures 23 and 24 respectively. A fate map of the mature disc is

3

included for the reader's convenience.

From the control reconstructions it appeared as though the cellular

- degeneration present was distributed at random throughout the disc

epithelium. Type I bodies were found in both eye and antennal portions

o



Fig. 22, Contour maps of cellular degeneration in:

" a. control (based on 10 reconstructions), and

b. heat-treated (based on 6 reconstructions) ts?26 leg discs.

~
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Fig.

23. a. Preliminary imaginal fate map of the mature eye-antennal
disc. After Gehring (1966) and Ouweneel (1970).
b—3j. Unpulsed control tg726 eye-antennal disc reconstruc-

tions. Symbols as in previous Figures,
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Fig. 24,

a—j.

Reconstructions of heat-treated te726 eye-antennal

discs. Symbols as in previous Figures.
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of control discs. lowever, in heat-treated discs the distribution of
the greatly increased numbers of Type I bodies was obvi&usly non-random.
Disc-to-disc variatibn_in the patterned distributions of heat-induced
cezl death was considerable, but certain regions within the epithelium
exhibited concentrations ot degenerating bodies more regularly than
others. 7The eve facet-forming part, andwin parti;ular the lower eye
portion (see fate map in Fig. 23), usually included the most exténsively
nccrétic regions of any given heat-pulsed disc. An adjacent region, )
tﬁat which, by the fate map, corresponds to-the vibrissae, was often a
center of degeneration as well. Other regions ;f the disc, such-as the
palpus-forming part, showed ievcls of Type 1 bodies only slightly
elevated relattve to those found in control disc reconstructions. In no
disc reconstructed was a uniform distribution (even spacing) of dégener-
ating bodies observed.

A grid system, similar to that utilized for the Teg discs, was
developed for the eye-antennal reconstructions. For cach reconstruction,
Type 1 bodies were enumerated in each grid squarce, and average frequen-
cies. based on all reconstructiogs were again calculated. Those values:
for grid squares extending beyond the border of the surface map Qere
corrected appropriately as béforq< The grid and mean Type I body fre-
quencies obtained for both control and heat-treated eye-antennal discs
are presented in Figure 25. A summary (from Table X) of the corre-
sponding deficiency and duplication frequencies of imaginal cuticular
st;uctures is ineluded for comparison purposes. Regional differences

in Type I body frequencies facilitated the construction of con‘.i. maps

of cellular dqgcneration, which are presented in Figure 26. The spatial



. Control (upper figurés) and heat-treated (lower figures)

Type 1 body freduenqies per grid square baged on %8726
reconstructed eye-antennal disc;. -
bgficiency (upper figures) and dublication (lower
tfigures) frequencies for imaginal cuticular structures
derived from the eye-antennal disc in 252 te726 a—heads‘
after a 96-144 hour 29°C pulse. For cuticular structures

see fate map presented in Figure 23a.

3



161

oo | e1/e0  osse

b — —

 — < —

[ I

. f'«L-
| vo
10

|+.

o—
Lo

—
*0




Fig. 26. Contour maps of cellular degeneration in:
a. unpulsed control (based on 9 reconstructions), and
b. heat-treated (based on 10 reconstructions) ts”26

eye-antennal discs, a \
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[N

distribution of cellular degeneration within the disc thus depicted, as
well as that observed in arty individual recenstruction, can be compared
with the imagihhl pattern abnormality frequencies, and such comparisons
suggest the following relationships. Eve facets, in genceral, were the
most frequently deficient imaginal cuticular structure and apparently
never duplicated. The lower eye region in particular corresponds to

that part of the disc which showed the highest frequency of degenera-
tion. The vibrissae duplicated or became deficient only infrequently
while the corresponding region of the disc showed a high average frequency
of Type 1 bodies. The antennae and maxillary palps showed no cuticular
abnormalities in these limited experiments, and the corresponding regions
of the disc had relatively low frequencies of degencration. Those
structures which duplicated most frequently and were deficient only
infrequently, the fronto-orbitals and orbitals, were located in regions
of the disc cxh}biting low trequencies of Type I bodies that were

adjacent to regions with highem levels. A



/

DISCUSSION

The Detection, Localization, and Quantification
of Cel) Death in Imaginal Discs

Considerable time and effort during the initial stages of these .
investigations went towards the evaluation of various methods for the
detection of cell death in imaginal discs. Initially, conventional
histological teﬁhniquc using paratfin sections was employed. lHowever,
cven though a variety of staining techni&ues were investigated, and
excellent material suitable for gross morphological studies was obtained,
the results were ambiguous with respect to the detection and localiza-
tion df cell death in the imaginal discs. The inadequacy of this method
arises from the very smill size of imaginal disc cells (2—6.y in
diameter, Poodry and Schneiderman, 1970) and the consequent lack, in
thick sections, of rcsolﬁtion at the cellular and sub-cellular levels.
With hematoxylin-stained wax sections the smo-called "pyenotic nuclei,”
reported in the literature as evidence of cell death, could not be
resolved as individual entities in the imaginal discs, Although regions
of certain discs stained intensely with hematoxylin, it was not apparent
whether this staining was of nuclear or cytoplasmic ortgin. Conse-
quently, for the purposes of further investigation - cell death, the
method was abapdoned,

Various vital stains have been reported as useful for the detec-
tion of cell death. Of the two investigated here ther acridine orange
tluorescence technique appeared to be the more usetul. Various patterns
of fluorescing spots, similar to those reported by Sprey (1971) as being

indicative of degenerating cells, were obseérved in heat-treated ts726

165
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discs,  However, the problem of poer resolution remained und,jdkntifi‘p— .

Y ~

tion of exactly what was fluorescing was not pouxiblp. Alsbf whé&ther ‘a;

the fluorescence arose from the folded disc epithelium, the lumen, or . . L

th? peripodial membrane could not be unambi guous 1y dctcrmir\?d. - x’
g .

Koenig's (1965) “n v/¢p experiments on particalate fractions JYh '
fﬂt tissues have been reported as evidence that acridine orange stains
lysosomes specifically, Considering the extensive work with thin
sections reported here, this conclusion seems to be substantiated,

However, it‘xﬂ also apparent that, as it now stands, acridine orange
staining is not a self-suftficient vitality test (¢cf. Wolf and Aronson,
1961). More specitfically, it all classes of lysosomes uare stained by
acridine @range then any pattern ot fluorescing spots will include those
arising from primary Iysosomes, which are normal cvtoplasmic organelles
and are not indicative of cell death. Consequently, the apparent degree
ot cell death may be greatly overestimated by this mcghod, which could
lead to a spurious attribution ot morphogenetic significance to cell
death in a system. This Suggests a possible explanation for the
existence of contradictory views on the importance of cell death in
normal imaginal disc development , Using the acridine orange procedure,
sprey (1971) felt he had detected morphogenetic cell death in the mature
DTldetur e hiug\disc, a conclusion which has been widely quoted. The

’
results obtained here with thin-sectioned material indicate that
although there is more cell death in €ve-antennal than in leg and wing’
discs from mature control *ts70¢ larvae (Table XIV, Results), no exten-
sive degeneration occurs in any of these discs. This latter aspect is
in agreement with the results of Poodry and Schnetderman (1970) for

wili-ture leg discs, and Fristrom (1969) for wild-tyre wing and
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eve-antennal discs.  These considerations cast d()' on the notion ot

morphogenetic cell death in the mature eyve antennal, lep and wing discs

e .

ot U pal ":w”n;.):;(fM.c'r'. »
Furthermore, the acridine orange procedure may lead to artifactual
results thnmghfos‘t~opcrntivc degeneration. Under the microscope a

progreséive increase in fluorescence was observed with time. This may
)

be accounted for by the fact that the method does not employ fixation
and consequently cellular degeneration can proceed unrestricted

following dissection of a disc from a larva.

,
Pinallyv4 when acridine orange staining 1s arplied to an 4ntact
vS £ ¥ !

tissue or organ, <uch as an tmaginal disc, the problem of ditterential

permeation must be considered. It the distribution of tluorescing spots ~
- . '
1< to be taken as indicative of the locations ot cell death, then one

.
assumption is that a1l regions within the disce are equally accessible
-

to the stain molecules. The basement lamina ~urrounding au intact disc

;ay restrict the rate of entry of stain and, alony with the tolded

s

natute ot the epithelium, could raesult in regional concentration

- differences of stain within the disc. The same problem was sugpested
»

with reg-rd to the reésults cbtained with trvan blue staining ot whole
,di;cs. The complete lack of resolution and apparent Jditfusion ot stain
.;;ttained with the latter method can be seen an brpures ¢ and 7 of Arking
- [’}9,‘5). For these reasons the vital staining methods were abandoned.
The above problems led to the adoption of thin ecpoxy sections
stained with ‘tolunlinc blue tor a more detarled 1nvestigation of cell

death in-1maginal discs. By this method the various ditticulties

associated with paraffin sections and vital staining were overcome,
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The immediate fixation of dissected dise C&mplvxv\ ensured that post-
.Opvrutivv depeneration did not occur.  Staining of sectioned material
also climinated the possibility that cell death might go undetected
because of <tain permeation problems. lurthermore, it permitted, throuph
<
scerialb section 1‘('(()!1**:‘11(ti()11, an accurate localization of the cellulay
degeneration within the dive.  The gentle double fixation employed
preserved cellular and sub-cellular detail thereby allowing combined
light and t:lt‘t't ron micr‘om‘upic examination. This latter feature enabled
the positive identification of bodies thoupht to be indicative of
cellular degeneration.  ‘these Same bodics were observed by Fristrom
(1969) in the discs of various [rocophila mutants which exhibit cuticular
deficiency phenptypes. . She referred to these simply as "degenerating
cclis.” Here a more positive identification, based on electron micro-
scopic observations of adjucent ultrathin sections (sce, for example,

-

Fig. 16, a—f, in the Results) and acid phosphatase histodhemistry, has

been mn;lc. The bodies were resolved under the light microscope as
members of two more or less distinct classes of cytopl;xsm:lc basophilia
(sce Table XII1, Results): one consisting of late sccondary and post-
lysosomes (Type I bodies), and the other of early secondary lysosomes
(Type 11 hod’i.es). Together these in all probability represent the
bodies which, because ofithc problem of resolution in wax sections, have

been referred to in the literature as pycnotic nuclei.
’

4
Thus, the cellulur degeneration occurring in heat-trcated te726
- s
imaginal discs in all probability proceeds byjfhb lysosomal cycle as it

has been described, on the basis of ultrastructural studies, in other
systems (D}nglc and Fell, 1969; Daems, Wisse and Brederoo, 1972)..
’ ~

-
e



169

Briefly, a dying cell or cell fragment is taken up by a ncighboring
epithelial cell. This fragment fuses with one or more primary lysosomes
thereby forming an eurly.sccondarx lysosome in which enzvmatic degrada-
tion occurs. Further fusion of primary amd secondary lysosomes may
ensue until the digestive capacity of the body has been saturated and a
late secondary lysosome has been formed. Upon cessation of enzymatic
degradation the body, now known as a pogt-lysosomc (residual body),
contains only indigestible residues, and may be cgested from the cell
(see Fig. 12, Results). ' . »~ ” -

The cytoplasmic basophilia scored here as being 1dlcat* oﬁ .
.cellu}ar dcgenerution (that is, the Type 1 bodies) were identified
ultrastructurally as late secondary and post-lysosomes (Table XIIT,

- Results). In a-homogcneous cell population a direct preporrionality
between the number of cells killed and the number of Type I bodies
'produecd may be assumed. ~ This has enabled me, by couﬁting the number of

Fyne I bOdl(S ohserved undcr the light microscope in toluidine
-

blug-stail gﬁ N epo SQQ’Hé , to quantifys accurately and liably,
om%z,g )3 ¥

the relative extent of c’llular degeneration within imaginal discs. In

<

the absence of evidque to the contrary on the a%soluté relationship
between cell death and Type I body production, I suggest here a-reason-

able proportionality factor_would be one Type I body per dead cell.
. © 5
Tissue Specificity of the Cell Letha11ty 1n§$:s(r1dt1ve

Temperature Pu]sed te726. Larvae

- -
A variety of evidence suggests that a restrictive/&emper‘{:;e pulse

- - -
’ -

of 48 hours duration during larval life does ‘hot cause exten51ve cell
. 2

. = e

'.' Q“

S - e e

death in tsﬁﬂ@\{:rval‘tissuesfexcluding brain. Larval surv1wal bgpy 5 A n

»
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.
weights (unpublished duata) and morphological features in .sections and
. - . - .- .
upon dissection all SuggRest ostensibly normal larval development

Furthermore, o00¢ lavvae natntained continually at the restrictive
: 4

temperature survived for up to 10 days although none attained plparia-
o tion (Table v, Resules), By contrast, evidence presented above con-

clusively demonstrates the presence of induced cell death in the

»

N X . s . ) .

tmagihal discs of to/¢ larvae subjected to a restrictive temperature

pulse! [Extensive cellular degeneration, stgnificantly above control
A 3

levels, was tound in all tmaginal discs examined (eye-antennal, all

B
.

three legs, wing and haltere) (see, tor example, Tables XIV and Xv,

Resules) and in the cellular cortex of the brain hemisphere. That this
L33

cell death was naot simply due to the temperature treatment, rather than

L
the ts lethal itself, was indicated by the use of several controls,
& .

Pulsed non-mutant larvae (oon® males and attached X females) showed the
same low levels of cell death in their imaginal discs as Whpulsed ts726
larvae. Apparently then the lethal ceffect associated with 706 shows

considerable tisspe specificity in temperature pulse experiments,

»

9“ ’ These results suggest that it is the mito'ticnlly active cell types

which are primarily affected by the restrictive tcmpé’v;ﬁhmc pulse. The

~

imaginal dises and brain, which prow by cell division during. larval

life, arc affected while the larval tissues, which C yredominantl
. , ) I Yy
by increase in cell size, scem hot to be.

In contrast to the imaginal discs themselves, the abdominal histo-

blasts begin an extremely rapid cellular proliferation at pupapdation, /\

'

&

. [
with an average cell Cycle for the tergites of only 2.7 hours

(Gafci‘a-Bellido, 1973).  Thus, if mitotically u_ctivfi cell types are



- . . . - .J N .
tndeed more sensitive to restrictive temperature-induced cell death,
D .

o,

then, since the TSP for lethality in ta/2¢ extends beyond puparium forma-

tion, one would predict that cell death in the imaginal abgpmen would be

.

induced by appropriately administered 29°C pulses. Extensive abdom

inal

kUtlLullT deficiencies in such experiments (Table VI, part B) suggest

that indeed cell death was induced, while eurlier pulses, applied when

.

the histoblasts were not proliterating, produced no abddminal defects,

Howeveér, it might be argued that the abdominal deficiencies observéd in

these experiments result simply from a block in differentiation rather

than from induced cell death. A histological investigation of the

v

histoblasts after a restrictiye temperature pulse late gn the TSP would

.
settle this quest i

" [
. s
With these ¢
sugg&sedan whth has bccn repeatedi made, that. mutations at the su
£8 I Y
/

(_/)

locus (1 0§ 9) dffe%t protein synthesis (Sghalct 1970, 1973; Dudick,

\
1973;.Wri'ht, 1973)., Finnerty et al,. (1973) and Dudick et .) (1974)

have suggested that the locus is involved in the production of a ribo-

rations in mind it is interesting to consldcr the

sowal protein. llowever, Lambertson's (1975) investigation of the ribo-
3 A )
¢ somal proteins in the ts567 allele failed to confirm this notion, Instead,
he reports a delay in the transition from the larval to the imagigal

»

complement of proteins and a reduction in the amount of ribosomes present.

These effects may reflect a partially defective protein synthesizing

apparatus in this mutant. Based on a comparative phenotypic character-

izatjon, it can be hypothesized that the ts72¢ allele results in even

scverely defecti

ents. sugvival

ceclosion is less in te726 than in tcé7 fRusscll,
. L]

rotein synthesis. In tempcraturc shi%®t experi-

1974,
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Dudick-et al., 1974), and ts/2¢.produces imaginal cuticular abnormalities
of a much greater variety, increased severity, and at higher frequencies
than.t567 (see Tables VII, VIII and X, Results). The TSP of ts8726 is
broader, and stage distributed mortalit{es at the rc§trictive temperature
were found to be, on the a;cragc, earfier for t8726.v Thus, if these
mutants are directly affécting the cfficipncy of protein synthesis, then
the observed tissue specificity for te776 would imply that mitotically

active cells are more strictly dependent upon protein synthesis for

. - ‘Extent and Distribution of Cell Death in ts726 . »

n 1 4 , Imaginal Discs
’ S

Coe e . i
N The purposd"‘% Qhe rescarch reported in this thesis wu‘vto tegt and

viability.

elaborate the hyﬁq&hiz;s‘;hat cell death in the imaginal discs¥Bf tu726

accounts for its cuticular cffecgts.’ d‘?iculur abnormalities were

’
-

restricted to the derivatives of d‘e eye-;ntennal d leg discs followiné
- _ 'S
a 96-144 hour 29°C pulse. Induced cell deathwvas dotectcd.’% both of -~

these discs (see Table XIV, Results) after such a temperature treatment._) ;
TR

However, induced cell death was also detected in the other discs .

examined, that is, the wing and haltere discs, the cuticular derivatives

of which exhibited no abnormalities, ‘This latter result suggests that

the presence of induced cell death in an iMaginal disc is not a suf-
L]

~ ,ficient condition for the production of a cuticular abrormality.
t

The question which now arises is what causes some discs with cell

death to give rise to cuticular abnormalities while others fail to do so.
' . [
One possible explanation would be that the amount of cell death preeent
- A
is the critical-factor. On the basis of this hypothesis one would

A
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predict that those discs with the most cell death would produce cuticular

deficiencies most frequently. The followgmg data were obtained for a

96-144 hour restrictive tempcrature pulse,. For'Ls726, the cye-unt?i:al

disc showed the greatest extent of cellular degencration in regonstruoc-

tions. I%% average Type | body frequéncy per section was 6.03 as com-

pared to 1.22 for le iges (data from Table XIV, Results). The
g f‘ é

reconstruction data ‘for®the wing disc are insufficient for it to enter

this comparison. Thefoverall frequency of ts’26 eye-antennal discs
"y

producing a deficiency Was 38.9%, while JXIwa'
* a cuticular abnormality, and no wings did

gell %th in leg and wing discs could not

-

that in controls. Cell

about 2—4-fold over c

‘detected in the derivati
*

. Qtage (see Table XI1II, Results).

mutant disc
eye-antennal )

ts’26 leg - L 4
wing

e I
R 4

t867 eye-antennal

-

other

qls.

rise an
: ‘aQ ity

legs. exhibited

¥, the exteht of

D)

stinguished from
L . . ’
the eye-antennal disc was only elevated

No cuticular abnormualities were

f.any of the tu6” discs treated at this

These results
*

percentage of

discs giving

are tabulated below:

av. no. of Type I
bodies per sectjon,
ratio heat-treated/

control
- T - .

38.9 5.11
0.6 3.59

0 > 1

\‘\/’

~ 2—4

~ 1

|

This comparison confirms that discs with greater than control levels

+ WO

of céll‘aeagh, such as t8726 wing and t867 eye-antennal, do not necessar-

3

1 4 -
ily produc"cut.lcular abnormalities. Furthermore, although all ts728

-

,
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ceye-antennal, leg and wing discs sectioned showed cvidence of restrictive
temperaturce-induced dell death, only 38.9% of the heads and 0.6% of the
legs from surviving and pharate adults had c,ptxculnr ;ﬂmormalxtxes ‘I‘\\is'-

suggests that the dis¢s have consxderablc regulative capacities. Despite
a. o,
tids Tegulation, the results agree in general with the notion that the

amount eof cell death is directly related to the production of cutjcular

A h
abnormalities. . Y

-
Evidence from the lxtex'ure bLears on the question. With 1000 r of ;; %o

X-rays Postlethwait and bghn;!!ermnn (1973) found that irradiation of T

-
[}

any stage later than curly first instar larvae resulted in no cuticular

abnormalities at all, Acc,ordlng to Ilnq\;e (cited in Qimpson and
Schneiderman, 1975), a dose of 1000 ruhs about 30’6 of the cells in an

imaginal disc. Thus, at any stage afv.* th% early first larval instar,
discs can sustain 30% cell death and still give rise to normal imaginal

cuticular patterns. This again indﬁ:ates’regulatiom Yet, a restrlctlve

tcmpcrature%lse administered to gs8726 larvae duriQ\c TSP 1):0;75

)
extensivqocuticular abnormalities 1n the adult head and 1egs

Table XV (Rcsults) the average fquuency of Type 1 bodics per disc cell

is only 0.13 in the eye- antennal discs following such a ulse ' Thus, if
the proportlonallt) factor suggested above of one Type ° body per dead
cell is at all close to the real relationship, then the total cell death 2

in t8726 which results in cuticﬂ'lar abnormalities is less than that
N . .
induced by 1000 r of X-rays which fail to cause the abnormalities.

Consequently, extent of cell dedth alone app'arent'ly fai&s to account f\r

the production of cuticular deficieneies ‘and‘duplications. . e

One hypothesis to account for the productl.on of cuticular abnormal-

ities by the cell death ‘ih‘ta726‘ imagfifal discs wehild-be that these effects

-
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result specifically from u-ll.r degeneration that is localized or con-
e

centrated in a particular region or regions of the “disc cpithelium. A

prediction of this hypothesis would be that in those discs whose cuticular

4

derivatives show dcf%cicncics and duplications one should find lOgnllzed
cell death.  The data for¥:706 providc‘gktﬁct)oﬁ this hy%othcsns. The
imaginal cuticular'gtructuros most frequently dc?iciont or duplxcatcd
- werg derived froh,fhc oyé-ahtcnnal disc; thc histological data for the
. . L §
".ymcyc-antennal disc indic:sc that 1ocalized cell dcnth was present in‘fach

dlsc rocqnstrhgtcd (<co Fig. 24 Rcsults), whilc certain other disc

“3‘ 15& #( ghowcd only control (1ow) levels of dcath (see Table XV Rcsults)
The data for the leg (Fig. 20, Resulty) and w{ng-(rxg. 18, Results) discs
suggest 1'css obvious localization of cell, dcaeh and whélr Cutdcplaz -
dcrrvatxvcstwcre lcﬁsA}xcq.Ently abnormal. ‘khese rcsulis arc consistent
with the hypothesis that 10CdllZCd cell death is required in an imaginal

"

& disc for cuticular deficiencies nnd‘duplicntions to be induced. Addi-
' . L

tional support for this hypothesis comes from gynandromorph data
involving 13726.. Russell (personal communication) found that .the fre-
quency of cuticylur abnormalitics ;n derivatives of discs which were
mosaics of mutant and nén-ﬁhtant cells increased significantly relative’
A " to those from discs compriseé entirely of ts?26 tissue. Since the mutant

is a cell-autonomous lethal, mosaicism would tend to enhance the local-

jzation of cell death‘tin the imaginal discs, which on the basis of the

i

above hypothesis'would account for the observed increased frequency of
abnormalities. The hypothesis also provides an explanation why 1000 r
of X-rays fai} to inducc the abnormalities. Although whole organism

irradiation causcs extensive cellular degeneration in discs, it does not
-

.
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induce localized cell death when applicd to developing larvae {Sprey,
1971). That localized cell death has been detected in the discs of
various mutants which exhibit cuticular deficiencies (Fristrom, 1969).
provides additional support for the hypothesis of ® localized cell death

cffect.

The question which now arises concerns the mechanism(s) by which
A ° e
localized cell death in imaginal discs produces cuticular abnormalities.

" " . - . - . . .
The ‘QJI‘M\ cffects observed include both det icigncies and duplications,
e .’ . L _
The def_i"pl_!cﬁics‘ arc observed morce frequently and arc often unaccompanied
N . >

. < W
by dlx&hms, while the duplications occur almost exclusively in
CUL T %

- -

as¥ociatioh with®Weficiencics. Consequently, deficiencies are considered

the prilﬁ,, and duplications sccondary, cftects (¢f. Russell, 1974).

« " o
The P_}'F’g on.of deficiencies will be dealt with ' first. \/\

N

&n 4*/ious hypothesis to account for the induction of deficiencies
2 v

' by loeal'iZed cell death would be that presumptive hypodermal cells are

\

o

du‘ectly cllmxnated from the diset ?plthellum by’the ccll death. On’the
basis of this iypothesis it woul bc predicted that the site(s) of
localized cell death would be difectly correlated, t hrough a fate map
of the dxsc, .with the cuticular structurec(s) most frequcntly deficient.
‘Here agmﬂ Lhe retonstructlon data for the cye antcnnal disc can be

s
drawn, on for evidcncc, but first it is important to consider the thcoret-

ically possible distrimns\of cec dedth. ‘These include uniform,

random and patterned types as well as any combination of these. A

wuniform distribution of cell death would exist if there was an even
spacing of cells killed in the disc epithclium. By definition such a
‘listribution would show no locelization. Random cell death would occur

4

if the probability that a given cell would be killed was equal for all
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v
cells in the disc., In this case the death of a cgll would be ap cvent

complctely independent of the‘stu£e of the other cclTE in the disc.
Consequently, on the basis of statistical considerations, such random
cell death would be expected to generate localized cell ‘death at a
frequency dependent upon the probability of death for the cells and the
nun%e: of cclks in the system. However, these localized effects would
" Aot occur in any preferred position.within the cpithelium and different
discs would show diffcrent distributions. On th;'other hand, in a
patterned distribution of cell death, the probability that a cell might
die would vary from region to region in the disc, and thercfore the ‘
distribution of cellular degeneration would be constant from disc to
disc,

The results (or the eye-antennal disc seem to indicate a
combination of both random and patterned distributions of cell death
(see reconstructions..Fig. 24, Results). Localized concentrations of
cell death occyrred in the eye facei-forming region .in most of the
reconstruct;ons and in the vibrissae-forming part i about three quarters
of them; Cell death in the remainder of ;he disc appcared randomly
distributed.

On the basis of the observed tissue specificity pf cell lethality *

in t8726 and its distribution within the imaginal discs, one might
speculate that the localized Aeath observedNin heat-treated discs might
arise as a consequenge of differential regional cell division rates such
that' the comparatively rapidly dividing cells suffer greater lethality.

Whereas the overall rate of increase in cell num?er, as estimated by

‘induced mitotic recombination, appear "r the major discs
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- -«
(N8thiger, 1972), regional differences in mitotic activity within vidrious

discs have becn detected. Becker (1957) has shown that among twin spots

O
induced during the first larval instar ll.x ‘thq eyc, clones if® the anterior
region consistently exceeded in size their partners in the posterior
region. Similar observations have been made for the antennal disc
(Postlcethwait and Schncid;rman, 1971) where clones were found to be
larger in the vcntr;& than in the dorsal part of the third antennal
segment, and for the wing disc (Garcia-Bellido and Merriam, 19715)
where they were larger in the posterior than in the antcrior part ol‘hc
wing blade. . .
f:;Cuticular'dcfjcien.y frequencies in surviving and pharate adults
werc highest for thé eye facets (0.47, Table X, Rcsulis). Vibrissac were
fcored as deficicnt in 2% of the obscrved “%4-heads; however, theomethod

of detection of these did not involve exact bris s and conse-

quently might have resulted in slight deficienci

g unnoticed! On'
the other hand, the regulative capacities of the disc may account for the .

B R

apparent paucity of vibrissae deficiencies. Other cuticular strueeures ~
of the head Qere deficient only at low frequencies or not at all and can
best be accounted for on the basis of random cell death,

Based on the hypothesis of localized cell death-induced cuticular_'
deficiencies, expected l4~head cuticular! patterns could be predicted from
the eye-antennal disc reggnstructions. This was doné by setting the level
of cell death required to induce a deficienc)\ at ‘various arbitrary
thresholdsi; The best fit of predicted with observed patterns was obtained

with the threshold at the level of 12 Type I bodies—per grid square (sce

Fig. 25). That this high level of cell death is required to induce

’

<
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a deficiency again demonstrates considerable repgulative potential in the
®
disc.  From cight reconstructions of heat-treated discs it was found that
when this threshold level was employed the predicted L-head types over-
lapped 182 (72.2%) of the total of 5. observed, as shown in Table Xvl,
and accounted for most of the commonly observed cuticular deficiency
patterns (sece Table XIT, Results). Thus, it would appear that cuticular

.

deficiencies result from g direct effect of tocalized concentrations of

&

cell death.

With these considerations for deficiencies, duplications can now
be considered. That duplicated cuticular structurcs were ohs&fved
almost cxclusively in association with deficiencies sugpests the
following mechanism by which duplication might occur. It restrictive
temperature-induced cell death was to stimulate cell proliferation,
duplicated -patterns might 5;mehow result from this subsequent growth
within the disc. That X-r&y4}nduced cell death is followed by ‘regulative
cell division' is reflected in an increasc in clone size with dose of
irradiation (Schweizer, 1972). It can be hypothcsizod that the induction
of localized cecll death in heat-treated ta7l¢ imaginal discs accounts for
pattern duplication through induced growth in adjacent disc regions.
This suggestion is supported by the data for cuti:tlur abnormality fre-
quencies in the eyc-antennal disc (Table X, Fig. 3, Results) which show
that, in general, duplication and deficiency frequencies bear an inverse
relationship (cf. Russell, 1974). Those structures which were found to
duplicate most frequently, the fronto-orbital and orbital bristles, are

derived from rcgions of the disc with comparatively less cell death

agjacent to the anterior eye facey-forming region tn which enxqpﬁ"“
S ot
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dopeneration was Yound to oceur tregquenthy (b J6, Resulta, In tact,

)
. -
All fronto-orbital and orjital duplicatione observed here were assoct -
v .

ated with anterior eye tacet (lt't'ic”\‘ic\. Fhat Jduplications ocour in
*
"
other ts vell lethals (Russcll, 1o*1¥ arkaing, 1975 and, indeed, in
various non-conditional mutants, is consistent with this proposed

A
N >
mechanism of pattern duplication. Additional support comes tfrom the

fact that heat treatments administered to #2770 carlier in development

for instance at 2 hours, whigh allow more time for growth in the disc
subsequent to the induced cell death, result an higher duplication
fregquencies (Table VID, Results).

From the above considerations it would appear that tollowing
localized coll death in an imaginal disc one of two distinct develop-

mental pu;hwuy\‘ will be taken. Fither the disc will give rise to a

normal pattern of cuticular structures, through regulation or regenera-

tion, or it will produce deficiencices and sometimes duplications, The
problem is to find out what 'decides' which pathway will be taken.

Various theoretical models proposed to account for pattern defi-

ciencies and duplications in discs can be apphied to this problem. These

can be cglled upon to make distinct predictions regarding the relation-

ship hetv%(\n cell @eath in #8790 discs and resulting cuticular abnormal-

ities. Although a chemical correlate has proved clusive, the interpre-

tation of pattern formation in terms of gradients has been popular In

recent years because of their elegant simplicity gnd remarkable facility

in accounting for cxperimental data. Bryant (1971) and Ouweneel (1972)

have proposed similar 'gradient' models for the specification of

positional information. in imaginal discs (sce p. 16, Introduction). On

L -~
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)
.
the opar of Bryant ' ernlie ot 0 devo Toprentalt capacoty ' o dise trage-
ot are unable te recenerate hivher pradient levels and conseguently
cooafticrent contition for the production of o deticiency ain ‘o077 would

beeothe eftective removal of aovradiont "hich point' by localized cell

Jeatho baplications are accounted for in the model by replication of

’

a dise fraement' s oexisting cradient levels in the new vrowth arising
trom it. Theretore . Bryvant would predict that localnod concentrations

ot cell death vl e oomd i daplicat iy

i

Jies, bat o not in
-
revions that prodoace duaplicate structures.  Alternatively, according to

Ouwencel 1972 the sroe ot the drac gt the time of ditferentiat ron
v .
dirvectly —pecities 1ts positional antornmation. He assumes that when

drse o ~sitoe s redhiced 0 oveetrical cradhient s forme l, wharch acconmt s for

duaplic ctrons . bat o hreher valaes of poaational o dontormation are lost oin the
Al

nrace Cowhitoh rccountss tor detiorens ree. On the bhastrs of this model |

! Y

~on ! o ly hovve to oreduce diae sdre o produce onticualar

cortabaties ond ool death o wonld not have to he inoany pecitic part

-

o the e, In

.

heo oarts of the head which were nover ddticient,
such as the antennace and palps, are devived from revions ot the
1

eyve-antennal dise o which o reconstructions 4o not show extensive cell

death (Fie. 26, Tabhte XV, Resaltsy . The data demonstrate a direct corre-

.
L 4

lation of the positions ot locatized cell death an the dise with those
ot the cuticular deticiencies in the head tcompare Figs, 25b and 20b,
Results).  Those structures mo<t troegcaently duplicated, the tronto-orbitals
and orbitals, are trom part< ot the dise with relatively less cell death

’

aliacent to localized concentrations.  Thus, the results are exactly what

Bryvant would predict even when considered in some detail, and on the basis



/vf the ;{r;l.\li(‘nt ot developriental capacity would suppest that the eyve

. .
facct-torming region, which (i) pives risce to deficiencices most fre-
quently, (11) apparently never Juplicates, and (iii) is surrounded by
repgions which do du;'wlnunq-, chould include a gradient hiph point.  Thuis
prediction from the =7 » data ie consistent with the transplantat ion
data for the cve-antennal “dite in which the dup)lxxnion and repeneration
propertics of o 72—ty e dise fragments have been :lS\':l_\';‘(l (Gehring, 19066,
1072). 7

The gradient nf‘dvvv!upmvntnl capacity model also suppests an

explanation for cuticular abnormality frequency Jifferences obhserved

~among different discs in rx";if. From transplantation experiments the
locations of h)'.pothcticul gradient high points have heen gquite acour-
ately pinpointed in the leg (Schubigper, 1971) and wing (Bryvant, 19075)
diSCG. For the leg it is found somewhere in the anterior =edial
gquarter of the disc. The contour map of cell death in heat ~treated
te708 leg discs (see Fig. 22, Results) suggests that this is not a reyion
in which localized cell death frequently occurs. The b iph point for
the wing is near the anlagen for a group of 12 ‘scnx‘illa campaniformia on
the dorsal wing hinge (SC12 in Fig. 17, Results). Thus, the reduced
abnormality frequencies in derivatives of the . discs may result from a
lower froqucncy of occurrence of localized cell death in their high
point r?gions after a restrictive temperature pulse. Both patterned
and random cecll death distributions could generate such an effegt.
Loéalized cell death.induced in other regions af these discs may not be
expressed later as cuticular deficiencies because of regeneration from

higher gradient levels present in the remainder of the disc. This, then,

. G
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. .
L oaccoant for how the decr caono made as to whoether dises with local-

Loed cell death will opve rise 1o noreal or abpormal o cnticular patterns.
L]

. , a
General Implications for Pattern Formation Theory
SThe resalts Jdiscussed o above cansnow e related to the peneral
theory of pattern formation. The term "positional intormation’ has been

cropeoad to dencribe whiat 4 cell necds to "know' an oonder to Jittrerenti-
(teoappropriately inoa o pattern. Various meghanisme, including morpho-
venetic cradionts, developmental compartimkt ati-arion, and inductive
\

- . A
frelde cwee Introductiont, have heen stgpested to account tor the
GJoecirication of posit fonal informatien.  For ecach of these processes
there exiots o bady of supporting cvidence but their functionatl Sienif-
Leanoe in pattern formation an peneral s not known. 1t 1w possible
that sy particalar doevelopmental system may involve more than one of
these mechantsms.

fhe tact that an imaginal disos ditferentiation 1+ temporally
separated from the specitication of pesitional antornat fon permits an
caperimental approach not aviailable in other svstems. Pattern duplica-
tion followiny surygical bisccetion of mature discs may be interpreted as
L Cidence for oan underlyving gradient ot positional information (sce,. tor

. - . . e .

Pootance, Bryvant, 197110 Gelgy (19°]) has” ~hown that ultraviolet

microbeam irradiation ot T-—17 hour (post-gastrula) embryos in

oGt can resultoin imaginal cuticular duplications. Wieschaus
(19711 has shown that 1000 r of X-ravs appliced as early as 7 h‘!

after oviposition also results in some duplicated cuticular patterns.

The same dose of X-ravs is also eftfective throuphout the remainder of



embryogenesis and into the carly tirst larval instar (Postiethwait and
Schneiderman, 1973), while a much hipgher dosce (7000 1) has a similar
effeet when applicd to late cecond and early third instar luf\Po
(waddington, 101.2}. Restrictive temperature pulses 1n +3 70 cause
duplications when applicd any time from carly S(.‘cond to late third
instar (Russcll, po‘r\‘on:l] cummunicutinn). Thus, 1t nppAo:n‘% that given
the appropriate experimental conditions imaginal cuticular duplications
L]
can be induced any time {rom carly embryogenesis through to larval
. . .

maturity. One interpretation of these results is that gradicents of

)
dcvclopmcntﬁl capacity are present from the time the initial populations
of cells (or nuclei) are determined to become discs.

An alternative interpretation of the experimental prodgcfion of
duplicated patterns 1% baced on the concept of x“cgulatioﬁ: in an ‘inductjve
ficld (sece Counce, 1973). Herce, duplicnti;ns are thought to arise by the
Spliiting of an.inductive field into two portions and subseauent regula-
tion in cach of these such that two patterns develop where normally
there would be only onc.

The formal distinction between these two interpretations is that 1n
the first, duplications arisé via rygeneration in a éystem in which

positional information is already specified, while in the sccond, the

. -

specification process is assumed to occur subsequor\t to a scparation
into two indcpondcnf ficlds.. Experimentally, the distinction may be made
on the basis of the f)ositioruoy ‘duplication—inducing' cell death in
relation to the fate map. By the gradient model cell death would be
predicted in thoSc parlts of the disc corresponding to the deficient

cuticular structures, but not in duplicating regions. The results

b2
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Sdeseribed in this thesis for o277 eve-antennal dises support this model.

Sance varions experimental treatments known to canse cell death can

o

induce caactly the wame phenotypes trom very early stages in development
ripht throuvh to disc maturity, perhaps the 'repulative' capacities of

discs ~hould really be thought of in terms of regenration,” and gradients

l prepatterns which diroct rcgvnor;ttinn.l I'rom thits conceptual view-
point, any experimental intervention which ablateX the high point of
wuch g gradient would create a new prepattern of positional intformation.
This resolves the paradox ot how.a cell-autonomous lethal mutant, such

as ‘oL can resuld in non-antonomous pattern formation and therefore

tit the definition of a prepattern mutant,

A\
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Per

:

Composition of I'rosc;h'u Culture Medium'

.

liter of distilled water:

dricd brewers!' yeast 100 g .
sucrose 100 g

agar 3(\‘\)‘
propionic actd 7‘£l

chloramphenicol (1000 mep/mg,
Parke-Davis § Co.)

"After Nash and Bell, 1968, ﬁ 4




