INFORMATION TO USERS

This material was produced from a microfilm copy of the original document. While
the most advanced technological means to photograph and reproduce this document
have been used, the quality is heavily dependent upon the quality of the original
submitted.

The following explanation of techniques is provided to help you understand
markings or patterns which may appear on this reproduction.

1. The sign or “‘target”’ for pages apparently lacking from the document
photographed 1s “‘Missing Paga(s)’’. If it was possible to obtain the missing
page(s) or section, they are spliced into the film along with adjacent pages.
This may have necessitated cutting thru an image and duplicating adjacent
pages to insure you complete continuity.

2. When an image on the film is obliterated with a large round black mark, it
is an indication that the photographer suspected that the copy may have
moved during exposure and thus cause a blurred image. You will find a
good image of the page in the adjacent frame.

3. When a map, drawing or chart, etc., was part of the material being
photographed the photographer followed a definite mathod in
“sactioning’’ the matenal. {t is custornary to begin photoing at the upper
left hand corner of a large sheet and 1o continue photoing from left to
right in equal sections with a small overlap. |f necessary, sectioning is
continued again - beginning below the first row and continuing on until
complete.

4. The majority of users indicate that the textual content is of greatest value,
however, a somewhat higher quality reproduction could be made from
"“"photographs” if essential to the understanding of the dissertation. Silver
prints of "‘photographs’’ may be ordered at additional charge by writing
the Order Department, giving the catalog number, title, author and
specific pages you wish reproduced.

5. PLEASE NOTE: Some pagss may have indistinct print. Filmed as
received.

University Microfilms International
I Mo T, Bt

Arir At o Mg AHTOE LA

St e Hoger Ty e e

[ARPN Ayt Bk f Tyl bt ey



77-13, 664

MILSTED, Amy, 1944-
TIT STRUCTIRE AND FORMATION OF THE MITOTIC
SPINDLE OF DROSOPHILA 'ELACASTIR BLASTEMA
I2BRYOS.,

City University of New York, Ph.D., 1977
Riology

Xerox UniverSity MiC"Ofilms ; Aon Arbor. Michigan 48106

(s COPYRIGHT BY
AMY MIL3TED
1977



THE STRUCTURE AND FORMATION OF THE MITOTIC SPINDLE
OF DROSOPHILA MELANOGASTER BLASTEMA EMSRYOS

by
Amy Milsted

A dissertation submlitted to the Graduate Faculty
in Blology in partial fulfillment of the require-
ments for the degree of Doctor of Phllosophy, The
City University of New York,



This v anuscript has breen read and accepted tor The Fowerat e
o P tee ia Biobogy in o satisfaction of the o Lont it Ton
requitement tor the degree of Doctor of Philouwophy

anuar, + , 1977 %
Dot Chairman of F\mm\nnn:; Compiitt e
crof. Tm, ), Tohen
: ¥ 7
armmary 7, 1YT7 . ey Nt )
e R N oL - Tie "
[Tart e Eworont iye aft iy ooy

rof, ., T‘oriber

AR
L ant er ollesce
P re e _ — e
Tphf . T, Trant Prve t it oo
4 oo R T AP |
- . . "inter “ollege
‘?4? /; - e ol ¢ . . o _P'
of'. . "wvaer N ACELEEE BTN BN PRTY
/«ff" .
P { bomw . b -:}‘Jbl;., Tehman Ucllefe
“rof. 7. Jensen bttt en

xﬂbaéé¢4¢{/ -JEC£4,1{$1, “rooklyn “ollege

“chuster It itat oo
ITnetitute for “aric “esearch in
/ :;.,/ ntal Fetardation
offer o St '

“ro{"

a Mellon Iretit +n
W‘ Carnegile-Melilon Uriversity
Trof. Foat iiat i ) -

The City University nf New York

11



Abstract
THE STRUCTURE AND FORMATION OF THE MITOTIC SPINDLE

OF DROSOPHILA MELANQGASTER BLASTEMA EMBRYOS

by
Any Milsted
Advisors Professor Willlam D, Cohen

Mitotic spindles in situ are surroundec by multiple layers of
spindle-delimiting membranes throughout mitosls, At prophase a
consplcuous reglon of tubular endoplasmic retlculum appears in assocl-
atlon with both the spindle-dellimiting membranes and with cytoplasmic
membranes, A role for tubular ER and apindie-delimiting membranes in
the control of Ca++ levels and ln microtubule assembly and disassembly
is suggested,

Hexylene glycol 1solated spindies appear very fibrcus, and thelr
physiological responses are similar t¢ those of simlilarly isolated
spindles of other species,

An i1solation medium which employs tubulin polymerization condi-
tions was used to isolate spindles which preserve major in situ
morphological characteristics of Drosophila spindles, In such lsolated
spindles, four major interzonal fibers are vislble under phase contrast,

This number may be significant since D, melanogaster has four pairs of

chromosomes, bkach interzonal fiber has a midbody at its mldregion in
anaphase, At telophase the four midbodiesa of anaphase apparently
coalesce laterally into one large mldbody, and only one interzonal fiber

can be seen,

uring all mitotic stages structures 0,7 pm in dlameter are present

at the poslitlon expected for centrioles, These are too large to be
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accounted for by an individual centrlole; they have been termed centrlole
compPlexes,

The scanning electron microscope (SEM) was used in order to obtalin
a three dimensional impression of whole 1solated spindles, Methods were
developed for following individual spindles through all steps of process-
ing for the 3EM, The S3E¥ shows a progreasively more ordered spindle
framework developing from prophase through anaphase and telophase,
Chromosomes have beaen ldentifled on the spindle, and centricle com-
plexes have been described, The centriocle complex apparently consists
of a centriole plus associated material, which ltself has substructure,
Attachment of the centrlole complex to the rest of the mitotic apparatus
is tenuous, Larger diameter spindle fibers are seen to ve composed of
smaller dlameter fibrils arranged in bundles,

Thin sections through spindles isclated under tubulin polymeriz-
ing conditions verify the presence of mldbodies in isolates, Midbodies
are not obvlous 1in the SEM, In thls system, in which cytokinesls does
not cccur during the blastema stage of development, midbodies seem not
to be directly involved in cytoklnesis,

Using a flattened metaphase spindle viewed in the SkM, 1t 1s
posslble to estlimate the amount of tubulin required to construct this
spindle, Approximately 2.0 - 4.6 x 107 monomers of tubulin per spindle
would be needed; therefore about 1.2 - 2,8 x 10°8 gm per embryo would
be enough to construct all the spindles preaent in the syncytlal embryo
at this stage, This data is in good agreement with that previously
published for both numbers of monomers per spindle in other species

vnd numbers of grams of tubulin per eambryo in D, melanogaster,
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I. Introduction

The structure of mitotle and meiotic spindles has been examined in
many diverse species, both in situ (for example, Schrader, 1953; Harris,
1962; Roth and Daniels, 1962; Robbins and Jentzch, 1969; Bajer and
Mole~Bajer, 1969) and after isolation (Rebhun and Sharpless, 1964; Kane,
1962; Muller, 1970) Forer and Zimmerman, 1974; Rebhun, Rosenbaunm,
Lefebvre and Smith, 1974)., The major structural elements common to all
spindles studied to date are microtubules, and spindle organization,
function and control are probably based at least partly upon the
properties of spindle microtubules and cellular control over thenm,

Various technigques have been used to study spindle structure,
including thin sectloning (Kane, 1962; Goldman and Rebhun, 1969; Cohen
and Gottlieb, 1971; McIntosh and Landis, 1971{ Brinkley and Cartwright,
19713 Fuge, 1973) and negative stalning for transmission electron
microscopy (TEM) (Klefer et al,, 1966), high voltage transmission
electron microscopy (McIntosh et al.,, 1975) and phase contrast, polari-
zing and interference light microscepy (Kane and Forer, 1965; Rebhun
and Sander, 1967; Cohen, 1968; Forer and Goldman, 1972; Inoue, Borisy
and Klehart, 1974; Salmon, 1975), During the course of the work des-
cribed here, scanning electron microscopy (SEM) has also been employed
in order to provide new information on isolated spindle organization and
structure (Milsted, Cohen and Lampen, 1977). The abbreviation 3EM will
refer here to both scanning electron mlcroscopy and the scanning electron
microscopes similarly, the abbreviation TEM will be applled to both
transmission electron microscopy and the transmiaslon electron micro-
scope,

The traditional method used in three dimensional reconstructlon



of a splndle has been serlal thin sectloning through whole mitotic
cells {McIntosh and Landis, 1971; Brinkley and Cartwright, 1971;
Tippit, McDonald and Pickett-Heaps, 1975)., This method is extremely
tedious and time consuming, and 1t limite the number of apindles which
can be examined in this way, High voltage transmlssion electron
microscopy of 1 um thick sectlions (McIntosh et al,, 1975), while enabling
the viewer to examine an entlre serially thick sectleoned spindle in
relatively few sections, is not routinely avallable, Negative staining
of large spindles, such as those of sea urchin zygotes (Klefer et al,,
1966) 1s not a good method for demonstrating spindle fine satructure,
although it might be useful for examining smaller apindles of rela-
tlvely simple stiructure,

Scanning electron microscopy, in comparison with the above methods
which use transmitted electrons, allows great depth of field and direct
three-dimensional imaging of abjects, permitting visuallzation of
general structural organization 1n but one or a few micrographs, SikM
has recently been applied to the study of organelles, and 1t 1is of
most value in the case of structures too large or too thlck for TEM
whole mounts (Kersey and Wessells, 1976; Kirschner, Rusli and Martin,
1975). lsolated mitotic spindles can be included in this categorys
with appropriate preparatlion methods there should be no surrounding
membranes or other material obescuring the view of the spindles’ fibrous
structure, In order to make use of the advantages offered by SEM,
spindles must necessarlly be 1solated and free of adhering cytoplasmic
debris,

Although numerous splndles from widely varied specles have been

examined with many different methods, the manner in which the mitotlic
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apparatus functions is not clearly understood. A number of models
have been proposed to explain chromosome movement and spindle elonga-
tions (a) polymerization and depolymerization of spindle microtubules
has besn suggested by Inoue (19603 Inous and Sato, 1967); (b) a sliding
filament theory of chromcsome movement postulates movement of micro-
tubules along each other and in some cases apparent crosstridges have
been seen between ad jacent microtubules (McIntosh, Hepler and Van Wie,
1969; Hepler, McIntosh and Cleland, 1970); (c) a 'zipper" hypothesis
has been proposed by Bajer (1973), and (d) actomyosin-like mechanisms
have also been suggested (Rebhun, 1967; Forer, 1969, 1974), There has
long been evidence accumulating that there might be oriented components
in addition to microtubules which contribute to spindle fiber bire-
fringence (Forer, 1966; Goldman and Rebhun, 1969; Forer and Goldman,
1972 Forer, 1974), Actin-llke microfilaments might be one other compo-
nent, Other studles using polarized light indicate that all spindle
birefringence 1s due to mlcrotubules alone, however (Inoué and Sato, 1967),
3plndle 1solation has been a major approach to the study of morpho-
logy and chemlatry of spindles, Isolated spindles, free of obscuring
cytoplasm and interfering cytoplasmic flulds and structures such as
membranes and ribosomes, have served as simplified systems for the atudy
of the mltotlc apparatus, wlth the advantage that experimental condl-
tions can be altered by changing the defined medium in which the spindles
are bathed, Usually spindies are not clearly aseen in living cells, but
after 1solation they are readlly visible under phase contrast, As a
consequence, spindles of the desired stage and orlentation can be selected
and thelr structural and physioclogical propertiea studied, squash
preparations of mitotic cells and embryos lend themselves to studies

involving media varlables such as pH, since solutions can easily be
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perfused between coverslip and slide in such a preparatlon, The ulti-
mate spindle model would be one that funections after removal from a
cell, Such a model has not yet been developed, although many attempts
have been made, beginning with the work of Hoffman-Berling (1954).

Spindles were first iaolated in 1952 by Mazia and Dan, who
arrested division of sea urchln zygotes and stabillzed the mitotic
apparatus by fixing cells in cold ethanol, then selectively solublilized
cells with digitonin; these alcohol-detergesnt isolated spindles were not
very soluble (Mazia and Dan, 1952). Next came the first direct isolation
of the mitctic apparatus by lysis of cells into a medlum contalning the
disulfide reagent, dithiodiglycol (Mazia et al,, 196l1). Kane later
showed that an -5-5- reagent is not necessary for isolatlion and used
tnatead a penetrating non-electrolyte at pH 6.2 (Kane, 1962; 1965),
Kane 's hexylene giycol 1solation medium was commonly used by many
workers, and cansisted of 12% hexylene glycol, 0.01 M potassium
phosphate, pH 6,3, used for isolation at room temperature,

Since the success of Weisenberg {(1972) in polymerizing tubulin
into microtubules 1n vitro using a calclum chelator, &GTA (Ethylene-
glycol-bis- (-aminoethyl ether} N,N'-tetra~acetic acid), new spindle
isolation medla have been developed based on the calcium labllity of
microtubules, 3Such a medium has been used by Hebhun et al, (1974) for
isclatlon of mitotic apparatuses which can incorporate heterologous
tubulin and assemble it into blrefringent fiberas similar to those of
mitotic apparatuses in living cells, A slightly modified version of
the ieolation mecdium of Rebhun et al, (1974} waa used in this study for

most splndle isolation, Glycols are now totally eliminated from isola-

tion media such as these,



Semi-lysed "models™ of mitotic cells which preserve some in vivo

functions and show limited motllity have reportedly been obtalned by
Cande et al. (1974), The spindles of such semi-lysed cells are said

to lose birefringence when cooled, regain it when warmed, and show some
anaphase movement, The mitotic apparatuses isolated by Rebhun et al,
(1974%) will lengthen when heterologous tubulin is added to the medium.

The mitotic apparatus has also been 1lsolated usling a dimethyl
sulphoxide/glycerol medium (Forer and Zimmerman, 1974), a dithiodi-
propanol medium (Sakal, 1966), and 1lithium in seawater followed by
storage in cold ethanol and lysis in Triton X-ethanol (Mazia et al,,
1972).

None of the isolation methods currently available is entirely
satisfactory. Mitotic appsratuses in llving cells are cold and pres-
sure labile, whereas mitotlc apparatuses isoclated in organic solvents
have stable birefringence at low temperatures, although those lsclated
recently by Rebhun et al, (1974) are cold labile for a short time after
isolation. When 1sclated in a hexylene glycol medium, mitotic
apparatuses contain only about 10X of the dry matter present 1n the
mitotic apparatus in vivo (Forer, 1969; Forer and Goldman, 1972}, so
that much material 1s lost in the isolatlion procedure, As mentloned
above, chromosome movement 1ike that seen in vivo has not been seen in
i1solated mitotic apparatuses,

Almost all the organisms used for the study of *he mlitotic
apparatus have large numbers of chromosomes, which complicate struc-
tural analysis of their spindles, and none of the organisms is well
known cytogenetically, These difficulties have been avolded by the

use of early embryos of Drosophila melanogaster for a structural study
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of mitotic sapindle formation and functlion, alnce D, melanogasier has

a small number of well characterized chromosomes (2n=8), and its
biology and genetics have long been studied (Sonnenblick, 1950
Lindsley and Grell, 1967)., The rapid rate of mltosis (one complete
division takes ten minutes or less at this stage) (Rabinowitz, 1941},
large size of the embryc (0.2 mn in diameter x 0,5 mm in length), and
occurrence of many synchronous nuclei or spindles 1ln a syncytium durlng
early development were also of advantage in thls work,

Methods for handling embryos and examining them with light micro-
scopy and TEM are available (Huettner, 19333 Rabinowitz, 1941; Okada
and Waddington, 1959) Mahowald, 1963a, 1963b) Fullllove and Jacobson,
1971 ), and the species offers the eventual possibility of using avall-
able mutants with different numbers of chromoscmes (Lindsley and Grell,
196?) in order to examine the effects of chromcsome content on spindle
organization,

Only embryos in the blastema divislions were studied here, Blas-
tema divisions are the tenth through twelfth (or possibly the
thirteenth, see Zalokar, 1976) divisions after fertilization. 1In

D, melanogaster the egg 1s fertilized in the uterus, and at the time

of fertilization the first meliotlc division of the egg i1s in progress,
Embryos can be depoaited lmmedlately after fertilizatlion, or they can
be retained in the uterus for a variable period, sometlimes until just
before the emergence of the larva. The firsi elght or nlne mitotic
divisions occur in the interior of the embryo, After the ninth divi-
sion, nuclei move to the embryo surface, where they remain in a
syncytium for three to four more synchronous divisions (Rabinowitsz,

1941y Sonnenblick, 1950). After the ninth division pole cells bud off
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from the syncytium at the posterior pole of the embryo. These pole
cells are readlly visible with the light microscope in dechorionated
embryos, and they serve as a marker for the beginnling of the blastema
stage, After a total of twelve or thirteen synchronous mitotic
divisions, the embryo surface indents and plasma membranes form,
separating the nuclel into individual cells for the first time (Figure
1). After the tenth division, and again after the eleventh division,
the plasma membrane furrows inward slightly and reveraibly {Mahowald,
1963a), producing a characteristic pebbled surface which can be detected
with light microscopy., At the time of the first cytokinesis, as the
blastoderm forms, as many as 6500 nuclel (Zalokar, 197¢) may be present
at the embryo surface, clossly packed in hexagonal arrays (Fullilove
and Jacobson, 1971). After the blastoderm is formed mitotic synchrony
1s lost.

Mitosls occurs extremely rapldly in D, aelanogaster with one

complete division lasting an average of 9,1 minutes in the temperature
range of 24°—‘30° C. At 24° Cs, the temperature commonly used in these
studies, interphase lasts 3.4 minutes, prophase 4,0 minutes, metaphase
0,3 minutes, anaphase 1,0 minute and telophase 0,9 minutes (Rabinowitz,

1941},

When the D, melanogaster egg 1s laid 1t is surrounded by an opaque

chorlon which can be removed with scdium hypochlorite (Hill, 1945) and

by an inner vitelline membrane coated with a waxy layer (King, 1970).
Both the waxy layer and the vitelline membrane resist attempta at
nermeabllization (Sonnenblick, 1950), Tradltionally embryos have been
punctured with a small sharp object to allow penetration of fixative 1into

the embryo, although many agents have been reported to increase perme-



ability of these structures (heptane: Zalokar, 1971; octane: Limbourg
and Zalokar, 19733 Triton X-100: 3ayles, Procunier and Browder, 1973;
ether 1n 70% alcohol: Widmer and Gehring, 1974; butanol: Fausto-
Sterling, Zheutlin and Brown, 1974),

The cytology of the blastema divisions has been well characterlzed
with 1ight microscopy by Huettner (1933) and Rabinowltz (1941) using
stained paraffin sections, and the appearance of spindles in the light
microscope in this study was compared with the in sltu work of these
earlier microscopists. Since this stage of development has not
previously been studled at the ultrastructural level, it was desirable
to investigate the general cytology of the embryo and of spindles in
situ, The description of mitosis in situ which will be presented here
can be compared with electron microscoplc studies of the embryo at
later stages, such as the time of blastoderm formatlon (Mahowald, 1963a,
1963b; Fullilove and Jacobson, 1971) and with work on the ultrastructure
of the egg (for review see King, 1970) and spermatocytes (Ito, 1960),
The only electron microscopic data on thia stage is an occasional micro-
graph of the cytoplasm of blastema embryos lu papers dealing primarily
with other developmental stages (Okada and Waddington, 1959; Mahowald,
1963a, 1963b).

It was anticipated that 1solation of spindles from the syncytial
embryo should be relatively easy since there are no plasma meabranes
separating nucleil or spindles from sach other in the malin cytoplasmic
mass of the early embtryo, Crane fly spermatocyts melotic spindles had
bean isolated by Muller (1972), indicating that insect apindle isolation

was posslble, D, melanogaster mitotlc spindles can be lsolated using

eilther hexylene glycol (Milsted and Cohen, 1973) or a modified tubulin



polymerizing medium (Mllsted, Cohen and Lampen, 1976). Spindles isolated
in the latter medium appear under phase contrast to have relatively
simple structure, with a small number of major fibers. In the course of
this work, 1t was found that "clean™ spindles, free of moat adhering
cytoplasmic material and remarkably like those described in sltu by
Huettner (1933), Rabinowitz {1941) and Sonnenhlick (1950) could be
routinely prepared,

Most cells from which spindles have been isolated are eggs or
ococytes of marine organisms such as surf clams (Rebhun and 3harpless,
1964; Rebhun et al,, 1974) and sea urchins (Mazla et al., 1961l; Kane,
19627 Coldman and Rebhun, 1969; Inoué and Sato, 1967; Forer and
Zimmerman, 1974}, Isolated spindles have also been prepared from some
cultured mammalian cells (McIntosh et al,, 1975; Sisken et al,, 1967),

and insect spindles have now been lsolated from D, melanogaster (this

paper) and the crane fly Pales ferruginea (Muller, 1972).

Ma jor objectives of this work were (1) the study of the cytology

of mitosis in U, melanogaster in situ with TEM, (2) the isolation of

apindles from this specles, (3} the examination of the morphology of
whole isolated spindles, ultimately obtalning a three dimensional
impression of them, and (4} the visualization with electron micro-
scopy of the spindle fibers aseen 1n light mlicroscopy in order to see 1if
these spindle fibers are composed of mlicrotubules,

The results of thils study should further our understanding of

mitotic mechanisms, of the structure of the D. melanogaster splndle

in the blastema stage both in situ and after ilsolation, and perhaps,

of the structural basis for the mitotic synchrony seen in this system.
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II, Materials and methods
A, Embryo collectlon

Wild~-type Drosophlla melanogaster were obtailned from stocks which

had originally come from the Carolina Blological Supply Co,, Burlington,
N.C. Cultures were maintained on Instant Drosophila Medium (Carolina)
supplemented with viable bakers' yeast (Fleischmann's) and kept in half-
pint glass bottles stoppered with plastic culture bottle plugs (Carolina),
For embryo collection unetherized flies of both sexes were transferred
into ezg laying chambers conslsting of an open ended glass cylinder with
one end covered with nylon mesh (32 spaces/inch)}, through which embryos,
but not adult flies, could pass, The other end of the cylinder was
covered with a plastic Petrl dish cover which had a hole melted in 1ta
center in order to facilitate the transfer of flies into the chamber,
After transfer the hole was covered with Parafilm {(American Can Co,,
Neenah, Wisc), A laying chamber was placed in the bottom of a Petri
dish which had been nearly filled with 2% agar, the surface of which
was covered with a fermented sugar-yeast mixture, Approximately % tea-
apoon sugar and 4+ ounce package of yeast were dissolved in a smalli amount
of warm tap water and allowed to ferment (after Mossige, 1966}, The
chamber on the agar substratum was placed in a metal pan or glaas bowl
lined with damp paper towels, all of which was covered in order to
exclude light, These chambers were prepared the evening before embryos
were to be collected,

Newly fertilized eggs were collected the following morning, Laying
chambers were flrat placed on fresh Petri plates for about 30 mlnutes,
then transferred to another fresh substrate for embryo collection, Fresh

food apparently stimulated egg laylng, This first thirty minute laying
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period of the day allowed flles to lay any eggs which had been fertl-
lized and retained in the uterus, Such eggs were usually advanced in
development and were routinely discarded. Embryos for experimental use
were collected during a fifteen minute period, With these precautions
the majority of eggs collected during the fifteen minute collection
period were newly fertillzed.

For collection of large numbers of embryos the surface of the agar
was washed with a gentle stream of distilled water into a filter appara-
tus consisting of a plastic Buchner funnel lined with filter paper,
Embryos were washed with distilled water or Drosophila Ringer's solutlon
(7.5 &. NaCl, 0.35 g, KC1l, 0.21 g. CaCl, 1in one liter of water., Ephrussi
and Beadle, 1936), then dechorionated with 2,.5% sodium hypochlorite
(diluted Chlorox) (Hill, 1945) for approximately one minute., Embryos
were agaln washed in Ringer's or water, with a final rinse in distiiled
water, OGentle suctlon filtration waa used at all steps, The fllter
paper with the embryos lylng on it was removed from the funnel and
embryos were transferred into distilied water in glass Petri dishes,
where they remained until they reached the blastema stage. Embryo
development was monitored using a dissecting microscope with illumina-
tion from beneath the specimen, The appearance of the embryo at
different stages of development is shown in Flgure 1, A newly laid
fertilized egg with opaque chorion intact 1s shown in Figure laj a
pre-blastema embryo after dechorionation is seen in Flgure 1lb; <l
embryo in Flgure lc is at the blastema stage, identifiable because of
the typical pebbled appearance of the embryo surface; a blastoderm
embryo is shown in Figure 1ld for purposes of comparison,

When only a amall nuamber of embryos was needed, individual embryos
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were 11fted off the agar substratum at the end of the laying period
with small forceps, and were placed in a depression dish with black
electrical tape on its underside, permitting the white embryos to be
seen by eys, Washing and dechorionation were carried out in the
depression dish, and embryos were later transferred to a glaass Petrl
dish and monitored as described above,
B. Mitosis in situ

Embryos of the proper stage were transferred to plastic Petrl
dishes, to which they adhere, for fixation for transmission electron
microscopy (TEM). For manipulating and transferring embryos, small
forceps, glass Pasteur pipets and dental reamers (Figure 2) were used,
Fixation was usually in Fixative A: 2,5% glutarsldetyde in 0,062 M
sodium cacodylate buffer, pH 7.2, with sucrose added to a final concen-~
tration of 0,2 M (Fullilove and Jacobson, 1971). Since the vitelline
menbrane is impermeable to this fixative, a hole was punctured through
vitelline and plasma membranes (usually at the posterior pole of the
embryo) using a screw-threaded dental reamer (Flgure 2)., The embryo
was punctured within 15 minutes of being covered with fixative and its
vitelline membrane was dissected off, after which fixation was allowed
to proceed at room temperature for 1 - 2 hours, Flxative B was uaed in
an effort to fix embryos without puncturing them. 10 ml of freshly
distilled heptane (a glft of Dr. 3, Raps) was shaken with 10 ml of 25%
glutaraldehyde for about 5 mlnutes., #mbryos were fixed for 1 - 2
minutes in the glutaraldehyde-containing heptane which had been
separated from the aqueous glutaraldehyde phase in a separatory
funnel (Zalokar, 1971), After the brief exposure to heptane, embryos

were placed in Fixative A (above) in which the vitelline membrane could
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Plate T,

Figure 1,

Figure 2,

D, melanogaster embryos: tools

Drosophila melanogaster living embryoa, (a) Embryo with
all embryonic membranes, Dorsal chorionic appendages are
partly viaible (arrows), Chorionic substructure 1s seen

at the posterior pole (arrowhead), (b) Dechorionated
embryo, pre~blastema stage, Note homogeneous interior and
space between vitelline membrane (VM) and embryo, (c) Decho-
rionated embryo in the blastema stage, Pole cells (pc) are
present, and indentations in the embryo surface can be seen
(arrouas, which give the embryo surface a characteristic
pebbled appearance, (d) Blastoderm embryo, dechorlonated.
Phase contrast, X 178, Bar 1is 100 um,

Tools, From top to bottom: screw~-threaded dental reamer)
straight dental reamer; plastic slide with recesased hole,

in which a coated grid is placed; micro-homogenizer pestle
of sharpened platinum wire; micro-homogenizer mortar a 10

ul pipet heated and drawn out to form a constricted region
(arrow), X 1,04

13.






be easily removed without puncturing the plasma membrane of the embryo,
Embryos remained in Fixative A for at leaat another hour.

After fixation in glutaraldehyde all embryoa were washed twice for
5 minutes each time 1in 0,062 M sodium cacodylate, pH 7.2, and were then
post-fixed in 2% osmium tetroxide in 0,062 M sodium cacodylate, pH 7.2,
for 1 -« 5 hours, Embryos were again washed twice in buffer and were
often allowed to remain overnight in a third change of buffer, Dehydra-
tion was carried out through a standard ethancl ssries into propylene
oxide, Embryos were placed in a propylene oxide-Epon mlxture overnight
and were flat embedded the next day in fresh kpon mixture in Chang
embedding molds (Chang, 1971)., The Epon was cured in a 60° C, oven for
at least 48 hours, At that time embedments were removed and thelr
rough lower surfaces were recoated with Epon, and embedments were
cured another 48 hours, The Epon mixture (R.P, Cargille Laboratorles,
Ine.) conslsated of 26 ml of Epoxy casting Resin D (Epon 812), 17 =l of
Epoxy Hardener N,M,A, (Nadic Methyl Anhydride), 12 ml of Epoxy Hardener
N.0.S.A, (Dodecenyl Succlnic Anhydride) and 0.55 ml of £poxy Accelerator
B 4.0,M,A., (N-Benzyl Dimethylamine) (Luft, 1961),

Flat embedments were secured ln vise clamp chucks, rough trimmed
by hand with single edged razor bladesand mounted on a Sorvall MT-2
Porter-Blum ultramicrotomes for thick and thin sectioning, Thick sec-
tions 0,5 - 2 Mm thick were cut with an old Dupont diamond knife for
identification of mitotic stage, Embryos were always sectlioned
perpendicular to theilr long axis, with the unpunctured pole at the
block face. Thick sections were collected with a platinum wire loop
and placed on a glass slide, which was then warmed to promote adhesion of

the plastic section to the glass, A varlety of stalns was used on thick
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sections, One successful stain was freshly prepared 0,1% toluildine
blue in 2,5% sodium carbonate, pH 11 which was applled to the section
on a warming tray for about 5 mlpnutes, after which the sectlon could
be destained slightly with 70£ ethanol if necessary, followed by

100% ethanol, xylene, and immersion oil in which the section was
mounted, The other stain which gave satisfactory resulis routlnely
was Paragon Multiple Stain for Frozen 3ectlons (Paragon C.N.C. Co,
Inc., 3ronx, N.Y.), which was applied to the sectlons for 1 - 2 minutes
at room temperature (Spurlock, Skinner and Kattine, 1966), Thick sec-
tions were stalned in order to visualize chromosomes more easily,
Observations of thick secticons were made using a Zelss phase contrast
microscope, and sections were photographed with a Nikon camera back
mounted on a trinocular microscope head, using Kodak Fluas X or
occasionally Kodak Tri-X film, developed in Kodak Microdol-X dilluted
13,

Thin sectlons for TEM were cut on the same microtome using a Dupont
diamond knife, with interference colors of gray - uold, indicating sec-
tion thlckness of approximately 50 - 100 nm, 3Sections were collected
on 200 or 300 mesh copper grids whlch were sometimes coated with
Formavar (0,25-0,3% Formvar 15/95 E Monsanto, Springfield, Mass.) in
ethylene dichloride. Staining of thin sections was usually carrled
out 1n a Hiraoka 3taining K1t (Polysciences). Thin sections were double
stained in a saturated aqueous solution of uranyl acetate for 20 minutes
(Watson, 1958), followed by 7 minutes ln lead citrate (Reynolds, 1963),
Best results were achleved when the lead citrate was prepared freshly
each time, using newly made 1 N NaOH in bolled delonized, distllled

water,
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Specimena were viewed in a Hitachl H3S-8 electron microscope
operated at 50 KV, Micrographs were taken at magnificationz between
4,100X and 18,000X on Kodak eleciron microscope film, estar thick
base, which was developed in Kodak D-19 diluted 132, TEM negatives
were printed on Kodak or Agfa photographic paper, grades 2 - 6 and
Aeveloped in Kodak Dektol paper developer, Thin sections were examined
from 3 interphase, 2 prophase, 1 metaphase and 3 anaphase embryos, and
many iifferent spindles in each embryo were observed,

In addition tn D. melanogaster embryos, some cells from an estab-

lished 1line of D, melanogaster cultured cells were examined for

comparative purposes, and as a possible future source of mitotic
spindles, The cells were from a llne originally established by
Schnelder (1972) from embryos 20-24 hours old., Dr, R, Sederoff of
Columbia Universtiy kindly provided these cells. The cells had been
grown in suspension cultures in modifled Schneider's medium (Gibco)
supplemented with 5% serum, Cultures contalining approximately & x 106
calls/ml were fixed 1n 2.5% glutaraldehyde in 0,005 M sodlum cacodylate,
pH 7, for 2 hours, then were centrifuged and washed twice with G,062 M
sodium cacodylate, pH 7.2. Post-flxation was in 2% OsOy in 0,062 M
sodium cacodylate, pH 7.2. 3ubsequent washlngs, dehydratlion and
ambedding were carrled out as above, except that some cells were
embedded in BEKM hemi-hyperbolic capsules because of small sample size,
2. lsolated mitotic spindles

Spindles were first isolated in Kane's isolation medium (Kane, 1965)
consisting of 12% hexylens glycol, 0,01 M potassium phosphate, pH 6,3,
Individual embryos in the blastema stage were placed on a slide, and

the water drop surrounding the embryo was removed and replaced with a
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small drop of isolatlon medium, When the preparatlon was covered with
a glass coverslip, the weight of the coverslip was usually enough to
lyse the embryo. If not, the coverslip was gently tapped. Preparations
were examined in Zelss phase contrast and polarising alcroscopes,

For negative staining a small Arop of isolation medium containing
spindles was placed on a Formvar coated grid and stalned with 1% uranyl
acetate,

3pindles were also isolated using a modified tubulin polymerizing
medium (Rebhun et al,, 1974}, This medium will be referred to as TPM.
Tt contained 0,1 M PIFES (Piperazine-N-~N'-~bis-(2-ethane 3ulfonic Acid)),
1 mM MgCl,, 5 mM EGTA (Ethyleneglycol-bis-(-aminoethyl ether) N,N'-
tetraacetic acid}, 10 mM TAME (p-tosyl arginine methylester HCL), and
0.4% Triton X-100, brought to pH 6,8 with KOH, In some preparations
1 mM GTP (guanosine 5' triphosphate) was present,

Preparations intended for phase contrast or polarizing microscopy
were made in the same way as those described above. Glass coverslips,
rather than plastic ones used for procedures discussed below, permitted
the clearest viewing and photography.

For routine preparations the embryos were allowed to develop at
room temperature and were lysed into T P M at room temperature (21-22° C.).
Additional experiments were performed in which the dechoriocnated embryos
were cooled prior to lysis, in attempts to obtaln spindle polar regions
in which the microtubule organizing center (M T O C, Plckett-Heaps, 1969)
might be seen more easily. Some success was achleved by chilling for
approximately 25 minuteas at 6° C.,, followed by lysis in T P M without
G T P at room temperature,

For negative stalning of spindles for T E M, a mini-homogenizer and
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apecially designed alide were used {Figure 2), The homogenizer was a

10 pl pipet which had been pulled ocut so that its inner dliameter at the
point of constriction was less than the dlamester of an emboryo, The
mimi-pestle was a sharpened platinum wire thin enough to pass into the
mini-homogenizer., One dechoriocnated embryo could be drawn up into the
homogenizer, along with a small volume of isolation medium (less than

5 ul). When the embryo was punctured with the sharpened wire, the
spindles were all contalned within the small volume of isolatlon mediunm,
which could be deposited onto a prepared grid, for example, If desired,
part of the homogenate could be placed on a slide for monitoring of
mitotic stage of that embryo, The plastic slide had been drilled through,
producing a hole smaller than the diameter of a grid, and in additlon a
second depresslion had been drilled around the edges of the first hole,
producing a receased platform on which a grid could sit and be viewed
with light microscopy. This permitted observation of the fate of the
preparation from the time of splndle isclation through negative staining,
Grids were scmetimes fastened to slides with double atick tape or
supported on inverted hyperbolic BEEM capsules to immobllize them durlng
specimen preparation,

Grids were coated with Formvar, with carbon-stabllized collodion
(0,5% parlodion in amyl acetate), or with carbon-stabilized Formvar (a
gift from the lab of Dr, E, de Harven), Usually these surfaces were
treated with polylysine in water (1 mg/ml) (Mazia, Schatten and Sale,
1975), rinsed thoroughly and allowed to alr dry before spindles were
deposited on the grlda, Polylysine coatings promote adheslon of spindles
and other negatively charged structures to treated surfaces; this treat-
ment was done in an effori to improve spindle retentlon in these

preparations,
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For negative staining, a drop of homogenate was deposited on the grid
and allowed to stand for 1 - 10 mlnutes, As thils drop dried up orran off
the grid, 2,5% glutaraldehyde in T P M was added and the preparation was
fixed for 1 - 60 minutes, The fix was removed by touching the edge of
the arid to filter paper, and a drop of stalin was immedlately placed on
the preparation, Grids were negatively stalned for 30 sec, - 1 min,,
usually in 2% phoaphotungstate, pH 7, or in 2 parts P T A at pH 7 to
one part 0,1% bovine serum albumin (Dawes, 1971). After staining the
grids were again touched to the edge of filter paper, and were then ready
for viewing,

For SEM, plastic coverslips were employed (A, H, Thomas Co,, Phila-
delphia, Pa,), These were precleaned for approximately one hour in
Micro cleaning solution (International Prod, Corp,, Trenton, N, J.),
rinsed with water and incubated in a solution of polylysine in water
(1 m¢/ml, Mazia, et al,, 1975) for up to 48 hours, under refrigeration
to prevent bacterial contamination. Subsequently, the coverslips were
rinsed well in water and allowed to dry. Glass alldes were silicone
coated (5iliclad, Clay Adams, Inc., N.Y., N.Y.) in order to favor
adhealon of spindles to the polylysine-coated coverslips. Eabryos in
the blastema divisions were lysed between slide and coverallp in TPM
without GTP, and the spindles were perfused with additional TPM to
remove much of the cytoplasmic debris, Within 5 minutea of lysis T P M
containing 2.0 or 2, 5% glutaraldehyde at pH 6,8 was perfused under the
coverslip, and the preparatlion, still on the slide, was placed in a
molst chamber for 1-1%4 hours, The chamber consisted of a Petri dish
with molst filter paper in the bottom, Glutaraldehyde waa removed by

perfusion with several changes of 0,1 M PIPES buffer, pH 6.8, Subse-
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quently 1% 0s0, in 0,1 M PIPE3, pH 6,8 was perfused under the cover-

4
slip and allowed to remain there for 30-60 minutes, with the prepara-
tion again held in the moist chamber, Osmlum was then removed by perfu-
slon with several changes of buffer,

Preparationas were examined under phase contrast for posslble candl-
date spindles sultable for further 3EM procesaling, In general, the
best specimens were those lying alone, free of other splndles and adher-
ing debris, That there were relatively few such aplndles remaining is
probably due to perfusion, during which spindles were occaslonally seen
to detach from the coverslip,

The pre-selected coverslip preparatlons were carefully removed from
their slides and placed in small Petrl dishes of 0.1 M PIPES, pH 6.3,
They were then dehydrated in an ethanol series and passed through a
graded serles of ethanol-Freon 113 mixtures into 1004 Freon 113

(ccl F—CCIQF). Most of the dehydration, critical point drying, speci-

2
men mounting, metal coating and specimen viewing was performed in the
laboratory of Dr, E, de Harven at Memorlal 5loan-Ketterling Cancer Center,
N.Y,, N.Y, Some samples were also prepared and examined in the labora-
tory of NDr, T. E, Jensen at Lehman College of The City Unlversity of New
York, Bronx, N,Y,

Critical point drylng (Anderson, 1951) was carried out in Freon 13
(CCIFE) (“ohen, Marlow and Garner, 1968} in a critical point dryer
designed for processing coverslips (designed by Dr, Vv, Bystricky,
Memorial 3loan-Kettering Cancer Center) or in a Bomar critical point
dryer (at Lehman College),

Critical point dried specimens were examined, while dry, under

phase contrast, 3pindles were still recognizable, and they were
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photographed for later reference and their location marked by circling

or scratching the region with a Sheaff micro object marker (A. H, Thomas
Co. ) mounted on the microscope, Appropriate areas of the plastic cover-
slips were cut out with scissors and mounted on S E M atubs with double-
stick tape, Plastic coveralips were used for all 3 kK M preparations
because they could be marked and trimmed easily,

Silver conductive paint was appllied to the coverslip edges on the
stub, and the preparation was coated with approximately 200 Angstroms of
#gold or gold-palladium in a Denton rotating, tilting vacuum evaporator
or in a Hummer sputter-coater, Most specimens were examined and photo-
graphed in a Cambridge Stereocscan 34 S B M at 20 KV, using zero tilt
for easlest recognitlon of pre-selected individual spindles when com-
pared with l11ght micrographs (phase contrast), A few preparations were
examined in a Jeolco JSM-U3 SEM at 25 kv, 0° tilt, All photographs were
taken on Polaroid 55 P/N film, the negatives cleared in sodium sulfilte,
and prints made on low contrast papers (Kodak F1 - F3)., J3pindles were
observed in 16 different SEM preparations. Usually more than one
spindle in each preparation was avallable for study.

Late anaphase-telophase spindles were sxamined with T E M after
isolation and fixation almoat identical to that used for S &£ M prepa-~
rations, Many embryos per preparation were lysed between two plastlc
coversllips, only one of which was treated with polylysine, A grid-
work was scratched on the side of the poiylyslne treated coverslip
which was not to have spindles applied to it, This grid-work later
simplified location of promising areas of the preparation, Embryos
were lysed in T P M without G T P and usually after 5 minutes 2,5%

Zlutaraldehyde in T P M was perfused between the coverslips, All
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preparations were placed on a slide in a moist Petrl dish and were fixed
for at least one hour. Specimens were then rinsed with T P M and post-
fixed for 30 minutes in 1K 0sO; in O,1 M PIPE3, pH approximately 7.
After this they were rinsed well with water, At thls point the cover-
slips were separated and subsequent dehydrating solutions were dribbled
directly on the coverslip which had been treated with polylysine, Dehy-
dration was through a graded ethanol series into 1004 ethancl, then
through an ethanol-£pon serles directly into 100X kpon, Each step of
this dehydrating and embedding took no longer than 5 minutes, Prepara-
tions were then examined in order to verify which side of the cover-
s1ip had the spindles, Coveralips were cut into conveniently sized
pieces with scissors and placed, splndles up in Chang flat embeddling
molda, More Epon was added to the molds, producing a splndle prepara-
tion which was sandwiched between a (sectiocnable) plastic coverslip and
a thin SZpon sheet, Specimen blocks were polymerized for 48 hours,

After removal from molds, the preparatlons were examined under
phase contrast and aplndles of the desired stage were selected and
photographed, These =mpindles were subsequently relocated for thin sec-
tioning, Often the plastic coverslip was found to peel away from the
“pon embedment during trimming, When it did not, 1ts presence made thin
saectloning more difficult due to i1ts cutting propertles, which differed
from those of Epon, Thin sections were collected on Formvar coated slot
grids or uncoated mesh grids and stained as descrlbed above, It was
observed that apindles lay very close to the edge of the Epon embedment,

and sometimes the mections tended to curl up along this edge,
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ITI, Results

The term prophase as used here willl refer to the mitotlc stage bet-
ween interphase and the appearance of a typlcal metaphase figure,
following the terminology of Huettner (1933). Since spindles of this
stage are almost completely surrounded by spindle-delimiting membranes,
the term “pro-metaphase" 13 not directly applicable here,
A, Mitosls in situ

Phase contrast observations

Thick sections (0,5 - 2 Fm) of whole embryos embedded in spon were
examined under phase contrast microscopy. FPreliminary examinatlion of
thick sectins permitted the selectlon of only those mitotic stages
Adesired for further thin sectioning.

Interphase of a blastema stage divlslon is indicated by the presence
of nuclel (N} at the embryo surface (Figures 3 and 4}, Evidence of the
reversible indentations of the plasma membrane which occur after divi-
slons 10 and 11 (Mahowald, 1963a) are seen arcund many nuclel (arrows,
Figure 3), Prophase spindles show a variety of irregular shapes 1n thin
sections (Figure 5), 1In all cases, chromosomes (ch) can be seen within
an anclosing structure, perhaps a membrane. By early anaphasethe bound-
ary between the mitotic apparatus and the cytoplasm, which waa very
obviocus in earlier stages, still remalins, although 1t 13 not so thick
(Figure 6). 1In favorable spindles (arrows, Figure 6) the boundary is
seen as a rather sharp demarcation, Chromosomes are seen to be grouped
into seta, and they ldentify this as an early anaphase section,

Later in anaphase spindles have slongated and chromosome arms are
obvious, although relatively few in number (Figures 7 and B), The sharp

demarcation between apindle and cytoplasm seen ln earlier stages has



Plate II,

Figure

Figure

Figure

Figure

Figure

Figure

3,

L,

6.

Thick Epon croms sections through embryos, Toluidine blue
stained. Phase contrast, Baras are 10 pm. 1In all embryos
the vitelline membrans was dissected off at ths time of
fixation,

Interphase smbryo, fixative A, Nuclei (N) and surface
indentations (arrows) are seen, X 1647

Interphase smiryo, fixative B, Nuclei (N) and many yolk
spheres (Y) can be identified. X 514

Near the anterlior pole of a prophase embryo, At the pols
spindles are present throughout crosa sections, Fixative A,
Chromosomes (ch) are visible within membrane-bound prophase
spindles (arrows outline one such spindle). X 1715

Near the anterior pole of an early anaphase eambryo, Spin-
dles (sp) are seen in longitudinal and cross section,
Chromosomes (ch) are grouped in sets, and spindles are
clearly separated from cytoplasm by a boundary {arrows),
Fixative A, X 1715

Anaphase embryo, fixative A, 3pindles lle close to the embryo
surface and contain chromosomes (ch) in longitudinal sectlon,
Yolk spheres (Y) are also visible. X 1260

Anaphase embryo, fixative B, In one of the spindles (sp)

seen here, one set of chromosomes {(ch) is near the spindle
pole, X 1260
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blurred, Spilndles appear to lie very close to the embryo surface at
this time, In Figure B the plane of sectlon passes through one set of
chromosomes (ch), and four tralling arms are visible,

TEM

Thin sections were cut from embryos after ldentiflcation of the
mitotic stage. Interphase nuclei (Flgures 9 - 11} show circular pro-
files and are contained by nuclear membranes with ribosomes on thelr
outer surface {(arrows, Figure 11), A typical view of a nuclesus and
surrounding cytoplasm containing mitochondria (m), multiveaicular
bodles (mvb), extensive rough and smooth endoplasmic reticulum (RER,
SER), membrans patches or possible Golgi complexes (*), a dense body
(DB} (possibly a lipid droplet or yolk granuls), A bodies (A) (King,
1970) and numerous ribosomes s shown in Figure 9,

Gaps in the nuclear membranes are present (arrows, Figure 9), and in
cross sactions of the membrane no structures correspondlng to pore
conplexes are seen (Flgures 9 and 11), In sections tangential to
nuclear membranes, however, evidence of pore structure is more obvious
(Figure 10), What appear to be remnants of nuclear membrane surface
structures, perhaps poorly preserved pore complexss, are seen in some
cases (arrows, Figure 10), These measure about 120 - 130 nm in
diametsr,

Chromatin is generally in a dispersed state, except for a few areas
where it may be associated with the nuclear membranes (Figure 9). A
small nunber of cytoplasmic microtubules 24 nm in diameter were seen in
thls embryo,

In cultured cells of D, melanogaster (originally line 2, Schnelider,

1972} pore complexes (PC)are clearly present and the nuclear snvelope

27.



Plate T1T,

Filgure G,

Flgure 10,

Figure 11,

Interphase embryo, ixative A, TEM, 1In these and all mlcro-
graphs which follow, bars are 1 um unless otherwise stated,

Interphase nucleus (N), The surrounding cytoplasm contains
mitochondria (m), A bodles (A), a multivesicular body (mvb),
rough endoplasmic reticulum (RER), smooth endoplasmic reti-
culum (SER), a dense body (DB) and numerous ribosomes, Arrows
indlcate gaps in the nuclear membranes, X 13,200

*#*ghow poaaible Golgl complexes or areas of SER,

Nuclear membrane of an interphase ealryo in tangentlial sec-
tion, Chromatin (ch), unidentified 16 nm rings (single
arrows) and remnants of pore complexss (double arrows) are
seen, X 55,000

Nuclear membranes in cross section, showing ribosomes (r)
on the suter membrane, X 50,000
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looks like that classically describesd (Figures 12 and 13), In Figure
13 continuity can be seen between the outer nuclear envelope and RER,
Many cytoplasmic microtubules are seen, sometimes reaching lengths as
great as 2 um, These cells have a prominent nucleolus (Figure 12, Nu)j
nucleoll are not present in blastema embryos, but appear at the time

of blastoderm formation.

Prophase and metaphase spindles are bounded by as many as three
sets of membrane layers, esach of which 1a apparently composed of two
unit menbranes (Figures 14 and 17), separated by a narrow space of
variable width, VWhile many dlscontinultles in these apindle-delimiting
membranss are visible with electron mlcroscopy, in thicker sections for
light microscopy (Flgure 5, for example) there appears to be one mem-
brane surrounding the prophase spindle, from which the lmpreasion of
an “intranuclear spindle" (Metz, 1926) could arise, These spindle-
delimiting meebranes do not appear to be typlcal nuclear envelopes,
since there 13 no suggestion of nuclear pores, nor are ribosomes found
on the outer membrane surface alone,

In nearly all thin smectlons studied from spindles at prophase a
membranous area appears in association with the spindle, often, but
not always, at what could correspond to a polar region (TM, Figures
14~16)., This area may consist of tubular endoplasmic reticulm, broad
expanses of membrane are never seen in any plane of sectlon through
such an area, suggesting that these are narrow dlameter channels in the
cytoplasm, This polar "cap” of membranes is seen to be assoclated with,
and perhaps continuocus with, both the membranes surrounding the spindle
and the cytoplasmic membrane systems (Flgure 16),

Numerous microtubules can be found within the spindle, both in
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Plate IV, 1, melanogaster cells in culture (Schnelder's line 2), TEM

Flgure 12, Interphase cell with typical nuclear envalope (NE), pore
complexes (PC), nucleolus (Nu), and long cytoplasmlc micro-

tubules (mt). X 22,100

Figure 13, Nuclear envelope of an interphase cell in cross section, with
pore complexes (PC), The outer membrane of the nuclear
envelope is continuous with rough endoplasmic reticulum

(arrow), X 49,100
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Plate V,

Figure 14,

Prophase spindle in situ, Fixatlive A, TEM,

Typical triangular shape of the prophase splndle, A large
region of tubular membrane (TM)} is obvious, Spindle-
delimiting membranes appear to be arranged in twec or more
layers, each of which is composed of two unit membranes
{(1nsets arrow), Within the spindle chromatin (ch)}, smooth
endoplasmic reticulum (SER), and many microtubules (inset:
mt) are present, Mitochondria (m)} and an A body (A) are
seen in the cytoplasm, X 24,900, Inset, X 34,200
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Plate VI,

fgure 15,

Figure 16,

Prophase apindle, with adjacent tubular membrane region,
Fixative A, TEM,

Prophase spindle, with chromosomes (ch) and an area of
tubular membrane (TM)} partly visible, X 17,940

Higher magnification view of the tubular membrane region of
thls spindle Tubular membranes are occaslonally seen in
circular profile (cp)}, This "cap” of membranes appears to
be continuous with both the spindle-delimiting membranea
(single arrows) and cytoplasmic membranes (double arrows)

X 27,300
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oblique and cross sections (Figures 14 and 17), and condensing chromo-
somes are visible {ch, Figure 15 and 17), Inside the spindle individual
ribosomes can be seen, as well as a small amount of smooth endoplasmic
reticulum (SER, Filgure 14), Fixation appears to be good, as judged by
the appearance of mltochondrial cristae, 1In thin sectiona from another
prophase embryo a large number of microtubules 1s present both 1nslde

the splindle and immediately ocutside the first layer of spindie-delimiting
membrane (Figure 17},

A probable kinetochore is seen in oblique section in Figure 18 (k)
from an early anaphase embryo. In thlis section microtubuleas are slightly
wavy, and 2 - 3 microtubules are sesn to enter the kinetochore directly,
Microtubules here have a diameter of about 273 nm,

In early anaphase membranous materlal around the spindle can still be
seen (Figure 19), In mosi places the membranes appear to be arranged in
a double layer with many obvious gaps. At both splndle poles membrane
"cap" regions are seen (TM), More SER is also seen inside the spindle,
especially towards the poles, Often thls 35ER appears as a clrcle about
175 nm in maximum dlameter, As is the case with prophase spindles, all
organelles except individual ribosomes, asome SER, microtubules and
chromosomes appear to be exciuded from the epindle region, ’"bLmpty"”
organelles (L) are probably extracted lipid droplets, Jsince this Figure
is an oblique longitudinal section through an early anaphase apindle, only
one set of chromosomes 'a visible 1n this section, The spindle lies very
near the embryo surface {PM).

In the mid-anaphase embryo examlined all organelles appear well pre-
served (Figures 20-25%). Figure 20 is a slightly oblique longitudinal

section through an anaphase spindle showlneg representatives of both
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Plate VII,

Figure 17,

Figure 18,

Prophase spindle; kinetochore, Fixative A, TEM,

Spindle-delimiting membranes in a prophase embryo, Within
the spindle, chromatin (ch)} and many microtubules are present
{mt), Immediately outside the innermost membrane layer
microtubules are also seen (arrows), X 37,560

Kinetochore from an early anaphase embryo, Microtubules
dAirectly enter the kilnetochore (k). X 44,100
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Plate VITI,

Figure 19,

marly anaphase splndle. Fixatlve A, TzM,

31ightly oblique section through an early anaphase spindle,
showing only one set of chromosomes (ch), Smooth endo-
plasaic reticulum vesicles are present inside the spindle
(arrows), and extensive membranes (TM) are present at both
polas, Lipid droplets (L) and the plasma membrane (PM) are
alsc indicated, X 16,900
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chromosome sets, Membrans layers still partly surround the spindle,
although gaps in the membranes are larger and more frequent in this
stage than in earller stages, Amorphous electron dense material is
often seen assoclated with the spindle-dellmliting double membrans
layers (arrows, Figures 20 and 21). A tangential section through these
membranes at a pole of another spindle in this embryo is also shown
(Figure 22), Two main membrane layers are visible, and a suggeation

of nuclear pores 120-130 nm in dlameter is seen here in the clear
circular areas exposed (arrows, Figure 22),

At this stage microtubules are commonly seen both within the spin-
dle, and just outside the membranes surrounding 1t (Figures 22 and 24),
Relatively few microtubules are found outside the spindle, and none have
been seen further out into the cytoplaam, Microtubules are not seen 1n
the membrane cap region,

Individual rlboscomes arefound throughout the spindle, and the cir-
cular SER profiles seem to be concentrated at spindle poles, At the
pole seen in Figure 23 a large number of such SER vesicles are visible,
along with the tubular cap material discussed above {TM), Anaphase
spindles would appear to be only partly separated from the cytoplasm
by memhbrane layers, except at thelr poles, where they are capped by a
mass of membranes, The spindle shown in Figure 25, like almost all
studied at this atage, lies very close to the plasma membrane of the
embryo, Direct continulty of plasma membrane and spindle-delimiting
membranes has not been clearly demonstrated, although thlas micrograph
is suggestive of it (arrow), In Flgure 20, also, the spindle-delimiting
membranes appear to bulge out toward the plasma membrane,

A portion of another anaphase spindle is mseen in cross sectlon
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Plate TX,

Figure 20,

Anaphase splndle, Fixative A, TkM,

Longitudinal section through an anaphase spindle, with
chromosomes (ch), microtubules (mt) and smooth endoplasmic
reticulum (SER}, In the cytoplasm a yolk sphere (Y}, mito-
chondria {(m) and 1ipid droplets (L) are found, Arrows
indicate electron-dense materlal assoclated with spindle-
delimiting membranes, X 15,900
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Plate X,

Figure 21,

Figure 22,

Anaphase spindle-delimliting membranes, Flxative A, TikM,

Cross section through spindle-delimiting membranes in an
anaphase embryo, Electron-dense material is associated
with layers of membrane (arrow), each layer apparently
composed of two unit memhranes. Microtubules (mt) are
seen within the spindle, X 43,700

Tangenticl section through the splndle-delimlting membranes
of an anaphase spindle. Areas suggestive of pore conmpliexes
are indicated (arrows) in the two membrane layers,

X 38, 500
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Plate XI, Anaphase spindle pole., Fixative A, TuM,
Figure 23. Extensive membranes at the pole of an anaphase apindle,

Areas of tubular meabranes (TM) as well as vesicular smooth
sndoplasmic reticulum (SER) are present, X 28,800
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Plate XII,

Figure 24,

Figure 25,

Anaphase spindles and spindle-delimiting membranes, Fixa-
tive A, TEM,

3pindle~delimiting membranes in close proximity to cyto-

plasmlc rough endoplasmic reticulum (RER), A microtubule
{mt) lles just outside the lnnermost layer of membranes.

Arrows indicate microtubules in a cluster, Such an area

might correspond to a spindle fiber, X 37,560

This anaphase spindle lles close to the plasma membrane
(PM) and spindle~-delimiting membranes appear to lead out in
the direction of the plasma membrane (arrow), Inside the
apindle chromcsomes (ch) and microtubules (mt) can be seen,
X 29,000
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(Pigure 24), Many microtubules appear in cross and very slightly
oblique sections, Many microtubules appear to be concentrated in one
area of the spindle {arrows), perhaps correspending to a spindle fiber
of l1ght microscopy. A lone microtubule is present just outside the
spindle-deliniting membranes (mt, Flgure 24),

Rough endoplasmic reticulum (RER) is frequently seen near spindle
menbranes (Figures 20, 21, 24}, In some cases the RER appears to lead
off into the cytoplasm and might be able to serve as a communicatlions
channel between spindles in the syncytium (Figure 24),

Heptane permeablllized embryos

The thick sections of Figures 4 and 8 and the thin sections of
Figures 26 and 27 are from embryos pre-fixed with glutaraldehyde in
heptane, Whille fixation appears adequate when viewling thick sectlons,
for alectron microscopy consistent fixatlon was not obtained, In favor-
able specimens organelles are well preserved (Figure 263 m,L, RER, NE, Y,
mt), although nuclel appear '"emptler" than with standard fixation methods,
In interphase long cytoplasmic microtubules are cbvious features (Fig-
ure 26),

In the anaphase embryo (Figure 27) the spindle 1s apparently devold
of all but chromosomes, 3Spindle-delimiting membranes are atill recog-
nizable, althoughthey appear somewhat swollen in comparison with the
membranes fixed in Fixative A (Figure 20, for example), In general,
organellas close to the embryc surface are not as wel]l preserved as those
further in, &ven 1n this example, some organelles appear to be normal
(m, Flgure 27), Since spindle microtubules are not preserved and fixa-
tion ts not consistent from embryo to embryo, this method of fixatlon

was not used routinely,
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Plate ATII,

Figure 26,

Interphase embryo, Fixative B, TEM,

Interphase nucleus (N) and cytoplasm in an embryo pre-

fixed in glutaraldehyde-contalning heptane. A 'nuclear
envelope" (“"NE") can be recognized, and other organelles
appear well preserved (RER, Y,L,m). Long cytoplasmic mlcro-
tubules are obvious (mt), X 27,500
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Plate XIV, Anaphase spindle, Fixative B, TEM,

Figure 27, Anaphase spindle in an embryo fixed as in Figure 26, The
spindle itself appears "empty" except for chromosomes {(ch).
Membranes in some places several layers thick (arrows)
surround the “"spindle", X 18,600
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E, Isclated mitotic spindles

Light microscopy: Kane's 1isolatlon medium

Spindles were first 1solated from Drosophila using Kane's isolation
medium (Kane, 1965), These spindles were studied with polarized light,

under phase contrast, and after staining for tranamission electron micro-

scopy,

Embryos will usually burst readlly into lsoclatlon medlum under the
walght of a glass coverslip, and most of the contents will spill out of
the ruptured vitellline membrane, At low magnifications the splndles are
quite difficult to detect in phase contrast, but they are conspicuous
in the polarizing microscope because of their birefringence (Figure 28),.
At higher magnifications in polarized 1llght they appear fibrous, with
well defined poles (Figures 29 and 30), At high magnification under
phasecontrast spindles which are free of the main cytoplammic mass are
often assoclated with a surrounding reglon of non-spindle materlal which
obecures them somewhat (Figure 31). Tapping gently on the coverslip
usually removes thls adhering cytoplasm, revealing the chromosomes and
the fibrous nature of the spindle (Figures 32 and 33). Aaters are some-
times apparent (Figure 32), but are not present or are lost in other
spindles (Figure 33), In many cases structures measuring about 0,7 s
in diameter appear at spindle poles 1n the position expected far
centriocles (Figure 33), Spindle lengths measure 12 - 15 um, about the
same as for fixed spindlea observed in situ by light mlcroscopy

(Huettner, 1933),

By means of perfusion experiments under the polarizing microscope
some of the atabllity properties of isolated spindies have been
examined, If the isolation medium of fresh spindles is replaced by

perfusion with 0,01 maleate, pH 4,5, birefringence remains, However,
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Plate XV,

Figure

Figure

Figure

Figure

Figure

Figure

Figure

28,

29.

30,

31,

32,

313,

b,

Hexylene glycol isolated spindles, FPhase contrast and polari-
zation microscopy. The bar in Flgure 28 is 100 um, all others
are 10 um,

At low magnification spindles are seen in polarized light as
double bright spots, near and beneath the ruptured vitelline

membrane, X 130

Higher magniflication view of the area of the rectangle in Fig-
ure 28, Spindles (sp) can now be identifled as metaphase,
X L2

A metaphase spindle trapped under the vitelline membrane (v),
Converging flbers ani poles are visible, X 1460 polarization
microscopy,

3pindles (sp) separated from the bulk of the cytoplasm, par-
tially obacured by adhering cytoplasmic debris, Fhase con-
trast, X 9%0

Fibrous appearance of an isolated spindle, with chromosomes
(ch) vislble, Phase contrast, X 1360

Partial asters visible after tapping the coverslip. Chromo-
somes (ch) and a probable centriole complex (c) are seen
here, Phase contrast, X 1140,

A fileld of anaphase spindles (ap), Separating sets of chro-

mosomes (rather than spindle fibers) render spindles visible,
Phase contrast, X 1210,
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upon subsequent replacement with HCl at pH 2, it disappears rapidly,
only partly reappearing upon return to pH 4.5, If freshly isolated
spindles are perfused with isolation medlum containing a high salt
concentration (0,6 M KC1), birefringence qulickly disappears,

Storage conditions have also been lnvestigated, WwWhen stored in
isolation medium at room temperature (about 22° C,) most of the bire-
fringence 1s lost within 24 hours, and this loss is not prevented by
the inclusion of 0,003 M MgCly in the storage medium. With 24 hour
storage in isolation medium at 0° C,, birefringence 1s retained.

TEM: Kane's isolation medium

#hen embryos are lysed into Kane's 1solation medium and stalned
with uranyl acetate for TEM examination, isoclated bundles of micro-
tubules approximately 20 nm in diameter are found (Figure 35).

Phase contrast microscopys TPM isolation medlium

D, melanogaster spindles isolated by lysis into modified tubulin

polymerizing medium (TPM) (Rebhun et al,, 1974) are remarkably liilke
spindles of the blastema stage seen in situ (Figure 36 from Huettner,
1933), and thelir structure appears to better duplicate that of spindles
in situ than does the structure of spindles iasolated by other methods
(for examples, see Flgures 31-34), wWhen viewed under phase contrast
biastema stage apindles prepared in TPM are easily recognlizable even

at low magnification and are usually free of adhering cytoplasm. As was
noted above for nexylene glycol 1solates, all spindles from one embryo
are in approximately the same mitotic stage, Occaslonally spindles are
clumped together in masses, but 1n most preparations there are many
individual spindles which can be examined, Obvious structurai features

which the 1solated spindles share with spindles in sltu are spindle
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Flate XVT,

Flgure 135,

Figure 36,

Microtubules 1solated in hexylene glycol lsclation medium;
ma jor mitotlic stages as seen 1in light mlcroscopy,

Microtubules from an embryo lysed into hexylene glyceol
isolation medium and stained with uranyl acetate for TEM
viewing, Microtubule dlameter is 23 nm, X 17,400

From Huettner (1933), Figures 28, 34, 41, 50, Prophase,
me taphase, anaphase and telophase spindles, all printed at
comparable magnification, From stained paraffin sections
of whole embryos,
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fibers, chromosomes, midbodies and, at the expected locations for
centrioles, structures 0.7 um in diameter, By slight alterations in the
timing of emtnryo lysls all the major mltotic stages can be obtalned in
different preparations, These are illustrated in Flgures 37 - 53 (for
representative examples see especlally Figures 40, 42, 46, 51),

In a typical field of nuclel from an interphase preparatlon, the
nuclel measure about 8 um 1n diameter (Figure 37). &dven when nuclei
are separated from the maln clump of materlial a boundary of some sort
clearly exlsts around them (arrow), With the presence of UO,4 - 0,5%
Triton X-100 in the isolation medium, many membrane components should
be disrupted, suv that the appearance of "nuclear membranes" 1n these
preparations was somewhat surprising,

Barly prophase spindles have twe dark structures where centriocles
should be found (Figure 38), Since these are too large to be indivi-
dual centrioles, they will be referred to as centriole complexes as
discussed below, indicating that they may represent centriole(s)} plus
assoclated material, These centriole complexes are always seen in clean
prophase splndles under phase contrast, In Figure 38 a trilangular sac-
like meshwork of condensing chromatlin strands can be seen suspended bet-
ween the two centriole complexes (arrows).

The prophase spindle in Flgure 79 is at slightly later stage than
the one in Flgure 38, Chromosomes (ch) have begun to appear within
the pandulous sac which, wlth the centriole complexes, comprises the
spindle at this stage, The triangular morphology of prophase apindles
is most apparent a 1ittle later in prophase (Figure 40), Fibrous
material can be seen radiating from the centriole complexes (c, c*)

toward the spindle mid-region, On a line between the two centrilole
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Flate XVII, Nuclel, and prophase and metaphase spindles lsolated in
TPM, Phase contraat, The bar in Figure 37 is 100 umj; all
others are 10 um,

Figure 37, A fleld of nuclel, where even those separated from the cyto-
plasm seem to be surrounded by a membrane (arrowa), X 570,

Figure 138, An early prophase spindle, with two centriole complexes
indicated (arrows), Chromatin is visible as the meshwork
suspended between the centriole complexes, X 1365,

Figure 39, Scomewhat later prophase splndle, with centriocle complexes
(arrows) and chromosomes evident (ch), X 1015,

Figure 40, A group of prophase spindles, Centriole complexes (c,c'),
chromosomes (ch) and chromosome sub-group focal points
{arrows) are seen, £ 1740,

Figure 41, A prophase spindle trapped in a mass of cytoplasm, The
spindle appears to be bound by a membrane (arrows), sepa-
rating it from the rest of the cytoplasm, Chromosomes
(ch) and a centriole complex {c) are also vislble, X 1725,

Figure 42, A metaphase spindle. Both centriole complexes (c,c'),
chromosomes (ch), a small number of major spindle fibers,
and constricted regions at fiber convergence polnts (arrows)
are seen, X 2060,

Figure 43, Two viewa of a metaphase spindle, Left; =small chromoaomes
(IV) appear to be preceding the rest of the chromosomes
towards spindle poles, Rights a centriole complex (arrow)
is present a short distance away from the convergence polint
of the three or four major spindle flbers, X 1015,

Filgure U4, Me taphase splndle with some astral materlal present, Chromo-

somes {ch) and a constricted reglon (arrow) between spindie
fibers and centrlole complex are evident, X 1405,
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complexes are present two more rather indistinct black areas (arrows),
These seem to be focal polnts for the two chromosome subgroups visible
near the spindle mid-region (ch). As in all spindle preparations
examined under phase contrast, centricle complexes here measure about
0,7 Hm in diameter, These structures are always seen in prophase spin-
dles, usually in metaphase and leas frequently in later stages,

The prophase spindle seen surrounded by cytoplasm is clearly defined
by a limiting membrane-like structure, giving the impreasion that the
spindle is intranuclear (Figure 41, arrows), Two centriole complexes
are present, although oniy one of them (c¢) is visible in this plane of
focua, The centriole complaxes apparently lie outslide the spindle~
delimiting membrane, and fibers radiating from them towards the chromo-
somes appear to pass through thls membrane, 3Such a stage was also
described by Huettner (19733).

At metaphase spindle poles are well deflned by centriole complexes,
which sometimes appear square-shaped (Figures 42, 44, 45). A small
number of major spindle fibers, usually three or four, are evident
between chromosomes and poles, As the fibers converge they coalesce
into a constricted "neck” region (arrow, Figures 42 and 44), a short
distance from the centriole complex, to which they apparently directly
connect, Chromosomes (ch) are seen positloned in the spindle mid-plane,
The metaphase spindle of Figure 44 appears to have astral material around
both poles, Thls was ravely seen, and then only in preparationa where
the 1solation medium contalned GTP. An unusually clear view of chromo-
somes 1s seen on the metaphase spindle in Figure 43 (left), A pair of
small chromosomes appears to have moved slightly away from the rest of

the chromosomes and advanced a short distance toward the pole, These
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Flate XVIII, TPM-isolated anaphase and telophaae spindles, FPhase con-

Figure

Filgure

Flgure

Figure

Fizure

Flgure

Figure

Figure

L‘SI

46,

u7,

49

50,

51,

52 .

trast, Bars are 10 um,

Flattened eariy anaphase spindle with many very iong fibers
{the path of one is indicated with arrows), Chromosomes
{ch) and centrlole complexes are also apparent here, X 1409,

A late anaphase saplindle, with chromosomes massed near poles,
“ralling chromosome arms {X), interzonal fibers (if ), and
four midbodies (mb's) are indicated, X 2060,

Splndles trapped in a mass, Most of them are in late
anaphase, such as spindle (A); one is 1in telophase (T).
Prasumed centriole complexes {cc) and midbodies (mb)} are
evident, X 2060,

A very much flattened late anaphase spindle, with four
centriole complexes present (cc’'s) at some distance from
the massed chromosomes, X 1725.

A field of telophase spindles on a Formvar-coated grid,
Reconstituting daughter nuclel (N) are indicated, and a
miibody can be seen in each spindle, X 700,

Telophase spindle with a midbody ani a possible centrlole
complex (arrow)}, X 700,

A bent telophase spindle, common for thls mitotic stage,
A single midbody {(mb)} is present, X 940,

A Tleld of late telophase spindles. Heconstltuting daugh-
ter nuclel (N) are held together by a short spindle remnant,
X 700,
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chromosomes are designated as "IV", since Rabinowitz (1941) indicated
that the fourth palr of chromosomes precedes the others as they move
towards spindle poles,

An early anaphase spindle in which chromosome sets have separaied
only slightly is shown in Figure 45, Both centriole complexes are
visible, and much fibrous material appears in the astral region and
elaewhere, Some of the flbrils originating around the lower centriocle
complex seem to extend well past the spindle midregion into the area
otherwise domlnated by the upper centriole complex, The path of onse
such f1bril is indicated (arrows, Figure 45}, 3ince GTP was here
included in the isclation medlum, condiitions may have favored poly-
merization of endogenous tubulln onto spindle astral fibers, This
preparation 1ls well flattened onto the coverslip, and evan the chromo-
somes (ch) appear to have flattened and spread,

In all late anaphase aspindles a small number of major fibers is
present, and each 1s thickened in the midreglon, forming an apparent
midbody (Figures 46, 47), In Figure 46, four midbodies are present
(mb), and chromosomes are massed at the poles except for a trailing arm
in each chromosome set (X), Rabinowitz (1941) identified these arms as
belonging to the X chromosomes, In each half-splindle the arms appear to
extend towards the =ame midbody, as 1f they were associated wlth the same
interzonal fiber, Interzonal fibers {(if) visible in Filgure 46 are of
much smaller dlameter than the tralling chromosome arms and appear to be
continuous with polar chromatin,

The wmass of spindles in Figure 47 includes a telophase (T) as well as
anaphase spindles (A), an indication that synchrony in the embryo from

which they were isclated is not perfect. £Even in such a mass, structural



details such as midbodles and apparent centricle complexes can often be
detected with careful focusing.

The late anaphase spindle seen in Figure 48 18 very much flattened
against the coverslip. As seen in Figure 45, long fibers radiate from
the polar reglons, sometimes extending past the interzone, kExtreme
flattening has somewhat obacured detalls in the interzone but has
exposad polar structures., At each pole, some distance away from the
polar chromatin, two different sized dark structures are visible, These
are in the positions where centrloles should be found; careful differen-
tial focusing reveals that these, in contrast to other circular objects
seen in the micrograph, are closely adherant to the coverslip and do not
appear to be spherical when examined in all planes of focus, In each
palr one structure is slightly larger than the other, This would be
the image expacted if each palr consisted of two roughly cylindrical
bodies lying at right angleas to each other, 3ince all four structures
are in the size range of 0,5 - 0.9 um, they are all tco large to be
accounted for by an individual centriole and will be called centriole
complexes {(cc),

Telophase spindles are seen in Figures 47 and 49 - 93, In Flgure 49
splndles of slightly different stages are included. By telophase, spin-
dles have eiongated further, and no more than one, relatively large mid-
body 1s ever seen (mb, Figures 47, 50, 51, 53). 3pindles at this stage
seem to be extremely fraglile, and very often the entlre spindle appears
to be curved or bent, as 1s most obvlious in Figure 51. Daughter nuclel
have bezun to reconstitute at the polar extremities, and a compact inter-
zonal fiber, or posslibly a bundle of fibers, separates them (Figure 49),

At telophase centriole complexes are seldom seen, although in Figure 50
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a possible candidate is indicated (arrow),

By late telophase the reconstituting daughter nucleil (N) are clearly
recomnizable and are separated by a spindle remnant (Figure 52), This
particular stage waas very rarely found, although one similar spindle 1s
present in Figure 49, No comparable figures are described in situ by
light microscopists (Huettner, 1933; Rabinowitz, 1941).

If embryos are cooled before lysis it is possible to obtaln prepara-
tions with incomplete spindlea and small, sometlmes separate polar regions,
in which the centriole complex 1s seen to advantage (Flgure 54), A num-
ber of points radliate from the dark central structure, the diameter of
which is in the range of 0.7 - 0,8 um,

A thread-1ike atructure obgserved in many preparations 1ls thought to
be a sperm tail, due to its wave pattern (Flgure 55)., This Figure is an
example of a preparation in which the embryo contents did not spread well
on the coverslip, Consequently, most of the nuclel in the embryo remain
trapped 1n the cytoplasmic mass to the lower right in the micrograph.

The sperm tall (arrow) appears to be curved or waved in a regular pattsrn,
sinusoidal in some reglons,

Polarization microacopys TPM 1isolation medium

Isolated spindles were also checked for birefringence in a few
experiments, Spindles were found to be birefringent; Figures 56 and 57
show the same preparation of metaphase spindles in phase contrast (Fig-
ure 56) and in polarized light (Figure 57). The late anaphase apindle
in Figure 58 also is birefringent., No detalled studles were done with
polarized light on this preparation,

TEM of negatively stained TPM isolated spindles

In isolation preparations occasionally an entire spindle was recog-
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Plate XIX,

Figure

Figzure

Flgure

Figure

Flzure

Flgzure

53.

55.

56,

57.

58.

Structures lsoclated in TPM, Fhase contrast and polari-
zation mlcroscopy. In Figures 57 and 55 the bars are 100
pmg in all others the bars are 10 unm,

A field of telophase spindles in which many spindles are
trapped in the cytoplasmic mass (left)., In each spindle one
midbody (mb) can be seen, X 2773,

A spindle polar region from an embryo cooled before lysils
into TPM, This atructure 1s the same size (0.7-0,8 um) as
the centriole complexes seen at spindle poles. X 1740,

A sperm tail (arrows), a common sight in many TPM prepa-
rations, X 2773,

Two metaphase spindles and part of a third seen in phase
contrast, X 700,

The same spindles as 1n Figure 56, seen here in polarized
l1ght, Chromosomes and birefringent apindle fibers are
evident., £ 1120,

Anaphase spindle viewed with polarized light, Birefrin-
gent spindle flbers are apparent., X 1120,
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nizable after negative stalning (Figures 59 and 60), 1In some prepara-
tions chromosome-shaped structures about 0,35 um 1n dlameter wers well
spread (Figures 60, 61; ch), although more often the whole spindle
remalined extremely compact and thus was itself not amenable to TEM
study., Microtubules were frequently found some dlstance away from the
apindle on the grid,

Figure 62 appears to be a preparation of sperm tail, which is well
spread in some areas, (See Figure $5 for a sperm tail in phase con-
trast), 9% - 9 filaments can be seen spread out 1in the area indicated
by the arrow in Figure 62,

SEM of TPM isclated spindies

Although isolated spindles could be recognized ln TkM after nega-
tive staining, the whole apindle preparations were too thick to be
resolved in the TEM at 50 KVY, High voliage TEM might have resoclved
more spindle fine structure, but another method of examining isolated
spindles was more readily avallable,

The scanning electron microscope has been much used in the study
of surfaces of large structures, such as the chorion of the Urosophila
embryo shown in Figure 63, Since TPM 1sclated spindles have already
been demonstrated to be clean and, in most cases, free of adhering cyto-
plasmic debris, scanning electron microscopy (SEM) seemed promising as
a new approach to the study of mitotic spindle structure,

The technique which was developed for following the fate of an
individual spindle throughout all stages of processing for 3EM is
1llustrated in Figures &4 - 66, In Figure 64 a half spindle is seen
under phase contrast, ln buffer, 3cratches on the plastic coverslip

and pleces of debris make convenlent markers for spindle location on
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Plate XX,

Figure 59.

Filgure 60,

Whole spindles isclated 1in TPM and negatively stained for
T,

3pindle, on polylysine-coated Formvaxr, fixed one hour with
glutaraldehyde in TPM, stained with phosphotungstic acid
in bovine serum albumin, X 7350,

Spindle, with chromosomes {ch) and much filbrous material

visible, On polylyslne-coated collodion, flxed one minute
with glutaraldehyde in TPM, stained with PTA in BSA, X 7850,
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Plate XXI, TPM-1sclated material after negative staining for TEM,
Filgure 61, Well spread chromosomes {ch) and assoclated material,

Chromosomes are about 0,35 um across, This is from the
same preparation as Figure 60, X 7830,
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Plate XXII. Sperm tail, negatively stalned. TEM,

Figure 62, D, melanogaster sperms tall, well spread in many areas
Gspecially at arrow), 5 - 9 filaments are visible. From
the same preparation as Figures 60 and 61, X 26,300,
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this coverslip., A spindle pole (p)} can be seen clearly at one end of the
structure, while the other end is less distlinct, Trailing fibrous mater-
ial (arrow) is indicated, as are parallel scratches (double arrows) and
bits of debris (d), In Figure 65 the same area of the coverslip is shown
after ecritical point drying. This 1s photographed under phase conirast,
through air, The spindle pole appears as a highly refractile mass (p),
and trailing fibrous material is agaln evident (arrow). Points of refer-
ence (d, double arrows) are easily recognizable, In Figure 66 the spin-
Ale 1s shown in 3EM., In thls and all other 5Se£M deacriptions which follow,
the term "fibril"™ will be used to indlcate the relatlvely thin struc-
ture seen in SEM, and the term "fiber™ will be applled to obvious bun-
dles of fibrils, On the basls of the appearance before critlcal polnt
drying of thils and other spindles on the same coverslip in phase con-
trast, this preparation was ldentified as anaphase, A great improve-
ment in resolution, compared with phase contrast, 1s at once obvious,

The spindle pole 1a seen to be a point of convergence for the many
fibrils which make up the half spindle, A three-dimensional impression
of spindle structure is especlally evlident in the pole region (p)., The
material indicated with the arrow in Figures b4 and 55 is seen in

Figure 66 to be a curved fibril, Structures corresponding to chromo-
somes are not found 1n any stage of preparation for this particular
spindle, suggesting that the spindle was damaged at some time durlng
isolation or fixation rather than during the course of additional 3KEM
preparative steps, Refractile materlal at the pole in Figure 65
corresponds to the cone-like shape of the spindle pole, where fibrils
converge (Flgure 66), and density of material is greatest,

Early prophase splndles, as seen with 3EM (Figures 63, 69, 70) all
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Plate XXIII., D, melanogaster chorion in SEM; example of technique of

Figure

t'lgure

Flgure

Figure

63,

65.

spindle localization and identification in 3EM prepara-
tions,

gntire chorion of D, melanogaster eabryo, including dor-
sal chorlonic appendages and showing some chorionic sub-
structure at the anterior end. (Compare with Figure 1
for chorionic structure), Bar is 100 um, X 325,

Half spindle, in buffer after fixation and before critical
point drying. The spindle pole (p) appeara to be a con-
vergence point for light-dense materlal, Coverslip refer-
encea points (d, arrows) are clearly recognizable, Phase
contrast, X 750, Bar is 10 um,

Half spindle, seen also in Figures 64 and 66, under phaae
contrast, after critical point drying. A highly refractile
pole (p) is visible, as are bits of debris (d), parallel
scratches on the plastic coverslip (double arrows), and a
trailing fibril near the spindle (single arrow}. X 750,
Bar is 10 um,

Half spindle in SEM. This 1s the same spindle seen in

Figures 64 and 65 and is identifiable by its shape, the
trailing fibril (single arrow), and its oriantation on

the coverslip (not shown in this micrograph). X 2600,

Bar is 10 um,
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have the appearance of maased, tangled fibrils, often without distinct
focal points for the flbrils., In one of the spindles shown in Flgure
68, two major focal pnints are apparent, however (c,c’'). As seen in
higher magnification in Figure 69 no major fibers are evident, and
chromosomes are not visible at this astage using 3EM, For comparison,
Figure 67 shows the same three spindles of Figure 68 after critical
point drying, prior to metal coating. That these are the same spindles
is apparent from the correaponding partlicles and scratches indicated
(1, 2, 3)., Figure 67 is of course viewed through air, so that much
detall 1a lost, but the light micrograph 18 valuable in locating good
specimens for subsequent scanning, and 1t suggests the presence of
contriole complexes and chromosomes (c,c’,ch).

In late prophase spindles such as that in Flgure 71, relatively
thick, elongate smooth-surfaced structures are found ln the position
expected for chromosomes on the basis of phase contrast observations
of the same preparation, Based upon thelr thickness range (0, 3-0,4
um) and location these have been identified as chromosomes {ch). At
this stage the number of individual fibrils seems rather small, and
they are not yet organized into a recognizable spindle with major
fibers and distinct poles. Apparent multiple focal points for the
fibrils give a crlss-crossed pattern to the spindle end-reglon {arrow).

Metaphase spindles in SEM (not shown here) appear to be thick
structures of a classical “spindle" shape, and flbrils are allgned
into two cone-shaped half apindles, Lilttle surface detail can be seen,
and chromosomes are evidently covered by the surface fibrils,

Spindles in Figures 72 and 73 are from the same late anaphase

preparation, In the splndle in Figure 72 any chromosomes present are

83,



Flate XXIV,

Figure

Filzure

Figure

Figure

67,

64,

69,

70,

Prophase spindles in 3EM; and 3EM compared with light
mlcroacopy., All bars are 10 um,

Three early prophase spindles seen under phase contrast
after ecritical point drying, Note landmarks on coverslip
(particles 1,2,3). In one spindle apparent centriole com-
plexes (c¢,c') and chromosomes can be seen, even here wheare
the preparation is viewed through alr. X 940,

The same three early prophase aplndles shown in Figure

67, in SEM, Particles (1,2,3) and spindle shapes are recog-
nizable, but no evidence of chromosomes is seen, and at the
position of the expected centriole complexes (c,c') no

polar structures are vislble, X 1400,

A higher magnification view of the spindle in Flgures 67
and 68 in which presumptive centrlole complexes were
indicated., Even at this magnification no recognlzable
structure are seen at those locations, X 7000, SEM

Two prophase apindles, the upper one folded over on 1lt-
self. As with other prophase spindles, these appear to be
masaes of fibrils, with no recognizable substructure,

3EM, X 2550,
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Plate XXv.

Figure 71,

Flgure 72,

Prophase and anaphase spindles in S5EM,

Late prophase spindle, showing chromosomes (ch) as asmooth
structures 0,3-0,4 um in diameter, Towards spindle poles
crossed fibrils are seen (arrow)., J3EM, X 6250,

Late anaphase spindle, somewhat flattened on the cover-

allp., A amall number of fibrll bundles are seen in the
interzone (if, interzonal fibers), 3EM, X 5000,
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probably buried within the fibril bundles, Thils particular spindle
seems to have flattened agalinst the coverslip, but indications of a
amall number of major fibers can still be seen in the interzone (if),
In the spindle in Figure 77 the poles are well defined by convergence
of fibriis, and the midregion of the spindle is composed of a rela-
tively small number of interzonal fibers, each consisting of smaller
fibrils, The central fiber (f) is thicker than the others, about
0,7 um in diameter, with component fibrils in the 0,1 - 0,2 um range,
Apparent astral flbers converge to a series of pcints at the upper pole
(af), while additional astral material seems skewed in the opposite
direction at the lower pole,

The lower polar region is seen in greater detall in Flgure 74,
Chromosomes arms, while buried under fibrils for much of their length,
can be seen protruding from the spindle (ch). They are of a different
texture and thickness than the flbrlls, measuring about 0.4 um across,
A polygonal structure {(cc) is present at the position expected for the
centrlole, adjacent to the fibril convergence polnt, It appears to
have a central body surrounded bya ring of material which itself has
regular substructure, with several very thin fibrils leaving the cuter
adge of the Ting at point p, The diameter of the whole structure,
including surrounding ring, 1s approximately 0.7 um, and its attachment
to the rest of the spindle appears rather tenuous, Attached to this
atructure is a smaller structure about the same size as the lnner dlam-
eter of the "surrounding ring'" described above {(arrow), From its
poaition and size the larger polygonal structure has bheen termed a
centriole complex (cc), and the smaller attached body 1s in the correct

position to be a daughter centriols,
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Plate XXVI,

Figure 773,

Filgure 74,

Pigure 75,

Anaphase spindles in 3EM,

A late anaphase spindle from the same preparation as Figure
72. A small number of interzonal fibers (if) are composed

of thinner fibrils, and some astral fibrils (af) are visible
at the upper poie, SEM, X 5000, Inset: The sams spindle in
phase contrast after critical point drying. Highly refrac-
tile areas correspond to reglons with greatest density,

X 940,

Higher magnification view of the lower polar region of the
spindle shown in Figure 73, Chromosome arms (ch) are
visible, as 1s a centriole complex (cc), from one point of
which (p) three small diameter fibrils diverge, A possible
daughter centriole is also indicated (arrow). SEM, X 10,000,

Highly flattened late anaphase spindle, with trailing arms
of X chromosomes (X) like those 1n Figure 46, Bacterilal
contamlnation {bc) was present 1ln this preparation. 3EM,
X 6400,
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For purposes of comparison this same spindle 1s shown in the inset
in Figure 73 as it appeared under phase contrast after critlical point
drying, before metal coating. The two highly refractile areas in the
inset correspond to polar regions of greatest density in Flgure 73,

The very much flattened anaphase spindle in Figure 75, although
from a contaminated preparation, demystrates the tralling X chromo-
some arms which were described in phase contrast (see Figure 46}, The
arms {X) are opposite each other on the spindle, These chromosome arms
are about 0,7 um wide, and they appear to extend from the polar chroma-
tin mass into the interzone,

In the telophase spindle (Figure 76), reconstituting daughter
nuclei{ (N) are seen at opposite ends of the spindle, which now con-
sists entirely of non-chromosomal fibrlls massed together intc a compact
interzonal bundle about 0,9 um wide at its midregion. This entire spin-
dle 1s about 16,8 um in length, The whole structure seems twisted, as
if one end of the spindle has been rotated with respect to the other,
An individual filbril (f) can be seen followlng a route corresponding to
such a twlst, On the surface of the daughter nucleus at the left in
Figure 76, and seen at higher magnification in Figure 77, there are a
number of ring-like features visible (rg), which measure about (.25 ~
0,3 um 1n diameter., Structures which might correspond to centriole
complexes have not been seen at thls stage, The amorphous material
adhering to the fibrilas in the middle of the interzone might correspond
to the midbody which 1s seen at this stage under phase contrast,

TEM of TPM isolated spindles

Isclated spindles fixed in the same way as the 3kM preparations,

but dehydrated and embedded in Epon, were thin sectioned in order to
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Plate XXY¥II., Telophase spindle in 3kM; TPM-isolated nucleus and telo-
phase spindle in TEM,

Flgure 76, Telophase spindle with curved structure, The interzonal
fibril bundle seems twisted, as does the path of filbril
(f). Reconstltuting daughter nuclei (N) are seen at spin-
dle extremities. SEM, X 6250,

Figure 77, Higher magnification view of one of the daughter nuclel
in the telophase spindle in Figure 76, Ring~like surface
features (rg) are visible here, 3SEM, X 11,800,

Figure 74, Nucleus (N} lsolated in TPM, Chromatin (ch) remains
attached to the 1lnner surface of the disrupted nuclear
membranes, and some materlal adheres to ocuter membrane
remnants as well, TEM, X 14,850,

Figure 79, Late anaphase or early telophase spindle with one large
midbody (mb) and a tralling chromosome arm {(ch). Polar
chromatin is condensing into daughter nucle! (N), TEM,
X 17,100,
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verify the presence or absence of some of the structures which, although
clearly present in spindleas viewed under phase contrast, were not found
using SEM (midbodies, for example)}, In addition, it was desirable to
know how much structural disruption was caused by the detergent (Triton
X-100) present in the isolation medium,

A nucleus 1solated in TPM is shown in Flgure 78, Enough material
remains to give the impresslon of a nuclear boundary, although the
material responsible for that appearance seems to be mainly chromatin,
attached to remnants of the inner nuclear membrane, Discontinuiltles
in the material do exlist, and certainly the inslde of the nucleus looks
"empty", A few traces of the outer nuclear envelope can be saen,
although its absolute identification would ke 4ifficult,

A preparation of spindles in late anaphase - early telophase was
chosen for more intensive study, Figure 79 shows such a spindle in
longitudinal section, A long chromosome arm (ch} trails the rest of
the chromatin, which 1s condensing into a daughter nucleus {N) at the
upper pole in this micrograph, A midbody (mb) 1s seen in the spindle
interzone, The electron-dense material whilch makes up the midbody
matrix is clearly different from the appearance of chromatin, when
midbody and trailing arm are compared, In Figure 80 the same midbody
{from a section at mosat B sections removed from the one shown in Figure
79) is seen at higher magnification, Microtubules appear to enter from
both sides of the midbody, indicating that microtubules from the two
half spindles might overlap within the midbody, While a regularly
repeating pattern is seen in some parts of the midbody material bet-
ween two microtubules {arrows), distinet crossbridges between ad jacent

microtubules have not been demonstrated, Ribosomes about 18 nm in



Plate XXv¥III, Telophase spindles in TiM,

Figure BO,

Flgure K1,

Late anaphase or early telophase spindle midbody, with
microtubules entering from both sidesa, 3Some midbody
material is arranged in a regularly repeating pattern
{(arrows ), Numerous ribosomes (r) adhere to the micro-
tubules, TEM, X 74,800, Bar is 100 nm,

The same apindle, A grazing sectlen of the midbody or

midbodies (mb). A reconstituting nucleus (N) is seen
at the upper pole, TkM, X 20,500,
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diameter are widely present in these 1soclated preparations (r), and

they line the surface of the polylysine-coated coverslip.

In a grazing section through the interzone of the same spindle,
three midbodies and part of a fourth are seen (mb, Figure 81), Such
an image could occur if the four anaphase midbodles (Figure 46) had
coaleaced laterally, forming one larger telophase midbody (see for
exanple Figure 51), which still retains some structural evldence of
tts origln, The plane of this section has evidently caught the edges of
the coalesced midbodles, These (three or four) mldbodies are each con-
siderably smaller than the one shown in partial sectlon in Figures 79
and 80,

A cross section through a reconstituting nucleus in a telophase
spindle reveals many microtubules (mt) in intimate association with
chromatin (Figure B82). Clear zones around the microtubules are not
evident here, The presence of these microtubules within the reconsti-
tuting nucleus accounts for the 3EM image of nuclel at extreme ends of
telophase spindles (Figure 76), Apparently the nuciel are held onto
spindles by these mlcrotubules, which may functlon in the movement of

nuclel to spindle extremities,

Longitudinal sections throuwh late anaphase spindles are seen in
Fizures 83 and B4, The chromosomes seen ln Figure B4 are surrounded
by densely packad microtubules, whlch would obscure them from view in
a 3EM micrograph of this stage, Figure B3 is unusual in that it shows
a probable kinetochore in an isoclated spindie, The kinetochore (k)
helps to identify this stage as anaphase, since chromosomal micro-
tubules can be seen between chromosome and pole, Microtubules connect
directly to the outer portion of the kinetochore, which ia attached to

1ts inner portion by fine fibrous material (arrow), Centriole complexes



were not seen 1n isolated spindles in TEM,

98,



Plate XXIX,

Flgure R2,

Firure 83,

Figure B4,

Reconstituting nucleus in a telophase spindle; longl-
tudinal sections from late anaphase spindles,

Cross sectlon through a reconstituting nucleus in telo-
phase spindle. Microtubules (mt) appear embedded in
chromatin, TEM, X 63,200,

Kinetochore in a TPM-isolated late anaphase spindle.
Fibrous material (arrow) connects the outer portlon of
the kinetochore with the rest of the chromosome, TEM,
X 74,800, Bar is 100 nm,

Chromosome arms (ch)} in late anaphase spindle surrounded
by many microtubules, closely packed, TEM, X 29,700,
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IV, Discussion
A, Mitosls in situ

During mitosis in D, melanogaster ambryos in the blastema divisions,

the spindle is surrounded by multiple layers (often 2 or 3) of membranes,
each layer apparently being composed of two unit membranes (for example,
Figures li4 {1inset)}, 20, 27). “Intranuclear” spindles were described by
Metz (1926) in Drosophlla spermatocytes during prophase and metaphase
nf metosis, and later Ito (1960) showed with electron microacopy the
presence of 2 - 7 layers of paired unit membranes surrounding the
nuclear regions throughout all melotic stages in spermatocytes of D,
virilis,

Intranuclear spindles are common in many protlists and fungl (for a
review see Kubal, 1975)., In the insects intranuclear microtubules
have been described in crane fly spermatocytes (Behnke and Forer, 1966)
and in drone honey bee apermatocytes (Hoage and Kessel, 1968},

In ), melanogaster embryos the nuclear membranes around interphaae

nuciei do not look like normal nuclear envelopes, In contrast to
typlcal nuclear envelopes (Figures 12 and 13) these nuclear membranes,
shown in Figures 9 - 11, lack obvicus pore complexes and show gaps of
various sizes, Indeed the posslble remnants of pore complexes indicated
in Flgure 10 look much like the areas suggestive of pore complexes in
anaphase spindle-delimitinz membranes (Figure 22)., The similar appear-
ance, with respect to these areas, of the membranes in interphase and
anaphase embryos suggests that perhaps all membranes surrounding nuclel
and spindles are closely related to each other and are probably not

true nuclear snvelopes, Further support for this suggestlon is seen in

FPigurea 26 and 27 in embryos fixed in the presence of heptane, Here,
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also, (Figure 26) the nuclear membranes do not appear to be typlcal
nuclear envelopes, and membranes around the anaphase spindle (Fig-

ure 27) and the interphase nucleus (Figure 26) have a similar mor-

phology.

The presence of layered membranes around the spindle may be
related to synchrony of division in this syncytial embryo. Many
examples have been reported in which cells which share common cyto-
plasm or are interconnected by cytoplasmic bridges divide synchro-

nouslys 0, melanogaster cystocytes (Kinderman and «ing, 1973), D.

virilis spermatocytes (Ito, 1960), drone honey bee spermatocytes

{(Hoage and Keasel, 19683}, rabbit oocytes {(Zamboni and Gondos, 1964),
ani in spermatids of seminiferous tubules (Fawcett, 196l1), In many of
these cases mitosis is also "intranuclear”, so that intracellular con-
tact and the occurrence of intranuclear spindles may be related to each
other and to the phenomenon of synchronous division. The situation in

the ziant amoeba Pelomyxa carolinensis (Hoth and Danlels, 1962} 1is

similar to that in D, melanogaster emoryos: synchronously dividing

nuclei in a syncytium are surrounded by discontlinuous membranes (des-
cribed as remnants of nuclear envelope} throughout mitosis, However,
only one set of palred (unlt) membranes is visivle in the giant amoebas,

Membrane arrangements similar to that shown here for D, melanogaster

have been described surroundiing the spindles of certain other apecles,
In none of these cases are typlcal nuclear envelopes present; thus, the
term "“intranuclear” divislon is misleadlng., A general term which could
pe applied to membranes around splindles in all cases might simply be
"spindle-delimiting membranes,"” This term is broad enough to include

all the different forms and arrangements which such memoranes mlght take
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yet clearly describes their location. Ito referred io membranes around
OJrosophila spermatocyte spindles as “parafusorial lamellae" {1960 ), but
the term “spindle-delimiting membranes” 1s more general and therefore
more widely appllicable, The possibliity that the splndle-delimiting mem-

branes seen in ), melanogaster embryos are all modified nuclear envelopes

cannot be eliminated,

spindle~dellimitlng membranes could serve as a partial barrlier bet-
ween the spindle reglon and the rest of the cytoplasm, Jseparation of
these areas ls certainly not complete, since large gaps are present in
the membranes, and microtubules are found immediately outside and bet-
ween layers of the apindle-delimiting membranes (Flgures 17, 22, 24),
3imilarly, microtubules are found outside the splindle during prophase
and telophase in crane fly spermatocytes (usehnke and Forer, 1966},
suggesting that extra-spindle microtubules may be a feature of insect
divisions, Ito (1960) did not see any microtubules in [rgsophila spermat-
ocytes after fixation in 0304, followed by dehydraticon in alcohols at
about 4° ¢, It is not likely that micretubules outside the spindie-de-
limiting membranes are astral microtubules, since they have been seen
here in prophase, when astars are not prominent (Huettner, 1933), as
well as in anaphase,

A 1likely function for spindle-dellimiting membranes is in control of
na™ level in that region of the cytoplasm, Weisenberg {1472) showed
that microtubules can polymerize from tubulin in vitro in the absence of
calcium, and that this polymerization ls prevented by ca®™ concentrations
of & x 10 -6 M or greater, Thus Ca++ levels in the splindle region may
be critical to the formation of spindle microtubules, The membranes

described here may establlish areas in the cytoplasm in which different
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Ca++ levels obtain, thereby establishing conditions for microtubule
assembly within the spindle {low Ca*+ concentration) and preventing
polymerization of microtubules outside the region delimited by these
membranes (Ca*+ concentrations greater than 6 x lU‘b M}, The mem-
branea may act like the sarcoplasmic reticulum of skeletal muscie,
which can accumulate, store and release calclum (kbashi and wmndo, 1963),
A role for calcium lons in spindle and cytoplasmic microtubule
assembly in vivo 1s suggested by the recent work of several different
investigators, Kiehart and Inoue (1976) show that Ca** microinjection
into dividing echinoderm eggs causes spindle birefringence to disappear
from a region approximately equal in size to the injected drop of 1,0
mM CaClZ. The effect is reversible, after which the cell can complete
anaphase, Loss of birefringence 1s seen only when Uaulz is lnjected
directly on the spindle; concentrations up to lU mM are ilneffective when
injected several micrometers away from the splndie, suggesting that the
cell must rapidly sequester Ga+*. Using the calcium lonophore A 23187

ﬁ .
to increase the intracellular level of Ca , oSchliwa {1976, showed

reversible retraction and re-extension of Actinosphaerium axopodia,

Axopodia shortenec when extiraceilular Ca++ concentrations were ralsed
to 0,01 mM or higher, Fuller, Artus and Ellimon (1976) describe the
depolymerization of the cytoplasmic microtubule complex (CMIC) by
tnereasing lntracellular Ca** levels with A 23147, an effect which is
also reversible, A role was suggested for 'Ja++ regulation in human
granulocyte chemotaxis (Gallin and HRosenthal, 1974)., The chemotactic
factor C5a (the {1fth component of complement) appears to induce intra-
cellular assembly of mlcrotubules during chemotaxis by shiftling Ja*+

out of the cytoplasm in treatel o.-i_ .,
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In the Drosophlla embryo, in which mitosls occurs very rapidly
(about 10 minutes per complete mitotic cyle at thils stage in develop-
ment), it would seem to be of advantage to have any structures involved
in regulation of calcium levels in close proximity to the spindle reglon
throughout the mitotlc cycle, Spindle-delimiting membranes, and addi-
tional membranes discussed below (TM), are in this position., If the
membranes are remnants of nuclear envelopes, as suggested by tioth and
Haniels (1962) in the glant amoceba, this (ou’d be a further adaptation
for rapid mitosls in Urosophila, since using nuclear membrane components
for a Caa"\“r pumping sy=ztem would be more efficient than elaborating com-
pletely new membrane systems every 10 minutes, If spindle-delimiting
membranes do serve in regulation of Ca++ levels, the lack of spindle
microtubules in the heptane-treated anaphase embryo (¥igure 27) might
be explained in this way: 1if heptane rapidly diffused into the embryos,
damaging the spindle-delimiting membranes and their Ca*"r regulatory
functlion (these membranes do look swollen in Figure 27 ), the immedlate
etffect could be release of Ca?+ from the spindle-delimiting memoranes
and rapid depolymerization of spindle microtubules,

Spindle-~delimiting membranes appear to be continuous with tubular
KK clusters (TM) and with cytoplasmic =R (Figure 16), and, in a few
cases, possibly withthe plasma membrane (Figure 25), The entire intra-
cellular membrane system may thersfore function in a coordlnated fashlon
in the embryo, which seems to be largely speclallzed for rapid mltosis
at this stage of development. This implles communication within the
embryo, As first observed by Huettner {(1933), when embryos are punc-
tured during fixation, 1f the puncture i3 small enough so that no

cytoplasm is lost, a gradlent of mitotic fligures results, with those
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closest to the puncture wound belng arrested earllest, If, however,

the puncture is large and consliderable cytoplasm is lost, all splndles

in the embryo are fixed at approximately the same mitotlc stage, These
facts argue agalnst rapid communlcation systems wlthin the embryo, at
least over long distances {approximately 0.5 mm from pole to pole in this
embryo), If spindle-delimiting membranes are continuous with the plasma
membrane, this may help to explain simultaneous cytokinesis which occurs
in Drosophila embryos after the last blastema division (Mahowald, 1963
a), It 1s unclear how much communication and coordination of events s
taking place within the embryo at this time,

Tubular ER (T, Flgures 14-16) 1s found in obvious clusters at pro-
phase. 3Such speciallzed areas of membrane have not been described in
blastoderm cells of Drosophila (Mahowald, 1963a, by Fullllove and
Jacobson, 1971) or in Drosophila spermatocytes or oocytes (Okada and
Waddlngton, 1959; Mahowald, 1962; King, 1970), and thus these membrane
clusters seem to be characteristic only of the blastema stage of develop-
ment, Tubular elements of these clusters are of rather constant dia-
meter (30 nm), as 1s expected for typlcal tubular SER. SER often
functions in transport and metabollsm of lipids, and indeed lipid
droplets and yolk spheres are common in embryos of thls stage. However,
another well documented role for 3ER, in the form of the sarcoplasmlc
reticulum, 1s as a pump and reservoir of Ca*+ , which couples excita-
tion to contraction in the muscle cell (Ebashi and Endo, 1968; see
also discussion above of spindle-delimiting membranes). A similar role
in the regulation of Ca*+ levels may thus be performed by SER and
spindle-deliniting membranes in thils embryo,

3ER veslcles clustered at splndle poles are a characteristic
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feature of anaphase in the blastema divislions (Figures 18, 20 and 23),
Although it is concelvable that they are serving as mlcrotubule
initiating sites (MTOC's, Pickett-Heaps, 1969), this 1is not likely
since MTOC's are generally dense, amorphous "fuzzy" reglons. Some=-
times, however, MTOC's may be assoclated with membranes, as in the case
of some kinetochores and nuclear plaques (Taylor, 1975). In SER-
microtubule assoclatlions present 1n early sea urchln embryos the mem-
branes probably function as a Ca++ pump (£, Wilk, personal communica-
tion), A llkely possibtility in the Drosophila embryo 1s that SER
veslicles, in addltion to the other membranes descrlibed above, are
active in controlling Ca*+ levels in the mitotic apparatus,

In sarly stages of blastoderm formatlon in D, melanogaster and D,
montana, prior to nuclear elongation and cytoklnesls, spherlcal inter-
phase nuclei are closely assaoclated with large numbers of SER tubules
and vesicles, which are especlally prominent at the future site of
cleavage furrow formation (Mahowald, 1963a; Fullilove and Jacobson,
1971), It has been suggested that this might be a major source of
materlal for the newly forming plasma membranes of the individual
blastoderm cells (Mahowald, 1963a),

Polar caps, composed of tubular KR and membrane vesicles of
greater dlameter, are most consplcuous at anaphase, This material,
like that discussed above, is in the position expected for microtubule
initiation sites and Ca+* controlling structures,

In thls, the first study of mitosls in the olaatema stage, a major
objective was the presentation of a general description of mitosis
in situ, A thorough examination of serial sectlons in search of

centrioles was not made, and no centrloles were seen, Fulllilove and
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Jacobson (1971), who made a few scattered observations on pre-
blastoderm embryos of D, montana, similarly did not observe centrloles,

In the blastema dlvislons of D, melanogaster it seems most llkely that

centricles as described in the blastoderm of D, melanogaster (Mahowald,

1963b) are 160 nm in diameter and only 150-175 nm in length; thus they
are shorter than most centrioles and weould appear in only 2 - 4 sectlons
at most, As described below, the presence of centrlole complexes 1n
isolated spindles of blastema embryos lndlcates that centrloles and
assoclated material are part of the mitotic apparatus in situ, but

were elther simply not observed or are not well preserved., In contrast,
lower organisms which have intranuclear mitosls usually do not have
centrioles (Fulton, 1971), demonstrating that centrioles are not essen-
tial for normal mitosis in these organisms, as 1s also the case in
hlgher plants,

Clusters of ribosomes (presumed polysomes) were seen in the cyto-
plasm, whereas, inslde the spindle, ribosomes usually occurred singly.

Kinetochores seen in obllique sectlon 1in situ (Flgure 18) seem to
be sites of microtubule attachment to chromosomes, as expected (srinkley
and Stubblefield, 1970}, Microtubules appear to enter the outer por=-
tion of the kinetochore at regularly spaced intervals,

In some sections there 1s an iIndicatlon of apindle microtubule
clustering, possibly foralng a structure corresponding to the spindle
fiber of light microscopy (Figures 21 and 24), However, even in
these areas of increased microtubule density, individual microtubules
are atll]l separated from each other, and no connections between
nelghboring microtubules have been seen. Since serial thin sectloning

perpendicular to the spindle axis was not done, the posslbllity does
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oxist that inter-microtubule connections do indeed occur here but have
not yet been found,

B. Isolated spindles of D, melanogaster

1, Properties of spindles lsolated 1n hexylene glycol

Mitotie spindles of indlvidual embryos can be stabillzed by lysis
into Kane's isolatlion medium (Kane, 1965), 3imllar stabilizatlon of
crane fly spermatocyte meiotic spindles has been reported by Muller

for Pales ferruginea (Nematocera) (Muller, 1970). D, melanogaster

spindles exhlibit propertles consistent with those reported for other
specliess instabllity and probable dlsasolution in high salt concentra-
tions (Kane, 1967) or at low pH {Cohen, 1968), instablility of bilre-
fringence with storage at room temperature as opposed to 0° C. (Kane
and Forer, 1965), and stability at pH 4,5, which is within or close
to the iscelectric range (Cohen, 1968),

These apindles can be prepared easily and have the advantage of
potentlial comparison with simllarly l1soclated spindles from other
species, since this lsoclatlon medium has been extensively used for
several years, However, in the case of Drosophlla, splndles lsoclated
in hexylene glycol appear to contain much more flbrous and non-fibrous
material than spindles in situ (Flgure 36),

Rebhun et al, (1975) have shown that the effects of glycols on
the in vivo mitotic apparatus of surf clam eggs are lncreases 1in the
volume and birrfringence of the mitotic apparatus, in the absence of
protein synthesis, 3plndles l1solated here from Drosophila may be showlng
these same effects of the glycol,

2. Properties of spindles 1solated in TPM

Use of an 1solation medium based upon tubulin polymerizing condi-

109,



tions and contalning protease inhibitor (TAME) and detergent (Triton
X-100) as described by Rebhun et al, (1974} allowa the preparation

of spindles which are not as large and dense as those lsolated in
hexylene glycol (above), Under phase contrast such spindles are seen
to be cleany that is, thelr structure is readily apparent, as are
chromosomes, mldbodies and centriolar complexes, This lack of con-
tamination with other cytoplasmic material is probably due not only
to selective stabilization of mlcrotubule-contalning structures, but
alaso to the dispersive action of detergent on membrane components,

The morphology of spindles after isolation is remarkably falthful
to that reported for blastema stage spindles in situ in the older
literature (Huettner, 1933; Rablnowitz, 1941}, This includes detalls
such as midbodies and tralling chromosome arma in anaphase, Tralling
arms were 1dentified as the long arm of the X chromosomes (Flgures 46,
76) and "dot” chromosomes (Figure 43) are known to be chromosome IV
(Rabinowitz, 1941}, Bending of telophase spindles, usually seen in
i{solates (Figures 49, 51, 53), can also be found in light micrographs
of spindles in siltu, A major difference between isolated splndles and
spindles in sltu ls noted:s polar structures are usually absent in
isolated telophase preparations, as judged by observatlons under phase
contraat, Accordlng to Huettner (1933) a palr of centrioles 18 present
at each pole in situ at this stage, a relatively long distance away
from reconstituting nuclei, This suggests that they are tenuously
connected to the telophase spindle and probably fall off during isocla-
tion,

The morphology of splndles at various stages seemed the same under

phase contrast whether or not TP was included in the isolation medium,
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However, GTF did seem to stimulate formation of background fibrils in
the preparation, especially in materlal from non-mitotic embryos,
These fibrils presumably reflect the avallablility of a polymerizable
tubulln pool durlng interphase,

TPM isolated spindles are birefringent, as expected (Flgures 57,
58), While their storage and stability properties were not studied,
isolated spindle preparations were examined after negative stalning for
TEM (Figures 59-61), Microtubules 23 nm in dlameter were seen, and
occasionally chromosomes were present, Whole splndles generally remailn
extremely compact and thus are not favorable specimens for negative
staining due tn thelr density and thickness,

In order to study spindle structure wlth the 3EM, splndles must be
isolated and free of debris, and they must retaln the in situ morphology
vwhich is characteristic of dilfferent mitotlc mtages, These criteria
are met by TPM preparations,

3. SEM analysis of splndle structure

3EM improves upon both the resolutlon and depth of fleld obtain-
able with llght microscopy, providing a three - dimensional vlew of
the entire spindle, Comparable spindle reconstructions from serial
thin sections and TEM are difficult to achleve and requlire excessive
amounts of labor by comparison, For examinatlon of general structural
organization of 1lsolates, SEM mlght alsc serve as an alternative to
high voltage transmission electron microscopy (McIntosh et al,, 1975).

With respect tc small sample preparation methods for SEM, use of
polylysine-coated coverslips (Mazla et al,, 1975) permits the following
of individual spindles under phase contrast through all of the process-

ing ateps, They can be photographed after critical point drying (Fig-
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ures 64, 67) for subsequent identification in the 3EM using spindle
orientation and adjacent "landmarks" (Figures 64-68), Polylyalne-
coated plastic coverslips have proven more convenlent for marking and
cutting than either polylysine or Formvar-coated glass coverslips
(Lung, 1974}, However, significant losses of materlal have been
encountered; better retention of material might be achieved by cova-
lent linking to the substratum (vVial and Porter, 1975),

At the present time thias 13 the only study of spindle astructure
in which the SEM 1s utilized; thus comparison with the data of others
is not yet possaible and therefore problems of identification of some
structures may arise, For lnterpretation of SgEM data, light micro-
scopy and TEM of isolated spindle preparatlions have proven most useful,

Based on these results 1t seems llkely that 3EM willl become an
increasingly powerful tool for such work as improvements are made 1in
the areas of inatrument resolving power, speclimen retention, and reduc-
tion or elimination of the metal specimen coating.

4, Phase contrast versus SEM

In general, there is good agreement between phase contrast and SEM
observations in terms of spindle size and shape, indicatling that spin-
Ale morphology is little altered during 5SEM preparative steps, In phase
contrast much of the apindle 1s effectively transparent, so that struc-
tures such as chromoaomes and centrlole complexes are readily visible,
Comparison of phase contrast and SKEM micrographs (Flgures 40 and 68,
for example) shows that this is not the case for SEM, as anticlipated;
in prophase spindles the chromosomes are hldden beneath a flbrous sur-
face, At later mitotlc stages amooth-surfaced oblong structures

appear, thicker than the surrounding fibrlls, which are ldentifled as
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chromosomes, In the late anaphase spindle in Filgure 73 aome of these
are visible, and it 1= lilkely that others are concealed within the
fibrous polar reglons, The besat evidence that these structures are
chromoaomes 1s thelr location in flattened spindles such as shown in
Figure 75, 1n which two tralling arms of X chromosomes are seen,

The major fibhers seen ln metaphase and anaphase spindles under
phase contrast (Figures 42, 43, 46, 47) are found to be bundles of
smaller fibrils in the SEM, Many of these flbrils are in the range of
0.1 - 0.2 pm thick, a size which could accommodate about 6 - 25 micro-
tubules, (This estimate takes into consideration the thickness of the
metal coating, but lgnores possible clear zones or intermlcrotubule
material}, In some cases fibrlls observed in the 3EM are thin enough
to be accounted for by single metal-coated microtubules (for example,
fibril "f" and the filbrils radiating from point "p" in Figure 74). The
apparently single interzonal fiber observed ln telophase spindles under
phase contrast (Figures 49-51) is similarly found to be constructed of
smaller fibrils (Flgure 76A),

The structures seen at spindle poles under phase contrast and
referred to as centriole complexes (Figures 38-45, 47, 48, 50) have a
maximum dimension of approximately 0,7 um, and the central black body
of polar regions lsolated from cooled embryos 1s about the same size
(Figure 54), This value seems too great to be accounted for by a simple
centriole or centriole palr, even if measurement error ls conaldered,

Mahowald (1963b) reported that the centrioles of D, melanogaster in the

blastoderm stages have a maximum dlameter of 0,175 um and are not been
found in fully formed palrs, Fullilove and Jacobason (1971) and Fritz-

Niggll and Suda (1972) show centrloles surrounded by satellltes in the
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forming blastoderm of D, montana and in spermatocytea of D, melanogaster,

respectively, The dlametar of these complexes is in the range of 0,6 -
O.SIpn, which correlates well with the aize of the structures seen at
poles under phase contrast.

In the polar position of some splndles, SEM reveals a structure of
roughly polygonal shape, about 0.7 um in dlameter, with a central body
approximately 0.2 um in diameter (Figure 74}, This object could be a
complex of centriole plus accessory materlal, possibly satellltes, which
would serve as the polar microtubule organizing center for these spindles
(Pickett-Heaps, 1969), While satellites have rarely been reported
surrounding mitotic centrioles (de Harven, 1968), their presence has been

shown around meiotlc centrioles of I, melanogaster {Fritz-Niggli and Suda,

1972) and in the jellyfish Phlalidiua gregarium (Szolloai, 1964),

One structure seen easlly in phase contrast and not yet identified 1in
the 3EM 1a the midbody (Figures 46, 47, 50, 51, 53), While its absence
could indicate loss of some midbody materlal durlng SEM preparative
steps, a different explanation may hold: the midbody, as aeen in phase
contrast, could simply be a region of increased density due to overlap
of interzonal microtubules of opposite polarity and/or intermicrotubule
material (Paweletz, 1967; McIntosh et al., 1975). Such differences in
internal denslty would not be expected to appear under 3EM,

An interesting feature of telophase apindles is the substructure
at the surface of reconstituting nuclei seen in the SEM (Flgure 77),
These appear to be colls of rings of material about 0.25 - 0.3Inn in
diameter, In an 3EM atudy of 1solated mouse liver nuclei, Kirschner,
Rusll and Martin (1975) found that nuclear pore complexes are resist-

ant to treatment with Triton X-100, However, the features described
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here are several times larger than typlcal pore complexas, It is poasi-

ble that they are exposed chromatin colls, but further work 1s obviously

needed using a higher resolution 3EM on isclated telophase and interphasae
nuclei in order to clarify the nature of these features,

5. TEM observations

These TEM cbservations were made in order to verify the presence or
absence of structures which are visible wilth light microscopy, for
example midbodies, yet are not apparent in SEM, Such studles were there-
fore limited to a few selected cases,

Interphase nuclel were examlned for the effects of Triton X-100 on
nuclear envelopea {Figure 78), A few remnants of outer or inner mem~
brane persist, ind*cated chlefly aa adhering chromatin, whilie the bulk of
nuclear material is absent, Apparently all membranes are diarupted by
the detergent, and potential membrane functions such as actlive Ca++
transport will be absent in isolated preparations, Consequently nothing
related to possible spindle-membrane Interactions can be studied in
isolates, For example, the surface of reconstituting daughter nuclel
in telophase spindles will not be covered with any reformling nuclear
msembranes (Figures 79 and 8l1), as might be the case in situ, The absence
of membranes was an advantage, since it permitted an unobacured view of
the spindle framework, which is essentlal for SEM analysis,

That chromosome arma are not always apparent in SEM 1s explalined
by the presence of numerous microtubules closely packed around traillng
chromosome arms, as 1llustrated in Filgure 84, These microtubules would
obscure chromoscmes in SEM, so that in many casea not all chromosomes
would be visible in 3EM preparations,

The presence of a kinetochore 1n the 1solated spindle shows that
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this structure, integral to spilndle assembly and functlon in all
theories of mitosis, 13 preserved by TPM isolation medium, TPM-
isolates may therefore prove useful for in vitro spindle assembly
studies, utllizing dissociated spindle preparations containlng both
chromosomes with kinetochores and centriole complexes, These might
function as nucleating sites under polymerizing conditlons in the pre-
sence of added tubulin, such as has been done with basal bodles, flag-
ellar axonemes and neurotubules by Rosenbaum et al, (1975), The possi-
bility 1s also raised that kinetochore structure itself might be
examined wilth SEM in a favorable preparation.

The locatlon of reconstltuting daughter nuclel at the extremitles
of telophase spindles may be functionally related to the many micro-
tubules seen within the daughter nuclei at this stage (Flgure 82),
These mlcrotubules might act as a framework along which nuclel move to
their termlnal positions,

Electron-dense midbodles are present in late anaphase spindles
(Figures 79-81), Midbodies are not recognizable in 3EM, although in
Flgure 76 a suggestlon of interfibrillar material can be seen through-
out much of the spindle midreglion, In TEM microtubules appear to enter
the midbody from both half splindles, and regularly arrayed material can
sometimes be seen between adjacent microtubules within the midbody,
Bridges between microtubules have been seen in apindles of other specles
(for example, Hepler et al,, 1970), and thelir presence 1s essential for
generation of force in all sliding mlcrotubule models of chromosome
movement (Subirana, 1968; MclIntosh et al,, 1969; Nicklas, 1971), Evi-
dence that the one large midbody of telophase 1s the result of fusion

of four separate smaller anaphasme midbodies is shown in Figure 81, 1in
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which the plane of section evlidently passed through only the outer por-
tion of the telophase midbody. A simllar case is reported by Hobbins
and Conatas (1964) in Hela cells, when anaphase steabodies composed of
overlapping ends of microtubules in an amorphous material move to the
spindle midplane, where they cluster and fuse, In that system the tera
"midbody" referas to the interzonal mlicrotubules and stembodles which
are compressed into a narrow neck reglon 1in telophase as the plasma

membrane indents, In contrast, in blastema embryos of D, melanogaster

the midbodies are not directly involved in cytoklnesis, as the embryo
at thls stage ls a syncytium, The possibllity remains that in Jrosophila
midbodies are 1n some fashlon related to the reversible plasma membrane
indentations which occur between the 10th and 1ith, and between llth and
12th divisions after fertilization (durlng the blastema stage), which
might be similar to the conditlons for midbody formatlon present during
early cytoklnesis in Hela cells,

6, Eventa of the mitotlc cycle

3EM reveals the progressively more ordered fibrous structure of
splndles at different stages of the mitotlc cycle, The relatively thin
and somewhat tangled filbrils of prophase (Flgures 68, 69, 70) assume a
more linear arrangement in late prophase (Flgure 71) and are organized
into bundles at anaphase (Figures 72, 73), By telophase (Figure 76)
cone thick interzonal bundle remalns, In metaphase and anaphase as seen
in phase contrast (Flgures 42, 43, 46, 47), there are a fairly amall
number of major flbers visible, perhaps three or four, Four midbodlies,
but not more, have been observed in anaphase spindles, agaln suggesting
that there may be four major fibers involved. 3Since Drosophila and

other Niptera exhibit the phencmenon of somatic palring of homologues
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during the mitotic cycle (Metz, 1916), there will be four pairs of

chromosomes per half-spindle in D, melanogaster (2n = 8), The number

of major fibers may therefore be significant, suggesting a relationship
between sach chromosome pair and a major non-chromosomal flber, Traillng
chromosome arms often seem assoclated with one of the interzonal fibers
{(for example, Figure 46)}; this could be fortultous, however, In SEM
also, trailing arms seem to be directly opposite each other and may be
associated with the same interzonal fiber (Figure 75). The four inter-
zonal fibers seen in late anaphase might serve as the spindle framework,
along or inslde which the four pairs of homologous chromosomes move
towards the poles,

In the transitlon from anaphase to telophase separate interzonal
fibers disappear, glving the impression that they associate laterally
to form the telophase interzonal flbril bundle, In 5zM the telophase
interzonal bundle 1s about 0,9 um thick (Flgure 76), and this is
sufficlent to accommodate all of the anaphase interzonal fibrils if
they were to associate laterally (Figure 73), 3lnce there is no cyto-
kinesis at the blastema stage, the presence of midbodies indicates
thelr direet involvement in mitosls, posslibly as regions of overlap
between non-chromosomal mlerotubules of opposlte polarity which have
been implicated in a sliding spindle elongation mechanism (Fickett-

Heaps, McDonald and Tipplt, 1975).

The obaerved bending of telophase spindles might be significant
in terms of spindle mechanlcs, SEM reveals an apparent twist of the
interzonal flber bundle (Figure 76), suggesting that the two half-
spindles might rotate with reapect to each other,

C, Possibllities for future work with thls syatem

1. Yarlous [rosophlla stralns and mutanta exist in which the
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chromosome number 1s altered (Lindsley and Grell, 1967), These can be
used for examinatlon of the proposed correlation betwsen haploid chro
mosome number and the number of interzonal fibers in anaphase spindles,
The sane type of material could bs used to see if there 1s a correlation
between chromosome size and interzonal fiber dimenslcna, Durlng the
course of this work three anaphase Interzonal flbers were seen in some
cases, suggesting a possible relationship between flber slize and thus
its visibility, and chromosome size., According to classical light
microscopista there are three pelrs of large chromosomes and one amall

dot-11ike pair in D, melanogastier,

2, 3erial cross sections through lsolated anaphase spindles should
reveal the number of microtubules per spindle, as well as the number in
each non-chromosomal spindle fiber, Such work would pessibly lend sup-
port to a sliding microtubule hypothesis of chromosome movement,

3, 3tereo-palr images of spindles in SEM would greatly increase the
amount of information about spindle three dimensional structure which
can be cbtained with this method,

4, Centriole complexes are probably present in the polar reglons
isolated from cooled embryos (Filgure 54). The study of these struc-
tures with SEM and TEM should prove fruitful. They should aiso be
tested for thelr ability to act as MTOC's by incubatlion under poly-

merlzing conditions 1in a tubulin-contalning medium, as Rosenbaum et al,

{1975) did with other MTOC's,
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V. Summary

Mitotic spindles of D, melanogaster embryoa in situ are surrounded

by multiple layers of membranes which have been termed apindle-delimit-
ing membranes, These membranes, in conjunction with tubular <R present
at spindle poles, may function in controlling Ca++ levels and therefore
microtubule assembly in vivo,

3pindles can easily be isolated, using elther a hexylene glycol
tsolation medium or a low Za’ ' tubulln polymerizing medium (TPM),
TPM-isolates preserve major in situ characteristics of spindles, and
therefore were selected for further study (below),

In phase contrast, four major interzonal spindle fibers are visible.

This may be signiflcant since [, melanogaster has four palrs of chromo-

asomes, =ach interzonal fiber has a midbody at its midregion, At telo-
phase the four midbodies of anaphase apparently coalesce (laterally)
into one large mldbody, and only one broad interzonal fiber can be seen,

The scanning electron microscope (SEM) was used for part of this
study, Methods were developed for following the fate of individual
spindles through all steps of prcessing for the 3<M, The 35kM shows a
progressively more ordered spindle framework developing from prophase
through anaphase and telophase, Chromosomes on the splndle have been
identifled, and a centriole complex, apparently conslsting of a centriole
plua asaoclated materlal, has been described, Larger diameter spindle
fibers appear to be composed of bundles of small diameter fiborils,

Thin sections through TPM isolates verify the presence of aid-
bodies, which are not visualized with the 3EM, 1In thias systea, 1ln which
cytokinesis does not occur durlng this stage of development, midbodies

seem not to be directly lnvolved in cytokinesis,
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APPENDIX

An estimate of the amount of tubulin in a metaphase Bpindle,

Previous attempts at estimating the amount of tubulin contained in
a spindle from structural information alone have utllized croas sec-
tlons fron isolated sea urchin mitotlc apparatus (Cohen and Rebhun,
1970) or from crane fly spermatocytes (Fuge, 1974). Based on the
numbers of mlcrotubules per thin section, both reports calculate approxl-
mately lO8 monomers of tubulin per metaphase spindle (without asters)
(Fuge, 1974},

With favorable specimens and 3EM it is possaible to eatimate the
amount of tubulln present in a spindle, wlth the added advantage that
with 3EM the entire spindle 1s visible in one micrograph, thus elimina-
ting the major problem of spindle reconstruction from thin sections,
which was necessary in earlier studles,

A flattenad metaphase spindle without asters, like that shown in
Figure 85, can be used for an estimation of tubulin content, Results
here can be compared with those studles mentloned above, and with a

calculation of the tubulin content of L. melanogaster embryos based on

colchicine binding activity (Green et al,, 1975),

This atypical metaphase spindle is more flattened against the
coveralip than the usual metaphase spindle seen in SEM, and the
ma jority of its fibrils appear to be visible in thils mlcrograph
because of spreading.

The number of microtubules in thls spindle was estlimated in the
following ways, At three locations on the micrograph parallel lines
ware drawn perpendicular to the long axis of the spindle (Figure 8BS, a,

b, and ¢), At each of these levels across the spindle two numbers were
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Plate XXX,

Figure 85,

Flattened metaphase aplndle in 3EM,

Metaphase spindle, extremely flattened agalnst the
coverslip, making 1t useful for an estimation of the
tubulin content of thils splndle., At three different
levels across the spindle (1lines a, b, c,left and right
sides of micrograph) measurements were made., 3EM,

X 10,000,
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obtalneds (1) a direct measurement of the total linear millimeters of
fibrillar diameters, and {(2) counts of size classea of fibrillar diam-
eters,

Results of the filrst method of measuring werei: level a, 50 mm;
level b, 40 mm; and leveil c, 42,5 mm, For the following calculiation
it was assumed that the spindle 1is perfectly flat and uniformly one
microtubule (mt) thick, Any non-microtubule material, such as clear
zones around microtubules, chromosomes, and the metal coating applled
for SEM, 1s disregarded. wach milllimeter in the micrograph {(10,000X)
represents 100 nm of true length, and therefore could contalin up to
four ad jacent microtubules, each 25 nm in diameter, The value obtalned
by this method wlll be a minimum estimation, since the spindle in Fig-
ure 8% 1s probably more than one mlcrotubule thick.

At level a3 50 mm x 4 mt/mm = 200 at across the spindle, (Calcula-
tions will be shown only for level a), Since this is a metaphase spin-
dle, each mic.otubule will be assumed to extend from pole to pole, or
150 mm on the micrograph {actual length = 15 um or 15,000 nm), Total
length in nm of mt in the spilndle, based on measurements at level a are
then: 200 mt x 15,000 nm/mt = 3,0 x 106 nm/spindle

ach microtubule 1s assumed to be composed of 13 protofilaments, and
the 6S dimer of tubulin has a molecular weight of about 110,000 daltons,
80 that monomers comprising the protofllaments have a molecular welght
of 55,000 daltons and a dlameter of about 40 A (4 nm) (wrickson, 1975).

For level a: 3,0 x 106 nm of mt/spindle x 13 protofil/mt = 39,0 x
106 nm of protofil/spindle, This figure divided by 4 nm/tubulin monomer
= 9,8 x 106 monomers/spindle, This number {(and results from level b

7.8 x 106 monomers/spindle and level ci 8,4 x 106 monomers/spindle) is
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clearly much lower than numbers obtained by Cohen and Rebhun (1970)
and Fuge (1974), Even if it were assumed that thls spindle is two
microtubules thick (rather than one), results would only be in the
range of 10? monomers/spindle, which is still an order of magnitude
lower than amounts calculated by these investigators,

For estimatlion of the number of grams of tubulin required to con-
struct thils spindle, and all spindles 1n the syncytial embryo of D,

melanogaster, results at level a will again be used:

9,8 x 108 monomera/spindle x 5.5 x 10* daltons/monomer x

2 13 gm/spindle.

1,67 x 10°°" gm/dalton = 9.0 x 10~
Up to 6500 spindles may be present by the end of the blastema divi-
sions (Zalokar, 1976}, all of which occur while the embryo 1s stiil a
syncytium, so that 9,0 x 10713 gn/apindle x 6500 spindles = 5,8 x 107
gm/embryo needed to construct all the apindles in the pre-blastoderm
stages,
Creen et al, (1975) estimate the minimum tubulin pool size in D,

melanogaster during the first 5 hours after fertilization (a perlod

which includes the blastema divisions) at 10 x 107~ gn/embryo, which
ia the same order of magnltude as the minimum estimate calculated here
on structural information alone,

In the mecond method used to estimate numbers of amicrotubules, it
was assumed that the aplndle 1s composed of mlcrotubule bundles which
are cylindrical, and whose diameter is proportional to the number of
microtubules contained in the bundle, Fibrila were measured and clasail-

fied into these groupa:
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vel Filbrll dlameter
less than approx, AppProx, aApprox, greater than
100 nm 100 nm 150 na 250 nm 250 nm
a 18 10 6 L 0
b 8 3 2 9 2
c 29 12 4 2 0
Rasumed average # mt/fibril dlameter:
2 i 6 10 12
# mt/flbril = 715, and r = + # mt/Fibril diameter
a 18 r~ 4O rr S4 7 100 0
b Br 12 18 225 72 m
C 29 W8 36 71 50 g

Total # of mt at each levell

level a 512
b 1052
¢ 666

By this second method, numbers of mlicrotubules are estimated at
3 - 6 times greater than by the first method, or, for level ai
2.5 x 107 mnonomers/spindle and 1,5 x 1078 ga of tubulin/embryo. This
data is in good agreement with that published for both numbers of monomers/
spindle in other specles and nuabers of grams of tubulin per embryo in D,

melanogaster,

Estimation of microtubule numbers here would be greatly improved
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through use of stereo pairs of micrographs of such spindles, providing
more accurate information concerning fibril bundle shape {cylimdrical
versus flattened) and the presence and positlon of chromosomes, There-
fore, this calculation 18 advanced as a tentative estimation, but one
which shows the potential use of the methods here developed,

Additional data 1is provided by the second set of estimated numbers
of microtubules, The number of microtubules at level b, spindle mid-
region, 1s approximately twice the number of microtubules estimated
either at level a or ¢, suggesting that microtubules may overlap 1in
the middle of the spindle and thus may be able to slide relative to

eacn other,
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