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ABSTRACT

Nuclei in the giant silk gland cells of Calpodes ethlius grow
continuously to form highly branched, regionally characteristic shapes.
These cells were studied in an attempt to correlate the arrangement of
nuclear and cytoskeletons with nuclear shape.

Nuclear matrices, examined in situ by SEM, have filament
meshworks with shapes similar to those of Feulgen stained nuclei. Isolated
nuclear matrices, examined by TEM, have parallel filaments within the
nuclear branches. Hcechst stained DNA has a similar alignment.
Immunof: 1orescence microscopy indicated that, although extraordinary in
shape, these nuclei have some of the same matrix antigens found in
smaller, spherical nuclei. SDS-PAGE of the nuclear-associated (nuclear
matrix) fraction revealed few polypeptides, including a nuclear isoform of
actin (43 kD, pI 6.45). Nuclear branches label at their periphery with
antibodies to actin and myosin and with rhodaminyl-phalloin which is
specific for f-actin. The nuclear-associated fraction contains a lamina-like
structure that binds heavy meromyosin and antibodies to actin and myosin.
This suggests that actin and myosin are components of a layer at the
nucleocytoplasmic boundary called the nuclear shell which may correspond
to a cytoplasmic zone containing filaments associated with the nuclear
envelcpe.

During larval moults, globules, which label with antibodies to actin,
form in the cytoplasm. Similar globules co-isolate with the nuclear matrix
fractions from moulting larvae and label with antibodies to actin, but not to
nuclear matrix antigens. The globules may be reserves of g-actin for growth
of the perinuclear actin shell.

Labeiling of silk glands with rhodaminyl-phalloin shows cytoskeletal
f-actin in parallel bundles around the lumen. The bundles dissociate when
larval feeding stops during the moults, and the f-actin forms coats around
vacuoles. After the moult, f-actin reforms in periluminal bundles.
Regional differences exist in the density of these bundles. The greatest
density occurs in the narrower anterior regions of the gland and may be
correlated with the increased hoop stress resulting from the reduced
luminal diameter. F-actin coated vacuole formation during larval moults
occurs in all but the duct and green regions.

iii



As the formation of cytoplasmic actin-coated vacuoles occurs, the f-
actin in the nuclear shell maintains its location. Thus, two kinds of f-actin
deployment take place concurrently within these cells.

key words: nuclear shape, nuclear morphology, nuclear matrix, silk gland,
nuclear actin, perinuclear actin, nuclear myosin, nuclear shell, actin bodies,
f-actin, phalloin, periluminal circumferential actin bundles, actin-coated
vacuoles
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CHAPTER 1
GENERAL REVIEW
1.1. Nuclear Shape

“A striking feature of many neoplastic cells is their altered nuclear
morphology. Tumor cell nuclei frequently acquire a variable and highly
irregular shape; their chromatin becomes decondensed, and their nucleoli
increase in number and size. Thus, the question of what determines
nuclear shape and size is of interest to oncologists and cytopathologists as
well as cell biologists.” (Kaufmann ¢t al., 1986)

In recent years, much attent.o1n has been devoted to cataloguing the
information held within the nucleus and to understanding nuclear
functions. Although the structure of the nucleus has received extensive
study, how most nuclei form and maintain their shape remains unclear.
One of the reasons for this is that most nuclei are spherical or oviform in
shape. Even though the nucleus dissociates and reforms during each round
of mitosis, the shape formed is always similar. The simple spherical shape
of the nucleus represents the lowest energy state of a fluid object (Sears et al.,
1980). However, recent studies show that these apparently simple spheres of
packaged DNA dissociate and reform in a highly co-ordinated fashion
(Fisher, 1987, Newport, 1987; Newport & Spann, 1987) and that the internal
organization of the interphase nucleus is not random as previously
assumed (Gruenbaum et al., 1984; Hochstrasser et al., 1986; Locke & Leung,
1985; van Dekken et al., 1989).

Some nuclei have non-spherical shapes. The nuclei of spermatids
are usually fusiform and are thought to be shaped by a manchette of
microtubules (Dustin, 1978; Kessel, 1966; Tokuyasu, 1974; Wilkinson et al.,
1974; Yasuzumi et al., 1971). These nuclei, however, are inactive; their
shape represents the need for compac. un and streamlining for transport
rather than specialized functional activities.

Many types of cancers are characterized by nuclei which form blebs,
pockets, and projections (Achong & Epstein, 1966; Ahearn et al., 1974;
Aubock, 1976; Burns et al., 1971; Conforti et al., 1976; McDuffie, 1967; Popoff
& Ellsworth, 1969; Vielkind & Vielkind, 1970). These nuclei are "active"”, yet




their shapes are not as easily predicted or characterized. The purpose of
nuclear projections and how they are formed are unknown. Nuclear
compression by cytoskeletal elements is not as apparent in cancer cells as in
spermatids. However, cancer cells are ofte:n polyploid and have a thickened
nuclear lamina, which suggests that the shape generating forces may occur
within the nucleus (either from proteins and/or nucleic acids).

The giant nuclei in silk gland cells of many Lepidopteran larvae (figs.
1 & 2) are another example of atypically shaped nuclei (Akai, 1965; Sehnal &
Akai, 1982; Tamura et al., 1982; Tashiro et al., 1968; Wiley & Lai-Fook, 1974).
Although these cells are differentiated, the nuclei have all of the
characteristics described by Kaufmann et al. (1986) in the quote above. The
nuclei are highly polyploid and contain multiple nucleoli (fig. 3). In
Bombyx mori, it has been estimated that, throughout larval life, the nuclei
undergo up to 19 rounds of endomitosis (or endoreduplication) (Gage, 1974;
Perdrix-Gillot, 1979). As these nuclei grow to sizes several hundred
micrometres across, they form multiple branches. In some regions there
may be several hundred branches. The nuclei in silk gland cells, unlike
cancer cells, branch at a predictable rate over several days and form
regionally characteristic shapes.

In this study, silk gland cells are used as a model system for the
investigation of the control of nuclear shape.

1.2 Silk Glands

The silk glands are a pair of blind-ended simple epithelial tubes
found within the abdomen of most Lepidopteran larvae (for reviews of silk
gland structure and function, see: Akai (1983); Akai (1984)). The glands are 2
cells in diameter and several hundred cells in length. In the embryo, the
cells divide normally and the nuclei are spherical (Tashiro et al., 1976).
However, by the end of embryogenesis, mitosis stops and throughout larval
life, the DNA is replicated without cell division (Perdrix-Gillot, 1979). Early
in the third stadium, the nuclei start to form branches (Matsuura & Tashiro,
1976). Nuclear branching is most extensive by the middle of the fifth
stadium (Tashiro et al., 1968). It is thought that endoreduplication and
nuclear ramification are adaptations for the export of massive amounts of
message for the silk proteins during larval life (Akai, 1983). The number of




Fig. 1. Silk gland nuclei form complex 3-dimensional shapes. (Stereo pair
of P1 labelled silk gland nucleus). Fractured silk glands were labelled with a
monoclonal antibody (P1) (Chaly et al., 1984) to a nuclear matrix antigen
(peripherin) followed by an FITC-conjugated 2° antibody. Sixteen optical
sections were taken by confocal microscopy (Leitz CSLM) through a depth of
46 pym. The sections were then "stacked" to give an extended focus image
and processed by the confocal microscope’s software to generate a second
image with a 15° rotation. Scale bar = 10 pm






Fig. 2. Silk gland nuclei have a highly irregular shape. TEM of nucdlei in the
duct region of silk glands from the 4th moult reveals that the nuclear
surface develops elaborate projections. (N = nucleus)

Scale bar = 1 um

Fig. 3. The nucleoplasm contains many irregularly shaped nucleoli. TEM of
cells from the mid gland region in the fifth stadium shows that within each
nucleus are multiple heterochromatin patches (hc) and nucleoli (Nu). The
nucleoli are less electron dense and often form elaborate lamellar
projections. Scale bar =1 um







silk genes is multiplied without nuclear shutdown for "open" mitosis (i.e.
dissolution of the nuclear envelope) and the nuclear surface area is greatly
increased to facilitate nucleocytoplasmic exchange (Akai, 1984). During the
larval to pupal moult, the glands undergo histolysis (Matsuura et al., 1968).

The secretory product of these cells, the silk, is synthesized as several
layers by different regions of the gland (Akai, 1984). The posterior region of
the gland secretes fibroin, the core silk protein. The mid gland region
secretes sericin and acts as a reservoir for the silk. In the glands of Bombyx,
the anterior region serves primarily as a conduit to the spinnerets. The
gland regions also differ in the extent of nuclear branching. In Bombyx, the
most ramified nuclei occur in the posterior and mid regions (Akai, 1984).

The silk glands of Calpodes ethlius used in this study are divided into
5 morphological (and presumably functional) regions (fig. 4) (Wiley & Lai-
Fook, 1974). The posterior and mid regions are analogous to those in
Bombyx. However, the anterior gland region appears to be secretory as well.
Between the anterior gland and the duct is a short region of secretory celis
called the green region because of its natural colour (Wiley & Lai-Fook,
1974). The function of this region is unknown.

1.3 Silk Gland Cytoskeleton

One of the possible mechanisms for nuclear ramification in silk gland
cells is compression by the cytoskeleton, in a manner similar to that which
occurs in some types of spermatids (Dustin, 1978).

The cytoskeleton in silk gland cells is highly organized. Microtubules
are arranged parallel to one another and run from the basal to apical end of
the cell (figs. 5 & 133). This radial microtubule system is responsible for the
transport of secretory vesicles to the apical (luminal) end of the cell (Sasaki,
1977: Sasaki et al., 1981; Sasaki & Tashiro, 1976; Tashiro et al., 1982).
Treatment of silk glands with colchicine or vinblastin sulfate results in the
accumulation of secretory vesicles around the Golgi complexes in the
middle of the cell (Sasaki, 1977; Sasaki et al., 1981).

The second cytoskeletal network is a system of microfilaments and
microtubules at the apical end of the cell (figs. 5 & 98-102). This system
surrounds the gland lumen and is oriented perpendicular to the long axis of
the gland (Couble et al., 1984; Sasaki et al., 1981; Tashiro et al., 1982). The



Fig. 4. The silk glands of Calpodes ethlius are divided into 5 morphological
regions. Calpodes silk glands are simple blind-ended tubes, 2 cells in
diameter and approximately 700-800 in length (Wiley & Lai-Fook, 1974).
The anterior and posterior regions are comparable in length and form the
greatest proportion of the length of the gland. The mid region is slightly
shorter but is the greatest in diameter. The green region, given this name
because of its natural colour (Wiley & Lai-Fook, 1974), is only about 20 to 30
cells in length. A short duct leads to the opening of the gland. (Diagram not
drawn to scale).
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Fig. 5. Silk gland cells have 2 separate cytoskeletal networks. Most of the
microtubules in silk gland cells are oriented towards the apical/luminal face
of the cell. These microtubules form the radial microtubule system. This
system is thought to assist in the transport of secretory vesicles to the apical
end of the cell. A second cvtoskcletal system of microtubules and
microfilaments surrounds the It .1 of the gland. This system may play a
role in the secretion of silk and/our the peristalsis of silk along the length of
the lumen of the gland. (N = nucleus; Lu = lumen; BL = basal lamina).
(Diagram not drawn to scale).
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purpose of this system is not as clearly established. The microtubule
component is thought to be a continuation of the radial microtubule system
which integrates with the microfilaments. The radial microfilament system
has been hypothesized to play a role in silk secretion (Couble et al., 1984;
Sasaki et al., 1981; Tashiro et al., 1982) and/or in the peristalsis of the
luminal silk (Sasaki, 1977; Sasaki & Tashiro, 1976). Similar treatments of
silk glands with cytochalasin give conflicting results; in one study
cytochalasin enhanced the release of secretory vesicles (Sasaki et al., 1981); in
another study it prevented secretory vesicle release (Couble et al., 1984).

1.4 Nuclear Matrix

Another possible mechanism for nuclear ramification is by the
generation of force from within the nucleus. The fact that not all polyploid
cells have ramified nuclei and that isolated silk gland nuclei maintain their
arborescent shapes even after the DNA has been removed (Ichimura et al.,
1985) suggests that a protein skeleton may at least be responsible for
maintaining nuclear shape in silk gland cells.

The nuclear matrix * is thought to be (in part) the nuclear equivalent
of the cytoskeleton (for reviews on the nuclear matrix, see: Comerford et al.
(1986); Kaufmann et al. (1986); Verheijen et al. (1988)). First characterized in
mammalian liver cells by Berezney & Coffey (1974), the nuclear matrix has
received considerable study because of its association with such cellular
events as DNA replication (Berezney & Coffey, 1975; Jackson & Cook, 1986;
Razin, 1987), RNA transcription and processing (Jackson & Cook, 1985;

*N.B. In this study, the term "nuclear skeleton” refers to the protein skelcton of the nucleus,
identified by electron microscopy. This skeleton forms part of the nuclear matrix, which by
definition is the biochemical fraction that resists extraction with detergent, nucleases and
high ionic strength solutions. In vertebrate cclls, the nuclear matrix includes the lamina,
which has a skeletal (supportive) function, and may include an amorphous intranuclear
network of granules and filaments. Some researchers belicve that the intranuclear
components of the matrix have no skeletal function (i.e. provide no structural/supportive

function) and are present due to oxidative cross-linking of looscly bound proteins during

matrix preparation (Kaufmann ef al., 1986).
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Jackson et al., 1981), steroid hormone binding (Aiexander et al., 1987;
Barrack, 1987; Barrack & Coffey, 1982), viral binding (Ciampor, 1988; Simard
et al., 1986) and organization of chromatin following mitosis (Benavente &
Krohne, 1986). However, the role of some of its components remains
controversial due to the variety of conditions under which nuclear matrices
are prepared (Comerford et al., 1986; Cook, 1988). The nuclear matrix is
defined as the subnuclear pellet which resists extraction with a non-ionic
detergent, nucleases, and high ionic strength solutions (Verheijen et al.,
1988). It has been shown that the composition and/or the morphology of
the residual nuclear matrix is affected by the order of the extraction steps
(Kaufmann et al., 1981), the ionic strength of the salt solutions (Capco et al.,
1982), the presence of certain divalent cations (Dijkwel & Wenink, 1986;
Lewis et al., 1984), the presence of reducing agents (Kaufmann et al., 1986)
(fig. 137), and the presence of RNase during extraction (Bouvier et al., 1985;
Fey et al., 1986a). To add further confusion, nuclear matrices have been
prepared from isolated nuclei and in situ from cultured cells (Capco et al.,
1982; Staufenbiel & Deppert, 1984) or disembedded tissue (Capco et al., 1987).
While in situ extraction avoids possible artefacts from homogenization,
many cytoskeletal elements remain by this procedure (Capco et al.. 1982; Fey
et al., 1984b).

The nuclear matrix consists of the peripheral nuclear lamina/pore
complex fraction (fig. 137) and may or may not contain an intranuclear
matrix and a nucleolar matrix.

The primary components of the lamina are the nuclear lamins (for
reviews, see: Franke (1987); Gerace (1986); Krohne & Benavente (1986)). The
lamins are related to the intermediate filaments (Fisher et al., 1986; McKeon
et al., 1986) and are thought to be the ancestors of cytoskeletal intermediate
filaments (Weber et al., 1989). In mammals, there are 3 lamins (designated
A,B,C) which range in molecular mass between 60,000 and 75,000 Da. Each
of the lamins is expressed by a separate message (Laliberté et al., 1984).
Lamins A and C are homologous (except for their carboxy ends). Lamin B is
the only lamin which binds to the nuclear envelope (Georgatos & Blobel,
1987; Gerace & Blobel, 1980; Lebel & Raymond, 1984). Together, these 3
lamins form a meshwork of filaments immediately beneath the nuclear
envelope (Aebi et al., 1986). It is thought that the lamins may serve to
connect the nucleoskeleton with the cytoskeleton via interactions with the
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intermediate filaments (Carmo-Fonseca et al., 1987; Fey et al., 1984b; French
et al., 1989; Georgatos & Blobel, 1987; Katsuma et al., 1987). During mitosis,
the lamins dissociate as they become hyperphosphorylated prior to the
envelope breakdown. The lamins become dephosphorylated as the nucleus
reforms following mitosis (Gerace & Blobel, 1980; Ottaviano & Gerace, 1985).
In mammalian cells, the expression of one or all of the lamins is related to
the state of differentiation of the cell (Collard & Raymond, 1990; Lebel et al.,
1987; Lourim & Lin, 1989; Paulin-Levasseur et al., 1988; Stewart & Burke,
1987).

In other classes, the number of lamin proteins varies. Amphibians
have at least 5 different lamins which are expressed in a tissue-specific or
developmentally-dependent manner (Benavente & Franke, 1985;
Benavente et al., 1985; Krohne & Benavente, 1986; Stick & Iiausen, 1985).

Insects appear to have only 1 lamin gene. In Drosophila embryos, 2
lamin proteins Dm;j (74 kD) and Dm; (76 kD) are derived from a single gene.
The product of the lamin gene, Dmy is enzymatically cleaved to produce
Dm before insertion into the nuclear envelope. Dmj is then
phosphorylated which results in an increase in molecular mass to give Dmj
(Fisher, 1988; Gruenbaum et al., 1988; Smith & Fisher, 1989; Smith et al.,
1987). 1t is noteworthy that although most insect cells do not contain
intermediate filaments (Bartnik & Weber, 1989) (an exception is in
Drosophila Kc cells (Walter & Biessmann, 1984)}, they still express the
intermediate filament-related lamin.

The existence of an internal nuclear matrix remains controversial.
The presence of an intranuclear network depends upon the extraction
conditions used (Cook, 1988; Dijkwel & Wenink, 1986; Fields et al., 1986;
Kaufmann et al., 1981; Kaufmann et al., 1986). Evidence supporting the
existence of an intranuclear matrix includes: TEM visualization of an
internal matrix in situ (Brasch, 1982; Pouchelet et al., 1986),
immunofluorescent localization of nuclear matrix antigens during
extraction (Chaly ef al., 1985; Lehner et al.,, 1986; Staufenbiel & Deppert,
1984), similarities in patterns of extracted and unextracted nuclei (Herlan et
al., 1978), and generation of a nuclear matrix during reactivation of
matrixless nuclei (LaFond et al., 1983; Woodcock & Woodcock, 1986). An
intranuclear matrix has been observed using a variety of techniques
including: TEM of isolated matrices (Berezney & Coffey, 1977; Comings &
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Harris, 1976; Fisher et al., 1982), extracted whole mounts (Capco et al., 1982),
and resinless sections of extracted tissue (Capco et al., 1987; Fey et al., 1984a;
Fey et al., 1986a; Fey et al., 1986b; Fey et al., 1984b); and freeze fracture (Haggis
et al., 1982; Maraldi et al., 1986). Studies have also demonstrated the
presence of a nucleolar skeleton (Benavente et al., 1984; Bourgeois et al.,
1987; Corben et al., 1989; Fields et al., 1986; Franke et al., 1981; Krohne et al.,
1982).

Common proteins in different nuclear matrix studies include actin
(Boyle & Baluda, 1987; Nakayasu & Ueda, 1983; Nakayasu & Ueda, 1985b;
Valkov et al., 1989), RNPs (Berezney, 1980; Fey et al., 1986a; Yancheva et al.,
1986), and topoisomerase II (Berrios et al., 1985) which is part of the
chromosome scaffold (Earnshaw et al., 1985; Earnshaw & Heck, 1985).
Nuclear matrix actin may participate in DNA localization within the
nucleus (Valkov et al., 1989), transcription and/or RNA processing (Carmo-
Fonseca et al., 1989; Nakayasu & Ueda, 1984; Nakayasu & Ueda, 1985a;
Scheer et al., 1984; Schroder et al., 1987), and nucleocytoplasmic transport
(Schindler & Jiang, 1986).

15 Objectives

The giant arborescent nuclei of the silk gland cells of Calpodes ethlius
were studied in an attempt to determine the mechanism of nuclear shape
change and maintenance in cells. The hypothesis of this study is that the

regionally-dependent nuclear shapes are generated by changes (either in
distribution or state of polymerization) in the nuclear skeleton and/or the
cytoskeleton. The aim of this thesis was to identify the nucleoskeletal and
cytoskeletal elements, to determine if their arrangements are related to
nuclear shape, and to establish if any changes occur in the distribution of the
skeletal elements with respect to changes in nuclear shape.
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CHAPTER 2
MATERIALS AND METHODS

2.1 Experimental animals

Calpodes ethlius larvae were reared in a greenhouse on Canna plants
as described previously (Locke, 1970). The 3rd, 4th and 5th stadia last for 3,
3.5 and 8 days respectively. Moult events begin about 36 hours prior to the
4th o 5th ecdysis.

Larvae of Pieris rapae were collected in the wild.

Silk glands were dissected from the larva under artificial
hamolymph: 25 mM KCI; 5 mM NaHPO4; 1 mM MgCl-6H20; 4 mM
CaCljy; 50 mM glucose; 5.6 mM alanine; 2.5 mM glutamic acid; 30.1 mM
glycine; 13.1 mM histidine; 5.7 mM lysine; 18.1 mM serine; 2.2 mM
threonine; 0.2 mM streptomycin sulphate; 84 yM penicillin; 17 puM phenol
red; pH: 7.1 (Ryerse, 1978).

The liver from one female mouse was dissected under PBS (130.9
mM NaCl, 5.1 mM NayHPOy4, 1.6 mM KH,PO4, pH 7.0), and washed with
PBS prior to preparation of nuclear matrices.

2.2 Chemicals

All chemicals used in this study were purchased from the J.T. Baker
Chemical Company (Phillipsburg, N.].), Fisher Scientific (Toronto, Ontario),
or the Sigma Chemical Company (St. Louis, MO.) unless otherwise noted in
the text.

2.3 Feulgen staining of silk glands (Galigher & Kozloff, 1971)

Silk glands were fixed in 5% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4) containing 4% sucrose at 4° C for 1 hour to overnight. They
were then washed in several changes of 0.1 M phosphate buffer (pH 7.4)
containing 4% sucrose and hydrolyzed in 1 normal HCl at room
temperature for 2 minutes and then at 60° C for 8 minutes. The glands were
rinsed in distilled water and stained with basic fuchsin for 1 hour (in the
dark), before being washed with distilled water and 3 changes of dilute
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sulphurous acid (10 mL of 1 normal HCl, 200 mL distilled H2O, and 1 g
sodium bisulfite). Finally, the glands were washed in several changes of
water, dehydrated through a graded series of ethanol, cleared with xylene,
and mounted in Permount.

2.4 Immunofluorescent labelling of silk glands

A thick basal lamina which surrounds the silk gland prevents the
penetration of antibodies into the cell (even after permeabilization with
acetone or Triton X-100). Therefore, in order to make the intracellular
antigens accessible to the antibodies, the glands were "fractured” open. Silk
glands were compressed between glass microscope slides which had been
pre-coated with 1% gelatin in PBS, pH 7.0. The "squashed” glands were
placed on dry ice for 2 minutes. The slides were then pried apart and fixed
for 5 minutes in formaldehyde freshly prepared from 3% to 5%
paraformaldehyde in PBS, pH 7.0. The slides were washed in three 5
minute changes of PBS and then permeabilized witk cold acetone for 10
minutes or with 0.2% Triton X-100 in PBS (pH 7.0) for 20 minutes. The
slides were washed three times in PBS. The slides were then "blocked” in
0.1% gelatin in PBS for 5 minutes followed by a brief wash in PBS. Drops (50
uL) containing 1° antibody in PBS (pH 7.4) with 0.1% gelatin were placed on
each slide over which was placed a coverslip. The slides were placed in
humidity chambers (i.e. sealed plastic boxes lined with wet paper towels)
and left at room temperature for 3 hours (or at 4°C overnight). The
following dilutions of antibodies were used: anti-actin (1:10) (Biomedical
Technologies IgG (rabbit)); anti-myosin (1:10) (Biomedical Technologies IgG
(rabbit)); anti-nuclear matrix monoclonal antibodies P1 (1:400) and PI1
(1:400) (Chaly et al., 1984; Chaly et al., 1985); anti-sea urchin £-tubulin
monoclonal antibody (1:10) (Leslie et al., 1984; Scholey et al., 1984); and anti-
nuclear antibody (auto antibody control ANA positive, speckled pattern;
Sigma diagnostics, Sigma Chemical Co., St. Louis, MO.) (1:4). The slides
were washed three times (for 5 minutes each) in PBS. Following the
washes, 50 uL drops containing 2° antibody in PBS (pH 7.4) with 0.1% gelatin
were placed on each slide over which was placed a coverslip. Slides labelled
with anti-actin or anti-myosin were incubated with FITC-conjugated anti-
rabbit IgG (ICN ImmunoBiologicals) (1:50) or rhodamine-conjugated anti-

17




rabbit IgG (Cooper Biomedical) (1:50); slides labelled with P1 or PI1 were
incubated with rhodamine-conjugated aznti-mouse IgGAM (ICN
ImmunoBiologicals) (1:50) or FITC-conjugated anti-mouse IgG (H+L)
(Cooper Biomedical) (1:50); slides labelled with anti-tubulin were incubated
with rhodamine-conjugated anti-mouse IgGAM (ICN ImmunoBiologicals)
(1:50); slides labelled with anti-nuclear antibody were incubated with FITC-
conjugated anti-human IgG containing an Evan's Blue counterstain (Sigma
diagnostics, Sigma Chemical Co., St. Louis, MO.) (undiluted). A coverslip
was placed on each slide and the slides were incubated in humidity
chambers in the dark at room temperature for 2 hours or at 4°C overnight.
For double-labelling studies, incubation with the second 1° antibody
followed labelling with the first 2° antibody.

Control studies indicated that antibody labelling was specific
(appendix 1; figs. 122-131).

2.5 Labelling silk glands with thodaminyl-phalloin and Heechst

Labelling of fractured preparations with rhodaminyl-phalloin
followed labelling with fluorescein-tagged antibodies. Slides were incubated
(in the dark) with 50 uL drops of rhodamine-conjugated phalloin (0.5
pug/mL in PBS, pH 7.0) for 30 minutes at room temperature.

Labelling of fractured preparations with Heechst for DNA followed
labelling with rhodamine-tagged antibodies. Slides were incubated (in the
dark) with 50 uL drops of Hoechst 33258 (Calbiochem, Behring Diagnostics,
La Jolla, CA.)(10 pg/mL in PBS) for 30 minutes at room temperature.

Labelling of whole silk glands was by incubation (in the dark) with
100 pL of Heechst (10 pug/mL in PBS) and/or rhodamine-conjugated
phalloin (0.5 ug/mL in PBS, pH 7.0) in microfuge tubes for 30 minutes at
room temperature.

2.6 Fluorescence microscopy

Following labelling, the slides (or whole glands) were washed in 3
changes of PBS and mounted in a 9/1 mixture of glycerol/PBS and stored at
-10° C. Bleaching of fluorescent label was not a problem; therefore, no anti-
fading agents were included in the mounting medium. Slides were
examined by epifluorescence microscopy with a Zeiss photomicroscope II
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and photographed with Tri-X Pan film (Kodak, Rochester, N.Y.) at 400 ASA.
Slides were also examined with the BioRad/MRC Lasersharp 500 confocal
microscope (set up for simultaneous detection of fluorescein and
rhodamine fluorescence) or the Leitz CSLM microscope. Confocal images
were photographed directly from the monitor with Kodak Plus-X or T-Max
film.

Control studies indicated that detection of each label was specific
(appendix 1; figs. 122-131).

2.7 Transmission electron microscopy of unextracted silk glands

Silk glands were fixed in 5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4) containing 4% sucrose at room temperature for 30 minutes. The
glands were then cut into 2 mm lengths and fixed in the above fixative
supplemented with 1% tannic acid for 3 hours at room temperature.
Following fixation, the glands were washed three times (10 minutes each) in
0.1 M phosphate buffer (pH 7.4) containing 4% sucrose and then post-fixed
in 1% OsOy4 in 0.1 M phosphate buffer (pH 7.4) containing 4% sucrose for 3
hours at room temperature. The glands were then washed twice in 0.1 M
phosphate buffer (pH 7.4) containing 4% sucrose and four times in distilled
H70. The glands were stained en bloc in half-saturated aqueous uranyl
acetate at 60°C overnight (Locke & Huie, 1980). Gland fragments were
dehydrated through an ethanol series, taken through a transition step of
propylene oxide and then a change of 1/1 propylene oxide/araldite before
embedding in araldite.  Silver sections were cut with either glass or
diamond knives on a Reichart OMU 3 ultramicrotome, stained with lead
citrate and uranyl acetate (Locke & Huie, 1980), and examined in a Philips
300 TEM at 80 kV.

2.8 355-Methionine labelling of silk gland polypeptides

To determine which newly synthesized proteins are incorporated
into the nuclear matrix of branching nuclei, silk glands were dissected from
4th stadium larvae (i.e. at a stage when nuclei are still growing) (Morimoto
et al., 1968). Silk glands were dissected from 15 to 25 larvae. The glands
were incubated in 20 to 40 pL of 355-methionine (1148 Ci/mmol., 10 uCi/uL;
New England Nuclear) in 200 pul of artificial hemolymph for 3 hours.
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Nuclear matrices were then prepared from the labelled glands as outlined
below.

2.9.1 Nuclear matrix isolation (Fisher et al., 1982)

Silk gland nuclear matrices were isolated from fourth stadium or
fourth moult female larvae according to the method of Fisher et al. (1982)
with slight modifications. Their nomenclature for the fractions is used
throughout this study, except that the term "nuclear-associated fraction” is
used instead of "subnuclear fraction”, for reasons that will become apparent.
Preparation of mouse liver nuclear matrices was by the same procedure. All
steps were performed at 4°C unless otherwise noted.

For electron microscopic examination, nuclear matrices were
prepared from silk glands from 20 to 40 fourth moult larvae. For
electrophoretic analysis of silk gland subnuclear proteins, silk glands were
labelled as outlined above.

The glands were homogenized in 10 mL of Extraction buffer (50 mM
Tris-Cl (pH 7.5); 50 mM NaCl; 5 mM MgCly; 250 mM sucrose; 1 mM PMSEF;
120 mM DTT) and filtered through 1 layer of nylon mesh. The material
trapped by the nylon mesh was resuspended in extraction buffer and saved
(fraction F). The filtered homogenate was centrifuged at 1,000 x g for 10
minutes. The post-nuclear supernatant (fraction PNS) was decanted and
saved. The pellet was resuspended in 5 mL of extraction buffer and
centrifuged at 1,000 x g for 10 minutes. The supernatant was decanted and
the pellet was washed a second time with 5 mL of extraction buffer.
Following centrifugation at 1,000 x g for 10 minutes, the "wash"
supernatants (fraction WS) were pooled and saved. The pellet was
resuspended in 10 mL of DNase/RNase buffer (20 mM Tris-Cl (pH 7.5); 5
mM MgClz; 120 mM DTT) containing 150 pug/mL DNase I (Cooper
Biomedical 1958 units/mg) and 150 pg/mL RNase A (Cooper Biomedical
4790 units/mg) and incubated at 37°C for 20 to 60 minutes. The sample was
centrifuged at 1,000 x g for 10 minutes at 4°C, and the nuclease supernatant
(fraction NS) was then decanted and saved. The pellet was resuspended in
10 mL of buffer containing 2% Triton X-100 {Detergent buffer : (a) 290 mM
sucrose; 10 mM Tris-Cl (pH 7.5); 0.1 mM MgCls; £29 mM DTT; (b) 20%
Triton X-100; 0.9 vol. (a) + 0.1 vol. (b)} and incubated on ice for 10 minutes.
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The suspension was centrifuged at 1,000 x g for 10 minutes, and the Triton-X
soluble supernatant (fraction TXS) was decanted and saved. The pellet was
resuspended in 5 mL of salt buffer containing 1 M NaCl {Salt buffer : (a) 290
mM sucrose; 100 mM Tris-Cl (pH 7.5); 0.1 mM MgCly; +20 mM DTT; (b) 2 M
NaCl; 0.5 vol. (a) + 0.5 voi. (b)} and incubated on ice for 10 minutes. The
suspension was centrifuged at 10,000 x g for 10 minutes. The supernatant
was decanted and the salt wash described above was repeated. The "salt
wash" supernatants (fraction SS) were pooled and saved. The pellet (silk
gland nuclear-associated fraction, SGNAF) was resuspended in buffer (20
mM Tris-Cl (pH 7.5); 5 mM MgClp) and saved.

There was little difference in the structure or arrangement of
intranuclear filaments in fractions prepared in the presence or absence of
DTT (i.e. intranuclear filaments persist in the presence of DTT) (see fig. 24).

2.9.2 Nuclear matrix isolation (Berezney & Coffey, 1974)

Silk glands were homogenized in 10 mL of 0.25 STM buffer (0.25 M
sucrose; 50 mM Tris buffer (pH 7.4); 5 mM MgCly; 1 mM PMSF). The
homogenate was then filtered through 1 layer of nylon mesh. The material
trapped by the nylon was saved (fraction F). The filtered homogenate was
centrifuged at 780 x g for 10 minutes. The post nuclear supernatant (fraction
PNS) was decanted and saved. The pellet was resuspended in 10 mL of 2.2
STM buffer (2.2 M sucrose; 50 mM Tris buffer (pH 7.4); 5 mM MgCly; 1 mM
PMSF) and centrifuged at 40,000 x g for 90 minutes (Beckman L2-65B; SW-40
rotor). The supernatant was decanted and saved (fraction 2.2 S). The pellet
was then washed in 10 mL of 0.25 STM buffer, and centrifuged at 780 x g for
10 minutes. The first wash supernatant (fraction WS-1) was saved. The
pellet was then resuspended in 10 mL of MTM buffer (0.2 mM MgCly; 10
mM Tris buffer (pH 7.4); 1 mM PMSF) and incubated for 10 minutes. The
sample was centrifuged at 780 x g for 20 minutes and the second wash
supernatant (fraction WS-2) was saved. The pellet was resuspended in 10
mL of NTM buffer 2 M NaCl; 10 mM Tris buffer (pH 7.4); 0.2 mM MgCly; 1
mM PMSF) and incubated for 10 minutes. The sample was then centrifuged
at 780 x g for 40 minutes, after which the salt soluble supernatant (fraction
SS) was decanted and saved. The pellet was resuspended in 10 mL of TTM
buffer (1% Triton X-100; 10 mM Tris buffer (pH 7.4); 5 mM MgCl;; 1 mM
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PMSF) and incubated for 10 minutes. The sample was centrifuged at 780 X g
for 20 minutes and the Triton-X soluble supernatant (fraction TXS) was
saved. The pellet was resuspended in 10 mL of DNase/RNase buffer (10
mM Tris buffer (pH 7.4); 5 mM MgCly; 1 mM PMSF; DNase 1 (150 ug/mL);
RNase A (150 pg/mL)) and incubated at room temperature for 1 to 2 hours.
The sample was then centrifuged at 780 x g for 20 minutes, and the nuclease
soluble supernatant (fraction NS) was decanted and saved. The pellet
(SGNAF) was washed in 0.25 STM buffer and saved.

2.10 Preparation of fractions for electrophoresis

Fractions were precipitated with 15% TCA on ice for 30 minutes and
then centrifuged at 5,000 x g for 10 minutes at 4°C. The supernatants were
decanted and the pellets were overlayed with ether. The pellets were
centrifuged at 5,000 x g, the ether was decanted, and the pellets were
desiccated under vacuum overnight. The pellets were then homogenized
in 8 or 9M urea, 5% B-mercaptoethanol, 1 mM PMSF (200 uL per fraction).
The fractions were sonicated and then centrifuged for 2 minutes (Eppendorf
5414). Samples for electrophoresis were drawn from the supernatants. The
amount of radioactive label incorporated into each of the fractions was
quantified by adding 5 uL of sample to 10 mL of Aquasol (New England
Nuclear), and then counting the samples in a liauid scintillation counter
(Beckman LS-255).

2.11 Polyacrylamide gel electrophoresis

SDS-polyacrylamide gel electrophoresis was done according to the
method of Laemmli (1970), with the exception that the separating gel
consisted of a 7.5% to 17.5% gradient and was overlayed with a 3% stacking
gel (Atkinson, 1981). The gels were calibrated by the co-electrophoresis of
proteins of known molecular mass (i.e. low molecular weight standards:
phosphorylase B (94,000), bovine serum albumin (67,000), ovalbumin
(43,000), carbonic anhydrase (30,000), soybean trypsin inhibitor (20,100), and
a-lactalbumin (14,400); Pharmacia Fine Chemicals, Piscataway, N.J.).

Two-dimensional electrophoresis was performed according to the
method of O'Farrell (1975) with a 4/1 mixture of pH 3.5-10 and pH 4-6
ampholines (LKB Instruments Inc., Rockville, England). The pH gradients




established in IEF gels were determined by measuring the pH of slices of a
blank gel equilibrated in boiled distilled H2O (Saleem & Atkinson, 1976).
Approximately 100,000 counts per minute of each fraction were loaded onto
tube gels. Following electrophoresis in the first dimension (BioRad Tube
Cell, model 150A), prior to loading the IEF gels onto the second dimension,
the gels were extruded and stained according to the method of Gower &
Tytell (1985). Following electrophoresis in the second dimension, gels were
stained with 0.5% Coomassie Blue R250 in 50% methanol and 10% acetic
acid (Weber & Osborn, 1969). Gels to be processed for fluorography were
first soaked in En3Hance (New England Nuclear) for 1 hour and then
washed in running water for 30 minutes. The gels were dried onto a piece
of Whatman 3MM filter paper with a BioRad 224 gel slab dryer and then
placed with an opposing preflashed film (Kodak X-Omat AR-5) in a -70°C
freezer (Laskey & Mills, 1975). The films were exposed for 2 to 3 weeks.

2.12 Immunoblotting

The silk gland nuclear-associated fraction prepared from 45 fourth
moult larvae was separated by SDS-polyacrylamide gel electrophoresis in
one dimension. The fraction (solubilized in 200 uL of 9M urea, 5% 8-
mercaptoethanol, 1 mM PMSF) was loaded into a single well which
extended the entire width of a 12% minigel (BioRad Mini Protean II).
Immediately following electrophoresis, the separated polypeptides were
transferred to nitrocellulose for 3.5 hours at 70V (BioRad Transfer Cell)
following the method of Towbin et al. (1979). After transfer, a 5 mm vertical
strip was cut from the blot and stained in 0.1% amido black in 50%
methanol and 10% acetic acid. The remainder of the blot was placed
immediately in a blocking solution of 3% gelatin in TBS (20 mM Tris, pH
7.5, 500 mM NaCl) and incubated with gentle agitation for 1 hour at room
temperature. The blot was then washed twice in TTBS (0.05% Tween-20 in
TBS, pH 7.5) for 10 minutes. Vertical strips (5 mm in width) were cut from
the blot for immunolabelling and the remainder of the blot was dried and
stored. The strips were each placed in individual 15 mL culture tubes (with
screw caps) which contained 5 mL of 1° antibody (anti-actin; IgG (rabbit)
Biomedical Technologies, Stoughton, MA.) diluted (1:200) in buffer (1%
gelatin in TTBS). The blots were incubated with gentle agitation at room



temperature overnight. Following two 5 minute washes in TTBS, the blots
were placed in 5 mL of 2° antibody (alkaline phosphatase-conjugated goat
anti-rabbit IgG (H+L), BioRad, Richmond, CA.) diluted (1:2000) in buffer.
The blots were incubated with gentle agitation at room temperature for 1.5
hours. The blots were then washed twice (5 minutes each) in TTBS and
once in TBS. Development of the blots was performed according to the
method outlined in the BioRad Immunoblot Assay Kit.

2.13 Preparation of silk gland nuclear matrices for scanning electron
microscopy

Silk gland nuclear matrices were prepared in situ for SEM by the
method of Fey et al. (1984b) with slight modifications. Silk glands were
dissected from mid fifth stadium Calpodes larvae under artificial
hamolymph. Extraction and examination of silk gland nuclei by SEM is
prevented by the presence of a thick basal lamina which resists digestion
with proteases and is difficult to remove mechanically. Occasional tears in
the basal lamina (partially digested with trypsin) produce windows through
which the extracted cells can be viewed. Prior to extracting the glands for
nuclear matrices, the glands were placed in a 50/50 solution of
glycerol/Calpodes ringers {25 mM KCl; 5 mM Na;HPOy4; 1 mM MgCl-6H»0;
4 mM CaClyp; pH 8.1 (Ryerse, 1978)} containing 0.5% trypsin and digested for
20 minutes at room temperature. Following trypsinization, the glands were
placed in CSK buffer (100 mM NaCl, 300 mM sucrose, 10 mM PIPES, pH 6.8,
3 mM MgCl,, 1.2 mM PMSF) containing 1% Triton X-100 and extracted for
40 minutes at 4°C. The glands were then placed in extraction buffer (250
mM (NH4)2SO4, 300 mM sucrose, 10 mM PIPES, pH 6.8, 3 mM MgClp, 1.2
mM PMSF, and 0.5% Triton X-100) and extracted for 20 minutes at 4°C. To
remove nucleic acids from the nuclei, the glands were digested for 1 hour at
room temperature in CSK buffer (with 50 mM NaCl) containing 200 pug/mL
each of DNase 1 and RNase A. Following this digestion, an equal volume of
0.5 M (NHy)2S04 was added to the glands in suspension and incubated for
10 minutes at room temperature. The extracted glands were fixed in 2.5%
glutaraldehyde in CSK buffer for 40 minutes followed by a wash i.. CSK
buffer. The extracted tissue was dehydrated through acetone and critical
point dried (Tousimis Samdri-PVT-3B critical point dryer). The dehydrated
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tissue was then mounted on SEM stubs, coated with gold in a sputter coater
(Hummer VI; Anatech, Ltd.), and viewed with an Hitachi S-570 SEM at 20
kV. As was found by Fey et al. (1984b), some cytoskeletal elements (i.e.
extranuclear filaments) resist extraction with this protocol (fig. 23).

2.14 Preparation of fractions for transmission electron microscopy

Glutaraldehyde (25%) was added to nuclear fractions (see section 2.9.1)
in suspension to give a final concentration of 2.5%. The samples were
vortexed and allowed to fix at 4°C for at least 1 hour (for immunogold
labelling, a fixation time of only 1 hour was used). After fixation, the
samples were centrifuged at 5,000 x g for 10 minutes. The supernatants were
decanted and the pellets were washed three times in 0.1 M phosphate buffer
(pH 7.4) containing 4% sucrose. Pellets to be prepared for conventional TEM
were postfixed in 1% OsOy in 0.1 M phosphate buffer (pH 7.4) containing 4%
sucrose. Pellets to be embedded in LR White and immunogold labelled
were not postfixed in osmium in order to preserve actin filaments (Maupin-
Szamier & Pollard, 1978) and to avoid excessive heating during
polymerization (Newman, 1987). Following postfixation, the pellets were
washed three times in 0.1 M phosphate buffer followed by three washes in
distilled H2O. For conventional TEM, the pellets were stained en bloc with
half-saturated aqueous uranyl acetate (Locke & Huie, 1980) and then
dehydrated through an ethanol series. The pellets were then taken through
a transition step of propylene oxide and then a change of 1/1 propylene
oxide/araldite prior to embedding in araldite. Pellets to be immunogold
labelled were either dehydrated to 70% ethanol and then passed through
three changes of LR White before polymerization in LR White or
dehydrated up to 100% ethanol and then passed through three changes of
LR White prior to polymerization (N.B. ratio of accelerator to resin = 15uL
to 10 mL) (Newman, 1987). Pellets in LR White were polymerized in sealed
1.5 mL microfuge tubes (Eppendorf) placed in ice.

2.15 Immunogold labelling of sections (Leung et al., 1989)

Silver sections, collected on 300 mesh nickel grids, were "blocked" by
placing the grids section-side down on a drop of 3% BSA for 20 minutes.
Without washing, the grids were transferred to drops containing 1° antibody




in PBS (pH 7.4) and left at room temperature for 3 hours (or at 4°C
overnight) in humidity chambers (i.e. sealed plastic boxes lined with wet
paper towels). The following dilutions of antibodies were used: anti-actin
(1:25) (Biomedical Technologies IgG (rabbit)); anti-myosin (1:25) (Biomedical
Technologies IgG (rabbit)); anti nuclear matrix monoclonal antibody P1
(1:400) (Chaly et al., 1984; Chaly et al., 1985). Following incubation in 1°
antibody, the grids were washed three times (for 5 minutes each) by placing
them section-side down on drops -7 ?BS in a petri dish placed on a magnetic
stirrer. Following the washes, the grids were placed section side down on
drops of PBS containing a 1:100 dilution of 2° antibody. Sections labelled
with anti-actin or anti-myosin were incubated in 5 nm gold-conjugated anti-
rabbit IgG (Janssen Life Sciences, Olen, Belgium); sections labelled with P1
were incubated in 10 nm gold-conjugated anti-mouse IgG (Sigma Chemical
Co., St. Louis, MQ.). Sections were incubated at room temperature for 2
hours in humidity chambers. The grids were then washed three times in
PBS (as described above) and rinsed in distilled wat~r before staining with
half-saturated aqueous uranyl acetate (10 minutes) and lead citrate (2
minutes) (Locke & Huie, 1980).
N.B.: sections which were double labelled with antibodies to actin and the
nuclear matrix antigen P1 were labelled on the same side of the section since
the antibody to actin was raised in rabbit and the antibody to P1 was raised in
mouse.

Control studies indicated that antibody labelling was specific (see
appendix 2).

2.16 Heavy meromyosin labelling of silk gland nuclear-associated (nuclear
matrix) fractions

Pellets of the silk gland nuclear-associated fraction from fourth moult
larvae were incubated in microfilament stabilization buffer (70 mM KCIl, 5
mM MgCl;, 1 mM EGTA, 1 mM PMSF, 20 mM Tris, pH 7.0) containing 2
mg/mL of heavy meromyosin (Sigma) for 1 hour at room temperature
(Hirokawa et al., 1983). The sample was briefly centrifuged (Eppendorf 5414).
The supernatant was decanted and the pellet was washed in three changes
of stabilization buffer. The pellet was then fixed in 2.5% glutaraldehyde in
stabilization buffer containing 0.2% tannic acid at 4°C overnight. Following
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fixation, the pellet was washed three times in stabilization buffer and then
three times in distilled HyO. The pellet was stained en bloc with half-
saturated aqueous uranyl acetate (Locke & Huie, 1980) for 3 hours at room
temperature. The pellet was then washed, dehydrated through ethanol,
passed through a transition step of propylene oxide and then a change of 1/1
propylene oxide/araldite prior to embedding in araldite.
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CHAPTER 3

The Development of Branched Silk Gland Nuclei:
the Silk Gland Nuclear Matrix

3.1 Introduction

Although the cytoskeletal control of cell shape has received much
attention, little is known about the way that the shape of nuclei is
determined. The nuclear skeleton or nuclear matrix (Berezney & Coffey,
1974) (for reviews, see: Comerford et al. (1986); Kaufmann et al. (1986);
Verheijen et al. (1988)) is thought to determine nuclear shape in much the
same way that the cytoskeleton regulates cell shave (Clark & Spudich, 1977;
Honer et al., 1988). The nuclear matrix consists of a peripheral nuclear
lamina (Franke, 1987; Gerace, 1986; Krohne & Benavente, 1986) and an
internal network of filaments, granules and residual nucleoli, depending on
the isolation conditions used (Fields et al., 1986; Kaufmann et al., 1981;
Kaufmann et al., 1986).

There have been many studies showing the non-random
organization of nuclear contents (e.g. chromosomes (Gruenbaum ef al.,
1984; Hochstrasser et al., 1986; Hochstrasser & Sedat, 1987a; Hochstrasser &
Sedat, 1987b; van Dekken et al., 1989), nucleoli (Locke & Leung, 1985), RNPs
(Fey et al., 1986a; Smith et al., 1986; Spector, 1989), mRNA tracks (Lawrence
et al,, 1989)). One study has shown changes in the nuclear matrix with
changes in nuclear size (Wunderlich & Herlan, 1977), yet no one has
correlated the arrangement of the nuclear matrix with changes in nuclear
shape. One reason for this is that most nuclei remain unchanging spheres
or ovoids during development. Any subtle changes would be difficult, if
not impossible, to detect. The branched nuclei of Lepidopteran silk gland
cells are an exception.

During larval life, DNA is replicated without cell division in the silk
glands. In Bombyx mori there are about 18, 19, and 13 rounds of
endomitosis (or endoreduplication) in the posterior, mid, and anterior
regions, respectively (Perdrix-Gillot, 1979). Fully formed nuclei may be
several hundred micrometres across and visible to the naked eye when
stained. As each nucleus grows, it can form hundreds of branches
throughout the cell (Akai, 1984).




The arborescent nuclei of silk glands were studied in an attempt to
find a correlation between nuclear shape and the arrangement of nuclear
matrix components. It was expected that growth in these nuclei would
involve an exaggeration of the elements that control nuclear shape in less
elaborate nuclei, thus making the processes easier to observe. It was found
that matrix elements are aligned parallel to the long axes of nuclear
branches, as would be expected if shape depends upon the arrangement of
the matrix.

3.2 Results

3.2.1 The regional development of branched nuclear patterns during larval
life

Feulgen stained silk glands from 20d instar Calpodes larvae had
ovoid nuclei with little difference in shape between regions (figs. 6-9).
Slight indentations or projections at the surfaces of nuclei in the mid region
(fig. 10), and dumbbell-shaped nuclei in the posterior region (fig. 11)
foreshadowed the future complex patterns.

Early in the third stadium, furrows appeared along the long axes of
nuclei in the anterior region (fig. 12) and lateral projections extended from
nuclei in the mid region (fig. 13). By the fourth stadium, the gland had
differentiated into five regions (duct, green, anterior, mid, and posterior
(Wiley & Lai-Fook, 1974)), distinguishable by the form of their highly
branched nuclei.

By the middle of the fifth stadium, the nuclei had branched to their
greatest extent. In the anterior-most region, the duct had relatively small,
slightly branched nuclei (fig. 14). The green region had simple C-shaped
nuclei (figs. 14 & 15) which only branched slightly at their ends late in the
stadium (fig. 14). There was an abrupt transition in nuclear shape between
the duct and the green region (fig. 14). A similar abrupt transition occurred
in nuclear shape between the green and anterior regions (fig. 15). The
anterior gland region had slightly branched nuclei (fig. 16), larger and more
branched than those of the duct and green regions. The largest and most
elaborately branched nuclei occurred in the mid region (fig. 17), where the
nuclei were several hundred micrometres across (approximately 200 um by



Figs. 6 to 18. The silk gland nuclei grow and branch gradually throughout
larval life to form regionally characteristic arborescent shapes. Silk glands
were stained with Feulgen stain for DNA.

Figs. 6 to 11. Silk gland nuclei from early larval stadia are smooth and
ovoid. Early in the second stadium, there is little difference in structure
between the duct (Du) (fig. 6), green (Gr) (fig. 6), anterior (fig. 7), mid (fig. 8)
and posterior (fig- 9) regions of the gland. The first signs of branching
appear late in the second larval stadium. Nuclei in the mid region of the
gland have lateral bumps (fig. 10). Nuclei in the posterior region form
dumbbell shapes (fig. 11). Scale bars = 100 um (figs. 6-9); 10 um (figs. 10,11)

Figs. 12 & 13. The first signs of nuclear branching appear during the third
lasval stadium. Furrows develop along the length of the nuclei in the
anterior region of the silk gland at this time (fig. 12). The position of the
furrow is similar in many cells. At the same time, lateral branches project
from the mid region nuclei during the third larval stadium (fig. 13). Scale
bars = 100 um
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Figs. 14 to 18. Regionally characteristic nuclear shapes are most elaborate by
the middle of the fifth stadium. Nuclei of the duct (Du) are relatively small
and simple in their branching pattern (fig. 14). Nuclei of the green region
(Gr) (posterior to the duct) are C-shaped and show little or no branching
(figs. 14,15). The transition between the duct and the green region (fig. 14)
and the transition between the green region and the anterior region (fig. 15)
of the silk gland are marked by a sudden changes in nuclear morphology.
Nuclei of the anterior region are moderately branched (fig. 16). Nuclear
morphology is most complex in the mid region of the gland (fig. 17). Mid
region nuclei are several hundred micrometres across and extensively
branched. Posterior region nuclei (fig. 18) are moderately branched (more so
than the nuclei of the anterior region) but are compacted within the cells.
The nuclear branching pattern is more three-dimensional in this region
than the two-dimensional branching in the mid and anterior regions.
Feulgen stained fat body nuclei (arrowheads) which appear adjacent to the
silk gland indicate the relative difference in size between nuclei of the silk
gland and fat body.

Scale bars = 100 um




33




1,000 um) with several hundred small branches. The nuclei of the posterior
region were more compact but with 3-dimensional branching (fig. 18).

Even in the largest nuclei, the diameter of branches remained about
the same as that of whole nuclei from earlier stadia (10 to 20 pm; compare
figs. 7-9 & 17), and only slightly greater than nuclei from other large cells
(fig. 18). This kind of nuclear growth results in the nuclear contents never
being separated from the cytoplasm by more than a 10 um distance.

During the larval moults, large Feulgen-negative patches appeared in
the nuclei of the anterior region of the gland (fig. 19). Initially, these patches
were thought to correspond to spherical nuclear bodies which appear in the
anterior region nuclei at the same time (fig. 20). Preliminary investigations
with confocal microscopy, however, indicated that these patches were
ex'ranuclear, and are probably formed by the compression of the nuclear
surface by cytoplasmic vacuoles (figs. 21 & 22).

3.2.2 The 3-dimensional arrangement of the nuclear matrix resembles the
shape of intact nuclei

If the nuclear matrix plays a role in the branching of silk gland nuclei
then it is 2xpected that the orientation of matrix components would reflect
the orientation of growth of the branches. SEM of silk glands extracted ir:
situ with Triton X-100, nucleases, and high salt solutions (fig. 23) showed
that the residual nuclear matrices had shapes similar to those of intact
Feulgen stained nuclei. The nuclear lamina formed a 3-dimensional
meshwork of filaments with a bias in their orientation parallel to the long
axes of the nuclear branches.

TEM of thin sections of the nuclear matrix fraction revealed discrete
structural components. Whole nuclei never occurred in these preparations
because the technique used for isolation caused shredding of the branches.
Yet the ends of the branches often remained intact. Intranuclear filaments
were oriented normal to sheets of nuclear lamina at the nuclear surface.
These filaments are presumed to be terminating at the ends of branches.
The filaments were arranged parallel to each other and to the long axes of
the branches (fig. 24).

Epifluorescent imaging of Hoechst stained cells showed DNA had a
similar alignment in strands paraliel to the long axes of the branches (fig.




Figs. 19 to 22. Feulgen-negative patches which form in the anterior region
nuclei during the 4th moult are probably caused by nuclear compression.
During the fourth larval moult, large feulgen-negative patches form in the
nuclei of the anterior region of the gland (fig. 19). Initially, these patches
were thought to correspond to spherical nuclear bodies (NB) which also

form during the moult (fig. 20). The nuclear bodies are more regular in
profile than nucleoli (compare with fig. 3). Saggital sections (stained with
Toludine blue) through the lumen of the gland show that the nuclei in this
region are compressed by large cytoplasmic bodies or vacuoles (v) (fig. 21).
Similar depressions in the nuclear surface by cytoplasmic vacuoles (v) can
be seen in thin sections of nuclei of this region (fig. 22). Scale bars = 25 pm
(fig. 19); 1 um (fig. 20); 25 pm (fig. 21); 0.5 pm (fig. 22).
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Fig. 23. The nuclear skeleton of silk gland cells conforms to the elaborate
shape of the nucleus. Silk gland cells extracted in situ and examined by SEM
show the meshwork of the nuclear lamina (NL) forms shapes which are
similar to shapes of Feulgen stained silk gland nuclei. In some regions the
filaments of the lamina have a bias in their orientation which is parallel to
the long axis of the branch. Some extranuclear cytoskeletal elements
(arrows) resist extraction in situ. Scale bar = 1 um

Fig. 24. Intranuclear filaments of the silk gland nuclear matrix are arranged
parallel to each other. Silk gland nuclei contain an intranuclear matrix
even when isolated in the presence of DTT. The filaments of this matrix are
aligned parallel to each other and are oriented parallel to the long axis of the
nuclear branch. This arrangement of filaments occurs at the ends of the
nuclear branches. Further into the nuclear interior, the matrix is coarser
and randomly arranged (see fig. 66). Scale bar =1 um

Fig. 25. The spatial arrangement of DNA within the silk gland nuclei
reflects the arrangement of the nuclear matrix. Silk gland nuclei stained
with Heechst 33258 for DNA show the DNA arranged in strands parallel to
the long axis of the nuclear branch. Scale bar = 10 um







25). DNA is therefore arranged in strands parallel to the nuclear matrix
filaments.

Homogenization and extraction often produced isolated sheets of
nuclear laminae in the matrix fraction (fig. 26) which were identified by
labelling with the monoclonal antibody (P1) to peripherin (fig. 27) and by
the structural features that they shared with the nuclear envelope. They
contained densely packed nuclear pore complexes, some of which retained
the electron dense plug seen in sections of unextracted cells (figs. 27 & 28).

It can be concluded that silk gland nuclei do possess a skeleton which,
at least, maintains their branched shapes. Furthermore, there is an
intranuclear matrix in which arrays of parallel filaments extend from the
nuclear lamina at the ends of nuclear branches. Thus, the nuclear lamina
and the intranuclear matrix are arranged in an architecture appropriate for
maintaining (if not generating) nuclear shape.

3.2.3 The polypeptides forming the nuclear matrix

If nuclear branching is the result of an hypertrophy of a process
occurring in most nuclei, then there may be an abundance of particular
nuclear matrix polypeptides common to all nuclei. If, on the other hand,
nuclear branching is a consequence of a unique specialization within silk
gland nuclei, then there may be an abundance of equally unique
polypeptides for the purpose. There might also be an increased synthesis of
the particular polypeptides needed for incorporat.on into the matrix during
or preceding branching. To determine which proteins incorporate into the
matrix of growing nuclei, silk glands from 4th stage larvae (i.e. when the
nuclei were growing and branching (Morimoto et al., 1968)) were labelled
with 35S-methionine. The nuclear matrices were then isolated and
analyzed by two dimensional SDS-polyacrylamide gel electrophoresis and
fluorography. Since the composition of the matrix can be affected by the
order of extraction steps (Kaufmann ef al., 1981), two different protocols
were used (figs. 29-32).

Components of the matrix fraction common to both extraction
procedures included: a polypeptide (76 kD, pI 5.9) similar in molecular
weight and pl to Drosophila lamin (Smith & Fisher, 1989); a polypeptide (43
kD, plI 6.45) similar in molecular weight to actin (see Chapter 4); and
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Figs. 26 to 28. Sheets of nuclear laminae label with P1. Nuclear matrices
isolated from silk gland cells often contain isolated sheets of nuclear
laminae (fig. 26). The identification of these structures as nuclear lamina is
based upon the presence of nuclear pore complexes (NP) (which contain
electron dense plugs (arrows) similar to those seen in unextracted cells) (figs.
27,28) and labelling with colloidal gold tagged anti-peripherin (P1) (fig. 27).
Scale bars = 0.5 um (fig. 26); 0.1 pm (figs. 27,28)
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Figs. 29 to 32. The silk gland nuclear matrix fraction is characterized by an
abundance of a very few polypeptides. Nuclear matrices were isolated from
35S-methionine labelled silk glands dissected from 4th instar Calpodes
larvae. Nuclei during this stage of development are still growing and
branching (Morimoto et al., 1968). Nuclear matrices were prepared by two
different methods in order to determine if the presence of any of the
structural components is affected by the order or ionic strength of the
ext. . tion steps (Kaufmann et al., 1981). Polypeptides common to both of
the nuclear matrix fractions revealed by Coomassie stained 2-D
polyacrylamide gels (figs. 29, 31) and corresponding fluorograms (figs. 30,32)
include: a polypeptide (76 kD, pI 5.9) which is similar in molecular weight
and pI to Drosophila lamin (1) (Fisher, 1988); a 43 kD polypeptide (pl 6.45)
which is similar in molecular weight to actin (a); a 49 kD polypeptide (pI 5.9)
and a 26 kD polypeptide (pI 5.0-5.2). One polypeptide (16.7 kD, plI 4.9-5.1)
forms a large proportion of the newly synthesized polypeptides associated
with the matrix but is barely detected in Coomassie stained gels.
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polypeptides of 26 kD (pI 5.0-5.2) and 49 kD (pI 5.9). Some polypeptides (e.g.
16.7 kD, pI 4.9-5.1; 73 kD, pI 5.2) formed a large proportion of the newly
synthesized polypeptides associated with the matrix but a small proportion
of the total protein complement of the matrix. The presence of a few
polypeptides (45, 55, & 63 kD) was affected by the order and/or ionic strength
of the extraction steps.

Therefore, the nuclear matrix is formed mainly from a few proteins,
some of which are not unique to silk glands.

324 Antigens found in other eukaryote nuclei also occur in silk gland
nuclei

The small number of polypeptides found in the silk gland nuclear
matrix did not preclude the possible existence of other minor proteins in
these nuclei not detected by electrophoresis. To see if silk gland nuclei
contained other proteins in addition to those detected by electrophoresis and
to determine the localization of these proteins during d-velopment, silk
gland nuclei were probed with antibodies to nuclear proteins found in more
typical, unbranched, vertebrate nuclei. Anti-nuclear matrix monoclonal
antibodies P1 and PI1 but not P12 were bound by the silk gland nucleus. PI1
(figs. 33 & 35) and P1 (figs. 34 & 36) were localized at the nuclear periphery
both early in development, when the nuclei were simple in shape and later,
when nuclei formed many branches. The localization of these antigens did
not change during development (figs. 33-36).

Silk gland nuclei also reacted with anti-nuclear antibodies from
human auto-immune sera (fig. 62) to snRNPs.

It can be concluded that silk gland nuclei contain many antigens
found in smaller, more regularly shaped nuclei. Thus, branching may be
accomplished by the selective use of processes present in most cells and/or
by the use of elements present in proportionately small amounts not
detected by electrophoresis.

3.3 Discussion

Silk gland cells of Calpodes ethlius have nuclei that branch in
patterns characteristic for each part of the gland. Although the nuclear
shapes are not identical between adjacent cells, there are general similarities




Figs. 33 to 36. Silk gland nuclei label with monoclonal antibodies to nuclear
matrix antigens found in more typical nuclei. Crushed/fractured silk glands
were probed with monoclonal antibodies PI1 (figs. 33,35) and P1 (figs. 34,36)
to nuclear matrix antigens (Chaly et al., 1984) followed by FITC-conjugated
anti-mouse IgG. The localization of these antigens does not change with
development. Both antibodies label the nuclear periphery early in larval
life, when nuclear morphology is simple (figs. 33,34), and later, when the
nuclei have many branches (figs. 35,36). Figs. 33 & 34: Silk gland nuclei
from 3rd instar larvae. Figs. 35 & 36: Silk gland nuclei from 4th moult
larvae. Photographed using a Zeiss Photomicroscope II. Scale bars = 25 um
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in the branching patterns within each region. These regionally
characteristic branching patterns suggest that some factor is responsible for
controlling nuclear shape. SEM and TEM of extracted nuclei show that silk
gland cells have a nuclear matrix which conforms to the three-dimensional
shape of the nucleus. The nuclear lamina is a meshwork of filaments
similar to that found in vertebrate nuclei (Aebi et al., 1986) except that the
lamina filaments have a bias in the direction of the long axes of nuclear
branches. The orientation of the nuclear matrix filaments (both laminar
and intranuclear) makes them unlike those found in other cells. The
matrix arrangement is consistent with the hypothesis that the oriented
growth of nuclear branches may be (in part) the result of polarized growth of
the lamina and intranuclear filaments. The role of the matrix in
maintaining shape is confirmed by the finding that nuclei isolated from the
silk glands of Bombyx mori maintain their shapes even in salt solutions
which extract DNA (Ichimura et al., 1985).

In silk gland nuclear matrices, intranuclear filaments persist in the
presence of DTT. In this respect, the silk gland nuclear matrix is similar to
other insect cells (Fisher, 1988; Fisher et al.,, 1982) and is unlike that in
mammals. The stability of the intranuclear matrix is not dependent upon
oxidative cross-linking (Dijkwel & Wenink, 1986; Fields et al., 1986;
Kaufmann et al., 1986).

Typical nuclear matrix preparations from vertebrate cells may contain
several polypeptides (Peters & Comings, 1980). The polypeptide composition
of the silk gland nuclear matrix fraction is simpler; it contains an abundance
of a very few polypeptides. One polypeptide is similar in molecular weight
and pI to Drosophila lamin (Smith & Fisher, 1989; Smith et al., 1987).
Lamin is expected to be abundant given the large surface area of the nucleus.
There are other polypeptides which form part of the nuclear matrix (49 kD
& 26 kD) whilst some are only temporarily associated with it (16.7 kD). One
polypeptide which maintains its association with the nuclear matrix and is
similar in molecular weight to actin will be discussed in more detail below
and in Chapter 4.

Although exceptional in size and shape, silk gland nuclei contain
elements common to all nuclei. They bind monoclonal antibodies (P1 and
PI1) (Chaly et al., 1984) to nuclear matrix antigens which occur in many
eukaryotic nuclei: both plant and animal (Chaly et al., 1986). The antigen
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detected by P1 (anti-peripherin) is associated with chromatin (Chaly et al.,
1984; Chaly et al., 1985) and with the nuclear lamina (Chaly et al., 1989). The
nuclear matrix antigen detected by PI1 is part of a glycoprotein associated
with the nuclear pore complex (Dabauvalle et al., 1988). The surfaces of
branched nuclei are not specialized with respect to the distribution of these
antigens. Confocal microscopy shows that both antigens are evenly
distributed over the entire nuclear periphery without regard for branching.
The exclusively peripheral distribution of PI1 labelling in silk gland nuclei
was similar to that found in Drosophila Kc cells (Chaly -t al., 1986) and
Xenopus oocytes (Dabauvalle et al., 1988).

Actin is capable of polarized growth and known to regulate shape in
cells (Clark & Spudich, 1977; DeBiasio et al., 1988). Actin in the nuclear
fractions was a likely candidate for the parallel intranuclear matrix
filaments. However, the intranuclear matrix filaments did not label with
antibodies to actin or heavy meromyosin (results not shown). A lamina-
like component of the silk gland nuclear fraction, different from the nuclear
lamina, did bind antibodies to actin and myosin as well as heavy
meromyosin (Chapter 4). This structure, which is referred to as the nuclear
shell, is found at the nucleocytoplasmic interface. The nuclear shell may
work in conjunction with polarized growth of the nuclear matrix to shape
silk gland nuclei.

It can be concluded that silk gland nuclei have a matrix which
conforms to the nuclear shape and which may therefore be responsible for
maintaining (and perhaps generating) the regionally specific shapes. The
branched pattern is associated with the amplification of a few main matrix
components which are also found in other cells. Other components, which
are present in small or undetectable amounts, may also play some role in
nuclear ramification. The oriented arrangement of the matrix filaments is a
unique feature of these branched nuclei and suggests a role for them in the
growth of nuclear branches.




CHAPTER 4

A Shell of F-actin Surrounds the Branched
Nuclei of Silk Gland Cells

4.1 Introduction

Although actin has been found within interphase nuclei, the
existence of functional nuclear actin is controversial (Goldstein et al., 1977b;
LeStourgeon, 1978). It has be ‘n suggested that actin found in the nucleus
may be cytoplasmic contamination (Comings & Okada, 1976). Actin has
been found to form a filamentous matrix throughout the nucleoplasm
(Clark & Rosenbaum, 1979; Crowley & Brasch, 1987; Nakayasu & Ueda,
1985b; Parfenov & Galaktionov, 1987) and may even exist as unique nuclear
isoforms (Bremer et al., 1981; Kumar et al., 1984; Nakayasu & Ueda, 1986).
Nuclear actin (or nuclear-associated actin) has been implicated in a variety
of cellular functions including: nucleocytoplasmic transport (Schindler &
Jiang, 1986; Ueyama et al., 1987), condersation of chromatin (Goldstein et al.,
1977a; Rubin et al., 1978; Rungger et al., 1979), snRNP attachment (Carmo-
Fonseca et al., 1989; Nakayasu & Ueda, 1984), DNA attachment (Valkov et
al., 1989), transcription (Nakayasu & Ueda, 1985a; Scheer et al., 1984,
Schrider et al., 1987), chromosrme movement durig mitosis (Forer, 1988),
and viral nucleocapsid assembly (Vo'kxman, 1988). It has even been
suggested that actin may be responsible for the maintenance of nuclear
structure (i.e. nuclear shape) (Fukui, 1978; Fukui & Katsumara, 1980;
Heslop-Harrison & Heslop-Harrison, 1989a; LeStourgeon, 1978; Nakayasu &
Ueda, 1983).

The association of actin with the silk gland nuclear matrix fraction
suggested that it may play a role in nuclear ramification. The presence and
distribution of actin in such extraordinarily shaped nuclei might confirm
the possibility of its involvement in the determination of their shape.

It was found that silk gland nuclear matrix fractions contain a nuclear
isoform (43 kD, pl 6.45) of a polypeptide similar in molccular weight to
actin. The association of actin with these highly branched nuclei was
confirmed by immunofluorescence and by immunogold and heavy
meromyosin labelling of the nuclear-associated fraction. A myosin-like
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antigen was also found to be associated with the branched nuclei. Both
antigens occur in a peripheral nuclear layer called the nuclear shell.

Thus, both actin and myosin of the nuclear shell may participate in
nuclear growth and shape change in much the same way that cell shape
may be controlled by cytoplasmic actin and myosin (Conrad et al., 1989;
DeBiasio et al., 1988; Fukui et al., 1989).

4.2 Results
4.2.1 Silk gland sub-nuclear fraction has an isoform of actin

Comparison of the polypeptides found in the silk gland nuclear-
associated fraction (SGNAF; i.e. nuclear matrix - fig. 39) and the post-nuclear
fraction (PNS - fig. 37) showed that the nuclear fraction contained an
isoform of a polypeptide (43 kD, pI 6.45) that is similar in molecular weight
to actin. Small amounts of the two more acidic isoforms found in the
cytosolic fraction were also found in the nuclear-associated fractior. Since
extensive bundles of f-actin are a major purt of the cytoskeleton at this time
(Chapter 6), they may have contaminated the nuclear-associated fraction to a
small extent. Analysis of the fluorograms of the 35S-methionine labelled
polypeptides also showed ihe same “actin” isoform (43 kD, pl 6.45) present
in the nuclear ratrix (fig. 40) but not the cytosolic (fig. 38) fractions. The pI
6.45 isoform of newly synthesized actin is therefore associated preferentially
with the nuclear matrix of growing nuclei.

When the nuclear-associated fraction was isolated from silk glands
dissected from moulting larvae (at a time when secretory protein synthesis
has stopped and only housekeeping protein synthesis is maintained (Couble
et al., 1983)) only the pl 6.45 isoform of the polypeptide was detected in both
the Coomassie-stained gel (fig. 41) and the fluorogram (fig. 42). Studies on
the cytoskeleton in moulting larvae showed that the cytoplasmic f-actin
bundles had dissociated during this time (Chapter 6).

Immunoblots of the silk gland nuclear-associated fraction isolated
from moulting larvae (in which only the pl 6.45 isoform was detected)
showed a narrow band with a relative mobility of 43 kD bound antibodies to
actin (fig. 43). Thus, the nucleus, or nuclear-associated material present in
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Figs. 37 to 42. The silk g'~nd nuclear-associated fraction contains an isoform
of a polypeptide which .s similar in molecular weight to actin. Nuclear
matrices were prepared from 35S-methionine labelled silk glands dissected
from 4th instar larvae. The fractions were separated by isoelectric focusing
ir the first dimension and SDS-polyacrylamide gel electrophoresis in the
second dimension. Comparison of the polypeptide patterns obtained from
the post-nuclear supernatant (PNS - fig. 37) and nuclear-associated fractions
(SGNAF - fig. 39) indicates that one polypeptide has a nuclear-associated
isoform (43 kD, pI 6.45) which is not present in detectable amounts in the
cytosolic fraction. This isoform (large arrow) is more basic than the two
cytosolic isoforms (small arrows). Similar patterns are obtained for the
incorporation of the newly synthesized polypeptides into the nuclear matrix
fraction (figs. 38,40). The nuclear matrix fraction prepared from 3°S-
methionine labelled silk gland dissected at the time of the fourth larval
moult (when secretory protein synthesis ceases) shows that only the more
basic isoform of the 43 kD polypeptide is present in detectable amounts in
the nuclear-associated fraction (fig. 41). Fluorograms indicate that this
isoform is continuously synthesized and incorporated into the nuclear
matrix of growing nuclei even during the moult (fig. 42).
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Fig. 43. Western blots of the silk gland nuclear-associated fraction bind
antibodies to actin. The silk gland nuclear-associated fraction isolated from
moulting larvae was separated by SDS-PAGE and transferred to
nitrocellulose. Longitudinal strips cut from the blot were either stained
with amido black or were probed with antibodies to actin followed by
alkaline phosphatase-conjugated anti-rabbit IgG. Development of the blot
revealed a band (with a relative mobility of 43,000) that had bound
antibodies to actin.
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this fraction, contains its own isoform of actin. The following experiments
attempted to show its location.

4.2.2 Silk gland nuclei label with antibodies to actin and myosin

Late in larval life, the nucler of the silk gland cells were several
hundred micrometres across and highly branched (fig. 44). Antibodies to
actin labelled structures similar in appearance to these arborescent nuclei
(fig. 45). To confirm that the anti-actin labelled structures were nuclear and
to determine the location of actin within the nuclei, silk glands were double
labelled with antibodies to actin and to a nuclear matrix antigen (P11) (Chaly
et al., 1985). Both antibodies labelled the nucleus early in development,
when the lobes were beginning to form (figs. 46 & 47), and later when there
were many branches (figs. 48 & 49). The labelling for actin was most intense
at the nuclear periphery, indistinguishable in its location from the nuclear
matrix antigen detected by PI1. Antibodies to myosin also labelled the
nuclear lobes both early (figs. 50 & 51), and late in development (figs. 52 &
53). The localization of actin and myosin at the periphery of the nuclear
lobes was confirmed by confocal microscopy (figs. 54 & 55).

These studies showed that the nucleus has a peripheral layer which
contains actin and myosin. Unlike cytoskeletal actin structures that form
and disperse with the moult cycle (Chapter 6), this nuclear actin/myosin
layer persists throughout larval life (including the moults) and is not
formed only at particular phases of development.

4.2.3 The silk gland nuclear-associated fraction contains the nuclear shell
which labels with antibodies to actin and myosin

Sections of the silk gland nuclear-associated fraction examined by
electron microscopy revealed two different lamina-like structures, one more
electron-dense (figs. 56 & 57) than the other (figs. 58 & 59). The denser
structure contained many nuclear pore-like elements, and bound a
monoclonal antibody to the nuclear matrix antigen - peripherin (figs. 56 &
57) (Chaly et al., 1989) but not actin (fig. 57). This structure is most likely the
nuclear lamina from inside the nuclear envelope (Chapter 3). The less
dense lamina-like structure did not label with anti-peripherin but labelled
with antibodies to both actin (fig. 58) and myosin (fig. 59). Although it had




Fig. 44. Silk gland nuclei are highly branched and scveral hundred
micrometres across by the time of the 4th larval moult. Whole silk glands
were stained with Hoechst 33258 for DNA. Scale bar = 100 um

Fig. 45. Silk gland nuclei label with antibodies to actin. Fractured silk
glands were probed with a polyclonal antibody to actin and then with FITC-
conjugated anti-rabbit IgG. The arborescent nuclei bind the anti-actin
antibodies. Scale bar = 100 pm
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Figs. 46 to 49. Antibodies to actin and the nuclear matrix co-localize to the
silk gland nuclear lobes. Anti-actin labelling correlates with the PI1
labelling both early in larval development (figs. 46,47) when nuclear
branching is in its initial stages and late in larval development (figs. 48,49)
when nuclei are highly branched. Fig. 46: Mid third stage silk gland labelled
with polyclonal anti-actin followed by FITC-conjugated anti-rabbit IgG. Fig.
47: Same tissue labelled with monocional antibody PI1 to nuclear matrix
followed by rhodamine-conjugated anti-mouse IgGAM. Fig. 48: Fourth
moult silk gland labelled with polycional anti-actin followed by rhodamine-
conjugated anti-rabbit IgG. Fig. 49: Same tissue labelled with monoclonal
antibody PI1 to nuclear matrix followed by FITC-conjugated anti-mouse IgG.
Photographed using a Zeiss Photomicroscope II. Scale bars = 10 pm







Figs. 50 to 53. Antibodies to myosin and the nuclear matrix co-localize to
the silk gland nuclear lobes. Fractured silk glands were probed with a
polyclonal antibody to myosin and then with an anti-nuclear matrix
monoclonal antibody (PI1). As was found with anti-actin labelling, anti-
myosin labelling correlates with the PI1 labelling both early in larval
development when nuclear branching is in its initial stages (figs. 50,51) and
later in larval development (figs. 52,53) when nuclei are highly branched.
Fig. 50: Third stage silk glands labelled with anti-myosin + rhodamine-
conjugated anti-rabbit IgG. Fig. 51: Same tissue labelled with PI1 + FITC-
conjugated anti-mouse IgG. Fig. 52: Fourth moult silk glands labelled with
anti-myosin + FITC-conjugated anti-rabbit IgG. Fig. 53: Same tissue labelled
with PI1 + rhodamine-conjugated anti-mouse IgGAM. Photographed using
a Zeiss Photomicroscope II. Scale bars = 10 um
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Fig. 54. Antibodies to actin localize to the nuclear periphery. Fractured silk
glands were probed with a polyclonal antibody to actin and then with FITC-
conjugated anti-rabbit IgG. Optical sectioning by confocal microscopy (Leitz
CSLM) confirms that anti-actin antibodies label the periphery of silk gland
nuclear lobes. Scale bar = 25 pm

Fig. 55. Antibodies to myosin localize to the nuclear periphery. Fractured
silk glands were probed with a polyclonal antibody to myosin and then with
FITC-conjugated anti-rabbit IgG. Optical sectioning by confocal microscopy
(Leitz CSLM) confirms that anti-myosin antibodies label the periphery of
silk gland nuclear lobes.

Scale bar = 10 um







Figs. 56 & 57. One of the lamina-like structures of the silk gland nuclear-
associated fraction labels with a monoclonal antibody to the nuclear matrix
antigen - peripherin (P1) but not with antibodies to actin. Sections of LR
White embedded silk gland nuclear-associated fraction were labelled with a
polyclonal antibody to actin followed by 5 nm gold-conjugated anti-rabbit
IgG. The sections were then labelled with an anti-nuclear matrix
monoclonal antibody (1) followed by 10 nm gold-conjugated anti-mouse
igG. Antibodies to peripherin (large arrow) label the lamina-iike structures
which contain nuclear pores (NP). Antibodies to actin (small arrow) do not
label these structures. Scale bars = 0.5 um (fig. 56); 0.1 pm (fig. 57)
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Fig. 58. A less electron-dense lamina-like structure of the silk gland nuclear-
associated fraction labels with an antibody to actin. Sections of LR White
embedded silk gland nuclear-associated fraction were labelled with a
polyclonal antibody to actin and then with 5 nm gold-conjugated anti-rabbit
IgG. Antibodies to actin label the less electron-dense structures (nuclear
shell, NSh) but do not label the electron dense nuclear lamina (NL). Scale
bar = 0.5 um

Fig. 59. The less electron-dense lamina-like nuclear shell of the silk gland
nuclear-associated fraction labels with antibodies to myosin. Sections of LR
White embedded silk gland nuclear-associated fraction were labelled with a
polyclonal antibody to myosin and then with a 5 nm gold-conjugated anti-
rabbit IgG. Antibodies to myosin label the nuclear shell (NSh) but not the
nuclear lamina (NL). Scale bar = 0.5 um
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traces of nuclear pore-like structures it was not associated with the nuclear
lamina in the pellets of the nuclear-associated fraction. This less electron-
dense structure, containing actin and myosin-like antigens but not the
nuclear matrix antigen-peripherin, likely corresponds to the peripheral
nuclear layer which reacts with antibodies to actin and myosin viewed by
light microscopy. This layer is referred to as the nuclear shell. The greater
density of the lamina compared to the nuclear shell agrees with the relative
densities of the layers proposed to correspond with them in conventional
electron microscope preparations (figs. 70 & 71).

4.2.4 Silk gland nuclear branches label for f-actin

To determine the morphological state of the nuclear shell actin (i.e.
filamentous or globular), silk glands were double labelled with antibodies to
a nuclear antigen (PI 1 (fig. 60) or ANA (fig. 61) with a fluorescein-tagged 2°
antibody} and rhodamine-conjugated phalloin (figs. 60 & 62) (which
preferentially labels f-actin (Wieland & Govindan, 1974; Wieland et al.,
1983)). Silk gland nuclear branches, identified by their positive reaction
with the nuclear antibodies, labelled weakly with phalloin. Confocal
microscopy showed phalloin labelling at the periphery of the branches
indistinguishable in its location from that of antigens detected by PI1 (figs. 60
& 61). The f-actin had the same distribution as the anti-actin antibody
localization in the nuclear shell at the nuclear periphery (figs. 60 & 63).
Thus, at least part of the actin in the nuclear shell is present as f-actin, which
forms a layer so close to the nuclear matrix periphery that it cannot be
resolved separately by light microscopy.

4.2.5 Nuclear shells contain f-actin

The presence of f-actin in the nuclear shell has been confirmed by
heavy meromyosin labelling. The silk gland nuclear-associated fraction was
incubated with heavy meromynsin prior to embedding. Layers which
labelled with HMM (fig. 64) and contained nuclear pore-like gaps (figs. 65-67)
are presumed to be sheets of the m clear shell. Other nuclear components
bound no HMM (fig. 65). The nuclear shell was often isolated from the rest
of the matrix with much of the nuclear contents extracted. The nuclear and
cytoplasmic faces were still recognizable because the shell usually collapsed
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Figs. 60 & 61. Silk gland nuclear branches label specifically for f-actin.
Fractured silk glands were probed with rhodaminyl-phalloin (fig. 60) and an
antibody to i - nuclear matrix antigen - peripherin (P1) (fig. 61) followed by
FITC-conjugated anti-mouse IgG. Optical sections were taken by confocal
microscopy (BioRad Lasersharp 500). Anti-peripherin labelling and
phalloin labelling co-localized to the periphery of the nuclear branches.
Scale bar = 25 ym







Figs. 62 & 63. A shell of f-actin surrounds the nuclear periphery. Fractured
silk glands were probed with anti-nuclear antibodies followed by an FITC-
conjugated anti-human IgG with Evan's Blue (fig. 62) and rhodaminyl-
phalloin (fig. 63). Optical sections taken with a conforal microscope (BioRad
Lasersharp 500) suggest that a line of fluorescence around the periphery of
the nuclear lobe corresponds to th> nuclear shell (NSh). Fluorescence of
comparable intensity is found along longitudinal fibres (arrowheads) inside
the nucleus. This may correspond to intranuclear actin bundles or may be
some »ther intranuclear elements (fig. 24) stained by the Evan's blue (see fig.
127). Scale bar = 25 um
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Figs. 64 to 67. A lamina-like structure of the silk gland nuclear-associated
fraction labels with heavy meromyosin. The silk gland nuclear-associated
fraction was labelled with heavy meromyosin prior to embedding in
araldite for TEM. A collapsed lamina-like structure (which correlates in
shape to the nuclear shell) binds the HMM (fig. 64). HMM binding is
restricted to the nuclear shell; the intranuclear matrix (INM) remains
unlabelled (fig. 65). Periodically, the shell is perforated (figs. 66,67, arrows)
in a manner which is similar to the perforation of the nuclear lamina by
nuclear pores. Scale bars = 0.5 um (fig. 64); 0.1 um (figs. 65-67)
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on itself (fig. 64). Labelling was asymmetrical. Most of the HMM projected
without a preferred orientation from the plane of the cytoplasmic side of the
nuclear surface; the other face (which interacts with the nuclear envelope)
was less ragged (figs. 64-67). These HMM labelled structures are presumed to
be the nuclear shell because: 1) the HMM labelling of a perinuclear layer
confirms the LM and EM localization by phalloin and antibodies to actin; 2)
they lie apart from the intranuclear matrix; 3) they contain nuclear pore-like
gaps; and 4) they have one smoother surface which could have been derived
from or associated with the nuclear envelope.

These results gave no information about the shell's normal
appearance or its location with respect to the nuclear envelope, although
the nuclear pore-like openings in the shell suggested that it must be closely
apposed to or part of the structure of the envelope.

4.2,6 The location of the nuclear shell

TEM of unextracted silk glands showed similar features at the
nucleocytoplasmic boundary in different regions of the gland during
different stages of development (figs. 68-71). A region 25-150 nm wide
outside the nuclear envelope was free of ribosomes and ER (fig. 68). Ithad a
slightly fibrous texture (figs. 68-71) but no oriented arrays of microfilaments,
even after tannic acid fixation that showed them in microvilli (fig. 86).
Within the nuclear envelope the nuclear lamina was about 25 nm wide and
stained more densely than the nearby nucleoplasin (figs. 70 & 71). The
nuclear lamina had a slightly fibrous texture, like the region just outside the
envelope. These iayers on either side of the nuclear envelope probably
correspond to the two layers seen in the nuclear fractions. The denser layer
that bound antibodies to peripherin is the nuclear lamina and the less
dense, more fibrous actin-binding nuclear shell is the layer outside the
nuclear envelope (fig. 72). The low antigenic activity of nuclei fixed well
enough to identify components has so far not allowed direct confirmation
by the immunolabelling of sections of unextracted silk gland cells.

Although electron microscopy of conventionally fixed tissue is
limited by uncertain preservation at the molecular level, the results suggest
that the shell lies outside the nucleus, asscciated with the outer membrane
of the nuclear envelope. Electron microscopy supports the idea that both



Figs. 68 to 71. Silk gland nuclei are surrounded by a fibrous zone of
exclusion. A 25 to 150 um zone of exclusion (ZE) surrounds the branched
nuclei in all regions of the gland (figs. 66 to 71). This zone, which is on the
cytoplasmic side of the nuclear envelope, often contains randomly oriented
microfilaments (MF) and occasionally microtubules (MT). The nuclear
lamina (NL), which is located on the nuclear side of ".e envelope, is not as
thick as the shell and is more electron dense. Fig. 68: Anterior region, mid
5th stadium (from a block prepared by M. Locke; photographed “y S.C.
Henderson). Fig. 69: Mid region, 4th moult. Fig. 70: Green region, late 5th
stadium. Fig. 71: Mid region, late 5th stadium. Scale bars = 0.1 um







Fig. 72. The probable location of the nuclear shell. The nuclear shell of -
actin most likely corresponds to the randomly oriented microfilaments in
the zone of exclusion on the cytoplasmic side of the nuclear envelope. The
nuclear lamina corresponds to the electron-dense region which is
intimately associated with the inner layer of the nuclear envelope.
(Drawing not to scale).
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et al., 1988; Ankenbauer et al., 1989). Different actin binding proteins could
bind to specific actin isoforms, polymerizing each into its own structural
network.

Immunofluorescence microscopy localized actin to the periphery of
the branched nuclei both early and late in development (i.e. when the
nuclei are relatively unbranched and extensively branched). Labelling of
silk gland cells with rhodaminyl-phalloin, which binds preferentially to f-
actin (Wieland & Govindan, 1974; Wieland et al., 1983), indicated that some
of the peripheral nuclear actin was filamentous. The weakness of the
perinuclear labelling compared to that of the apical periluminal
circumferential microfilament bundles (Chapter 6) may reflect different
properties of the actin iscforms, since some types of f-actin bind phalloidin
weakly or not at all (Hirono et al., 1989).

The filamentous nature of the perinuclear actin was confirmed by
labelling a lamina-like shell (which binds antil odies to actin) in the nuclear-
associated fraction with heavy meromyosin. Silk gland nuclear-associated
actin is in a filamentous form in spite of isolation in the presence of DNase
1, a treatment which sometimes (Hitchcock et al., 1976), but not always
(Clark & Merriam, 1977), causes the depolymerization of f-actin.

Myosin-like antigens were also localized to the silk gland nuclear
periphery by immunofluorescence microscopy and to the nuclear shell of
the nuclear-associated fraction by immunogold labelling. Several studies
have localized actin and myosin-like proteins to the nuclear surface (Berrios
& Fisher, 1986; Butt & Heath, 1988; Heslop-Harrison & Heslop-Harrison,
1989a; Heslop-Harrison & Heslop-Harrison, 1989b; Schindler & Jiang, 1986).
Many activities may be attributed to nuclear surface-associated actin and
myosin. Actin and myosin may play a rcle in nuclear movement such as
nuclear migration (Heslop-Harrison & Heslop-Harrison, 1989a; Heslop-
Harrison & Heslop-Harrison, 1989b; Kaminskyj ef al., 1989) or nuclear
rotation (Paddock & Albrecht-Buehler, 1986). ATPases have been localized
to the nuclear lamina or nuclear pore complexes (Berrios et al., 1983; Berrios
& Fisher, 1986; Kalinich & Douglas, 1989) suggesting that nuclear actin and
myosin may be involved in nucleocytoplasmic transport, an ATP-
dependent process. Since messages for silk proteins are produced and
exported in large quantities during larval life, the nuclear shell might be a
structural adaptation to enhance nucleocytoplasmic transport by increasing

81



the surface to volume ratio and/or actively participating in the
translocation of packaged messages across the pores.

A molecular force-generating element is needed to form nuclei into
the regionally specific shapes occurring within the gland. Actin and myosin
are known to generate force in the cytoplasmic lamellipodia of migrating
cultured cells (Conrad et al., 1989; DeBiasio et al., 1988). Silk gland nuclear
branching may be similar to the nuclear lobe elongation involving actin
and myosin in the vegetative nuclei of pollen tubes. The vegetative nuclei
are surrounded by cytoskeletal f-actin. The extended nuclear shapes which
form during migration contract after treatment with cytochalasin D (Heslop-
Harrisor & Heslop-Harrison, 1989a). The lack of nuclear shape change in
silk glands treated with cytochalasin D (data not shown) was likely due to
the presence of the nuclear skeleton which maintains the shape.

Myosin, which has been shown to bind to membrane lipids (Adams
& Pollard, 1989), may serve as the actin-binding protein to connect actin in
the nuclear shell to the nuclear envelope. The insertion of cytoskeletal
elements onto one side of the nuclear envelope through the shell, and the
insertion of the nuclear skeleton through the nuclear lamina onto the other
side (connected by elements which span the nuclear envelope) gives nuclei
the structure needed for generating and transmitting forces for controlling
nuclear shape.
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CHAPTER 5
Cytoplasmic Actin Storage Bodies in Silk Gland Cells

5.1 Introduction

In the previous chapter, it was shown that the arborescent nuclei are
surrounded by a shell of actin. This nuclear actin shell may be, in part,
responsible for maintenance and/or generation of nuclear shape changes.
The nuclear-associated actin is expressed as a different isoform which
presumably plays some role in the function of the nuclear shell and/or
separation of the shell from the cytoplasmic actin networks. Unlike the
cytoplasmic actin bundles (Chapter 6), the nuclear actin shell persists during
the larval moults. This suggests that the two actin networks are regulated
in different ways.

Coinciding with the dissociation of the periluminal f-actin bundles
and its redistribution around vacuoles (Chapter 6) is the appearance of large
spherical protein bodies in the cytoplasm near the nucleus. Similar bodies
occasionally appear in the nuclear matrix fraction prepared from silk glands
of moulting larvae. In both occurrences, the bodies label with antibodies to
actin. These bodies may be stores of actin to be incorporated into the shell of
the growing nucleus.

5.2 Results

5.2.1 Actin storage bodies appear in the silk gland cytoplasm during the
larval moults

Dense spherical globules, 0.5 to 5 pm in diameter, appeared in the
rytoplasm of all regions during each larval moult (figs. 73-75). They were
often found in close proximity to the nucleus. These globules disappeared
following ecdysis. Antibodies to actin bound to these spheres (figs. 76 & 77)
but not to luminal silk (fig. 87) or silk in vacuoles and vesicles that are
found in the cytoplasm (fig. 96).

It can be concluded that the cytoplasmic bodies are large actin-
containing concretions which accumulate during the moult.
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Figs. 73 to 75. Electron-dense spherical bodies appear in the cytoplasm
during the larval moults. During the larval moults, granular electron
dense spheres appear in the cytoplasm. These spheres occur in each of the
gland regions (figs. 73,74: mid; fig. 75: duct) and during each of the larval
moults (figs. 73,75: fourth moult; fig. 74: third moult).

(N = nucleus). Scale bars = 0.5 um (fig. 73); 0.25 pm (i 1s. 74,75)







Figs. 76 & 77. Moult-associatcd cytoplasmic bodies label with antibodies to
actin. Crushed/fractured siik glands were incubated with antibodies to actin
followed by FITC-conjugated anti-rabbit IgG (fig. 76). Both the nucleus (N)
and cytoplasmic bodies (arrows) in the same focal plane near the nucleus
label with antibodies to actin. Sections of LR White-embedded silk glands
dissected from fourth moult larvae were probed with antibodies to actin
followed by 5 nm gold-conjugated anti-rabbit IgG (fig. 77). The electron-
dense spherical bodies bound antibodies to actin.

Scale bars = 25 um (fig. 76); 0.25 um (fig. 77)






5.2.2 Spheres resembling the cytoplasmic actin storage bodies co-isolate with
the nuclear matrix

When nuclear matrices were prepared from fourth moult silk glands,
electron-dense protein spheres occasionally co-isolated with the nuclear
matrix fraction (fig. 78). These spheres were absent from silk gland nuclear
matrix fractions isolated from feeding fourth stage larvae. Other
components present in the fraction included fragments of nuclear laminae.

The similarity in size, appearance and time of occurrence, between
the spheres in the nuclear matrix fraction and the cytoplasmic actin bodies
suggested that they might be the same structure.

5.2.3 Nuclear matrix-associated bodies label for actin

Sections of the nuclear matrix fraction were double labelled with a
polyclonal antibody to actin and with a monoclonal antibody to a nuclear
matrix antigen-peripherin (P1). The protein bodies which co-isolated with
the nuclear matrix labelled uniformly with antibodies to actin, whereas the
surrounding short fragments of nuclear laminae labelled only with P1 (fig.
79). Sections of the same material probed with antibodies to myosin (which
bound intensely to the perinuclear shell that is also found in this fraction;
fig. 59), showed little binding of anti-myosin to the protein bodies (fig. 80).

Thus, the protein bodies in the nuclear matrix fraction are probably
the cytoplasmic actin storage globules seen in sections of intact cells.

5.3 Discussion

Actin-containing bodies form in the cytoplasm of silk gland cells
during larval moults. They are probably storage bodies of actin for use by
the cell during growth in the next feeding stage. In this respect, they are
similar to the actin storage bundles in Calpodes dermal glands (Delhanty &
Locke, 1990), mammalian lens epithelia (Liou & Rafferty, 1988; Rafferty &
Scholz, 1985), and pollen grains (Heslop-Harrison et al., 1986). Silk glands
differ in that the actin storage bodies are uniformly spherical rather than rod
shaped, presumably reflecting the hydrophobicity of component proteins
other than actin. The globular form of the bodies may also reflect the
storage of non-filamentous actin rather than the f-actin in the fibrous, rod




Fig. 78. Spherical protein bodies co-isolate with the nuclear matrix prepared
from silk glands of moulting larvae. Nuclear matrices prepared from the
silk glands dissected from moulting larvae contain large spherical bodies.
These bodies are presumably protein in composition since they survive
extraction with Triton X-100, DNase I, RNase A, and 1 normal NaCl. Other
components of the silk gland nuclear matrix fraction include sheets of
nuclear lamina (NL). Scale bar = 1 um
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Figs. 79 & 80. Moult-associated protein bodies which co-isolate with the
nuclear matrix fraction label with antibodies to actin. Nuclear matrices
prepared from silk glands dissected from moulting larvae were embedded
in LR White and probed with gold tagged antibodies. Thin sections were
double labelled with a polyclonal antibody to actin (followed by 5 nm gold-
conjugated anti-rabbit IgG) (small arrows) and a monoclonal antibody (P1) to
a nuclear matrix antigen (followed by 10 nm gold-conjugated anti-mouse
IgG) (large arrows). The protein spheres label for actin whereas the nuclear
lamina labels with P1 (fig. 79). Similar sections show little binding with
antibodies to myosin (fig. 80). Scale bars = 0.25 um (fig. 79); 0.5 pm (fig. 80)







shaped storage bundles. Spherical rather than rod shaped stores of actin
may also be the result of different types of actin binding proteins (Nishida et
al., 1987; Weeds, 1982; Weihing, 1985).

Evidence for the function of these actin storage bodies is
circumstantial. They form during the moults, when other cytoplasmic
structures regress. The loss of periluminal actin also coincides with the
formation of f-actin coated vacuoles (Chapter 6). It is therefore not clear
why the cell might require another temporary storage location for its actin.
A possible answer comes from the {inding that the nuclear-associated
fraction at moulting does not contain detectable amounts of the two
isoforms present in the cytoplasmic fraction during the intermoult. This
indicates that actin in the globules which co-isolate with the nuclear matrix
must be the nuclear-associated isoform.

Storage bodies (cytoplasmic globules) which act as reservoirs of actin
for the nuclear shell may therefore be different from those structures which
recycle cytoplasmic periluminal actin (i.e. coats on the vacuoles). Separate
stores of isoforms for structures having different purposes may also be
required because of the different timing of their assembly. Periluminal
bundles reform after ecdysis whereas nuclear growth continues throughout
the stadium.
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CHAPTER 6
The Redeployment of F-actin in Silk Gland Cells During Moulting
6.1 Introduction

A general problem in cell biology concerns the mechanism by which
similar cytoskeletal elements may simultaneously form separate networks
within the same cell. As an example of this phenomenon, different f-actin
networks exist concurrently in embryos of Drosophila melanogaster (Miller
et al., 1985). One network is associated with the plasma membrane while
the other surrounds the nucleus. The separate development of actin
networks is presumed to be a consequence of different actin binding
proteins (Ankenbauer et al., 1988; Ankenbauer et 4l., 1989, Weeds, 1982)
and/or different actin isoforms (Bremer et al.,, 1981; Kumar et al., 1984;
Nakayasu & Ueda, 1986).

Most of the microfilaments in silk glands occur in a network around
the lumen at the apical cell surface (Couble et al., 1984; Sasaki et al., 1981;
Tashiro et al., 1982). It has been hypothesized that they may play a role in
the exocytosis of silk-containing secretory vesicles (Couble et al., 1984; Sasaki
et al., 1981; Tashiro et al., 1982) or in the propagation of peristaltic
contractions for the movement of silk down the lumen (Sasaki, 1977; Sasaki
& Tashiro, 1976).

One of the difficulties in studying nuclear-associated actin in silk
gland cells is that the cytoplasmic actin (i.e. luminal actin) undergoes its
own set of changes during the moult (i.e. at the same time that actin storage
bodies form). This chapter describes the developmental changes of the
cytoskeletal f-actin. The apical actin cytoskeleton consists of parallel bundles
which surround the lumen of the gland. The bundles dissociate during the
moults and the f-actin redistributes through the cytoplasm as coats to
vacuoles and occasionally in variably oriented strands. After moulting
there is a return to the distribution of f-actin in the apical periluminal
bundles. Thus, the regulation of cytoplasmic actin assembly differs from
that of the nuclear-associated actin during development.




6.2 Results
6.2.1 Periluminal circumferential f-actin bundles

Whole silk glands labelled with rhodaminyl-phalloin showed most f-
actin was arranged in parallel bundles around the lumen, perpendicular to
the long axis of the gland. Oftcn, there was an impression of continuity in
some of the bundles between opposing cells (figs. 81-83, 100 & 101). Stereo
imaging of "stacked" optical sections generated by confocal microscopy
showed that the apparent continuity in bundles between cells is, in fact, an
overlap of bundles projecting from the two opposing cells (fig. 85). The
arrangement of f-actin bundles was similar during each larval feeding stage
(figs. 81-84).

The bundles lay immediately beneath the plasma membrane (fig. 86).
Identification of the microfilament bundles as clusters of actin filaments
was confirmed by immunogold labelling with antibodies to actin (fig. 87).
Microfilaments in microvilli were oriented perpendicular to the bundles
(fig. 86). Secretory vesicles containing silk occurred in these regions during
the feeding stages.

Thus, through the intermoult period of silk spinning, the apical
cytoskeletal structure allowed for both secretion into the lumen and the
subsequent containment or constriction of the newly secreted silk.

6.2.2 F-actin-coated vacuoles form during the larval moults

During each larval moult, when silk secretion stopped, the
circumferential actin bundles dissociated and were replaced by f-actin-coated
vacuoles which were sometimes as large as 20 pm in diameter (figs. 88-90).
Transition stages showed the dissolution of actin bundles and the
concurrent formation of the actin-coated vacuoles (fig. 91). The state of the
actin filaments could change abruptly from one cell to the next. Sometimes
cells with apical bundles and cells with actin-coated vacuoles were side by
side. In add.tion to the f-actin coating vacuoles, f-actin occasionally
appeared as strands throughout the cytoplasm where previously, during the
intermroult, it had been absent (fig. 92).

The vacuoles arise from the lumen or from vesicles about to
discharge into the lumen. Optical sectioning by confocal microscopy of

95




Figs. 81 to 84. F-actin bundles surround the lumen of the silk gland during
each larval intermoult stage. Silk glands from mid-instar larvae were
labelled with rhodaminyl-phalloin. Most of the f-actin is located in parallel
bundles around the gland lumen perpendicular to the long axis of the
gland. The bundles occur during each larval feeding stage when silk is
secreted. Representative examples are shown for f-actin labelling in the mid
region of the silk glands from second (fig. 81), third (fig. 82), fourth (fig. 83),
and fifth (fig. 84) stage larvae. Scale bar = 10 pm
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Fig. 85. F-actin bundles overlap between opposing cells. Stereo pairs of
extended focus reconstructions generated from optical sections (taken by
Leitz CSLM) of rhodaminyl-phalloin labelled silk glands show that the
apparent continuity in f-actin bundles between opposing cells (see figs. 81-83,
100-102) is created by the overlap of bundles which extend in interdigitating
processes from the opposing cells. Scale bar = 10 um






Figs. 86 & 87. Bundles of microfilaments found in the apical cytoplasm of
silk gland cells label with antibodies to actin. Thick bundles of
microfilaments (MB) are found immediately beneath the plasma membrane
in the apical cytoplasm of silk gland cells (fig. 86). The bundles are oriented
parallel to the apical surface of the cells and perpendicular to the
microfilaments found within the microvilli (mv). Secretory vesicles (sv)
are often found near the bundles of microfilaments and microtubules (MT).
The microfilaments in the apical region of the cell immunogold label with
antibodies to actin (arrows) (fig. 87). No labelling was found in the gland
lumen (Lu). Scale bars = 0.5 um
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Figs. 88 to 90. F-actin-coated vacuoles form during each of the larval
moults. During the larval moults, the periluminal circumferential actin
bundles (figs. 81 to 84) dissociate and are replaced by large f-actin-coated
vacuoles and small rhodaminyl-phalloin labelling spots (arrows). Fig. 88:
2nd moult - mid region. Fig. 89: 3rd moult - anterior region. Fig. 90: .ith
moult - posterior region. Photographed using a Zeiss Photomicroscope II.
Scale bar = 10 um
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Fig. 91. F-actin-coated vacuoles (large arrows) form as the periluminal
circumferential actin bundles (small arrows) dissociate. Scale bar = 100 pm

Fig. 92. The f-actin bundles occasionally redistribute throughout the
cytoplasm. (Lu =lumen) Scale bar = 100 pm

Fig. 93. Optical sectioning by confocal microscopy (Leitz CSLM) reveals that
the f-actin is at the periphery of the moult-associated vacuoles.
Scale bar = 25 um

Fig. 94. F-actin-coated vacuoles in the silk glands of Pieris rapae appear to
bud from the apical surface as oblong pockets. (Lu = lumen)
Scale bar = 10 um
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Calpodes silk glands confirmed that the f-actin was in a thin coat around
the vacuoles which were usually detached from the surface (fig. 93). In
another Lepidopteran, Pieris rapae, the f-actin-coated vacuoles were
elongated and kept their connections with the luminal surface of the cell
(fig. 94). Electron microscopy showed that the vacuoles are larger than
secretory vesicles and have contents similar to the gland lumen (fig. 95).
The actin coating of these vacuoles was confirmed by immunogold labelling
with antibodies to actin (fig. 96).

6.3 Discussion

A cytoskeleton of actin arranged in parallel bundles surrounds the
lumen of the silk glands of Calpodes. This apical location is similar to the
microfilament network in Bombyx mori (Couble et al., 1984; Tashiro et al.,
1982). All of the f-actin is aligned perpendicular to the gland lumen; there
are no longitudinal actin bundles. The apparent continuity of some bundles
between cells is caused by the overlap of bundles in extensions from
opposing cells. These lateral projections which are formed from the actin
bundles are similar to the feet which occur at the basal end of epidermal
cells (Delhanty & Locke, 1989; Locke, 1985).

It has been suggested that the apical microfilament network may play
a role in the secretion of silk proteins (Couble et al., 1984; Sasaki, 1977; Sasaki
et al., 1981; Sasaki & Tashiro, 1976). Cytochalasin treatment of silk glands
gave contradictory results. In one study, cytoch: 'asin treatment inhibited
the release of silk proteins into the lumen of the gland (Couble et al., 1984)
whereas in another investigation, cytochalasin treatment enhanced the
release of silk proteins into the gland lumen (Sasaki et al., 1981).

Actin has been implicated in secretion in a variety of cell types
including the dermal glands of Calpodes (Delhanty & Locke, 1990),
mammalian salivary gland (Segawa & Yamashina, 1989) and pancreatic
acinar cells (Bendayan, 1985). A number of models have been developed for
the role of f-actin in the secretory process. In one model, f-actin coats the
secretory vesicles (via interactions with actin binding proteins in or attached
to the vesicle membrane) and facilitates the transport of the secretory vesicle
to the apical surface of the cell (Bendayan, 1985; Fowler & Pollard, 1982). By
this model, cytochalasin treatment should inhibit secretory vesicle release.
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Figs. 95 & 96. Large silk-containing spi--res in the apical cytoplasm of silk
gland cells from moulting larvae immunogold label at their periphery with
antibodies to actin. Fig. 95: Mid region of silk gland from 4th moult was
embedded in araldite. Large vacuoles (v) form in the apical cytoplasm of
silk gland cells during the moult and have contents that are similar in
appearance to the contents of the lumen (Lu). Fig. 96: Anterior region of
silk gland from 4th moult was ¢ >dded in LR White. Sections were
incubated with anti-actin followed . ; 5 nm gold-conjugated anti-rabbit IgG.
The vacuoles (v) which appear in the apical cytoplasm of the cells during
the moult are surrounded by a slightly denser cortex (large arrow) which
immunogold labels with antibodies to actin (small arrows). Scale bars = 0.5
um (fig. 95); 0.25 pm (figs. 96 a & b)
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Another model suggests that f-actin forms a barrier at the apical end of the
cell (Aunis & Bader, 1988; Burgoyne & Cheek, 1987; Lelkes et al., 1986). The
microfilament barrier prevents the release of secretory vesicles until the f-
actin is disrupted by an influx of calcium which affects the actin-binding
proteins. By this model, cytochalasin enhances the release of secretory
vesicles (Aunis & Bader, 1988; Lelkes ef al., 1986; Sontag et al., 1988). A third
model proposes that f-actin initially forms a barrier and then, upon vesicle
contact with the apical membrane, forms a shell around the secretory
vesicle and facilitates exocytosis of the vesicle (Segawa & Yamashina, 1989).

Two of the above models require the dissolution of the
microfilament barrier for szcretion and two of the models involve the
formation of actin-coated secretory vesicles. In silk glands however, the
microfilament bundles are intact during secretory phases and thus do not
act as a barrier. Secretory vesicles in silk gland cells are approximately 0.5
um in diametre (fig. 86) and can easily pass between the perilumir :l actin
bundles (which are separated by a 0.5 to 1.0 pm gap). Furthermore, f-actin
coated vacuoles form not at times of secretion, but at times when silk
secretion has stopped during the larval moults. Another possible function
for the apical f-actin cytoskeleton is suggested by the arrangement of bundles
of actin as hoops perpendicular to the long axis of the gland. The apical
cytoskeleton is ideally designed to resist or contain luminal hydrostatic
pressure. In a cylinder under uniform internal hydrostatic pressure, the
hoop stress is twice the axial stress (Locke, 1958; Timoshenko, 1936). That is,
the stress to the walls of the lumen is twice that along the length of the
lumen. Increasing the reinforcement with circumferential rings counteracts
this tendency. Further reinforcement is gained by the interdigitation of
some of the bundles between opposing cells which form the lumen.

The function of the f-actin-coated vacuoles which form during the
larval moults is unknown. These vacuoles, which are larger than the
secretory vesicles, contain material similar in appearance to the contents of
the gland lumen. Vacuoles have been observed in the silk glands of
Bombyx mori during the moults (Akai, 1965; Matsuura & Tashiro, 1976;
Morimoto et al., 1968). It has been suggested that the moult-related vacuoles
may be formed by the endocytosis of unspun luminal silk (Akai, 1965; Akai,
1971), possibly as a means of providing nutrients for the cells at a time when
the larva is not feeding (Morimoto et al., 1968). In this respect, the vacuoles



may be similar to the vacuoles which form when larvae are experimentally
starved and do not spin silk (Blaes et al., 1980).

Thus, instead of participating in exocytosis, f-actin in silk glands may
be required for the formation of endocytic vacuoles of luminal silk during
the larval moults. The pocket-like f-actin-coated depressions observed in
the silk glands of Pieris show how these vacuoles may be formed.

Another possible function for the f-actin-coated vacuoles is a means
by which the apical f-actin can be recycled. Although the hoop
reinforcements remain the same through larval life, there is a continuous
increase in diameter of the gland lumen. During the intermoult, the actin
bundles likely accommodate to the increase in lumen diameter by the
incorporation of g-actin into the filaments much in the same way stress
fibres increase in length in cultured cells. However, during the larval
moults, when there is no need for hydrostatic resistance, the length of the
actin bundles may be increased by the dissociation of the filaments and their
subsequent reformation in longer bundles. Thus, actin is withdrawn from
the old, smaller rings, and is temporarily stored in the body of the cell in the
form of coated vacuoles prior to relocation at the new enlarged apical
surface.

The cyclical restructuring of the cytoplasmic actin bundles is
coincident with the moult/intermoult cycle of larval development. Yet, {-
actin in the nuclear shell does not follow this cycle of dissolution and
rearrangement. Recycling and re-erection of the apical ring cytoskeleton
coincides with the continuous presence of f-actin during growth of the
nuclear shell (fig. 97). Thus, the two actin skeletal systems within the cell
appear to be independently controlled.
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Fig. 97. Nuclear shell and periluminal actin display different behaviours
with respect to the moult/intermoult cycle. During the larval feeding stages
(intermoults), the f-actin is found in the periluminal bundles and in a thin
shell around the nuclear periphery. During the larval moults, the
periluminal actin ¢'ssociates and is recycled in the form of coats around
large cytoplasmic vacuoles whereas the nuclear shell actin maintains its
structure around the nuclear periphery. At the same time, large spherical
concretions of actin, which are thought to be stores for the nuclear shell,
form near the nucleus. By the time of the next intermoult stage, the
periluminal bundles have reformed as the actin-coated vacuoles have
disappeared and the actin storage bodies have disappeared.

(Drawing not to scale).
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CHAPTER 7
Regional Differences in the Apical F-actin Cytoskeleton of Silk Gland Cells

7.1 Introduction

In the previous chapters it has been demonstrated that silk gland cells
contain two actin networks. These actin networks are separated both by
space (i.e. around the nucleus and around the lumen) and behaviour (i.e.
different rearrangements during the moults) (fig. 97). Presumably, the
independence of these networks is achieved by the expression of different
actin isoforms and/or different actin binding proteins (Pollard & Cooper,
1986; Stossel, 1984; Stossel et al., 1985; Weeds, 1982).

Not only are there differences in actin skeletons within the cell, but
also between cells in different regions along the length of the gland. Like
the changes in nuclear morphology along the length of the gland (Chapter 3;
figs. 14-18), there are regional differences in the apical actin cytoskeleton.

This chapter describes the regional differences in the density of the
periluminal bundles of filamentous actin. This regional definition in f-
actin density and redeployment presumably reflects a functional or
physiological difference within the gland.

7.2 Results

7.2.1 Regional differences in the density of the actin bundles along the
length of the gland

By the fifth stadium, the silk glands of Calpodes have 5 structurally
different segments: the duct, green, anterior, mid, and posterior regions
(Wiley & Lai-Fook, 1974) (fig. 4). Rhodaminyl-phalloin staining of whole
glands showed that each region had its own pattern and density of actin
bundles. Few actin filaments encircled the gland lumen in the duct region;
most of the f-actin was distributed throughout the cytoplasm and in a thick
shell around the nucleus (fig. 98). There was then an abrupt increase in
bundle density around the lumen with the beginning of the green region.
The green region contained the greatest density of bundles (fig. 99). The f-
actin bundle density declined with the beginning of the anterior
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Figs. 98 to 102. Regional differences exist in the density of periluminal
circumferential actin bundles in the silk gland. Rhodaminyl-phalloin
labelled silk glands from fifth stage larvae display differences along the
length of the gland in the density of the f-actin bundles. In the duct (fig. 98)
the f-actin occurs throughout the cytoplasm and forms a shell around the
nucleus. The region posterior to the duct (Du), the green region (Gr), is
marked by a sudden change in the distribution of f-actin within the cells (fig.
99). The periluminal circumferential actin bundle density is greatest in the
green region (fig. 99) and becomes less dense towards the posterior end of
the gland. Occasionally, there appears to be a continuity of actin bundles
between opposing cells (arrows).

Fig. 100: anterior region. Fig. 101: mid region. Fig. 102: posterior region.
Photographed using a Zeiss Photomicroscope II. Scale bars = 100 pm






region. The density of bundles then declined gradually through the anterior
(fig. 100), mid (fig. 101) and posterior regions (fig. 102).

These differences in density of f-actin bundles were not as
conspicuous during earlier larval intermoult stages (figs. 108-111) when the
cells are much smaller. In silk glands from the third stadium, the difference
in bundle density between the green region and the regions on either side of
it was prominent (figs. 108 & 109), but no apparent difference existed in
bundle density between the anterior, mid and posterior regions (figs. 109-
111).

722 Regional differences in f-actin-coated vacuole formation during
moulting

During each larval moult, the f-actin bundles disappeared at the same
time as vacuoles derived from the apical surface became coated with actin.
After moulting the bundles reformed (Chapter 6). These changes only
occurred in the anterior (figs. 104 & 105), mid (fig. 106), and posterior (fig.
107) regions of the gland. The distribution of bundles in the duct (fig. 103)
and the green (figs. 103 & 104) regions remained unchanged through the
larval moults. The same regional pattern of f-actin-coated vacuole
formation occurred during each of the larval moults (figs. 112-115),
regardless of cell size.

7.3 Discussion

A regionally-dependent pattern exists in the density of the
periluminal circumferential actin bundles. The greatest density of bundles
occurs in the anterior-most regions of the gland (excluding the duct). These
regional differences in the density of microfilament bundles persist
throughout larval life and presumably have some functional or
physiological significance.

One proposed function for the microfilament network in silk gland
cells is to provide peristaltic contractions to propel the silk within the
lumen of the gland (Couble et al., 1984; Sasaki & Tashiro, 1976). The
arrangement of the bundles in rings around the lumen of the gland (with
the bundles of one cell aligned with the bundles of the opposing cell) could
provide local constrictions of the lumen if the bundles are contractile.
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Figs. 103 to 107. The formation of actin-coated vacuoles during the larval
moults occurs only in certain regions of the gland. Rhodaminyl-phalloin
labelling of silk glands from 4th moult larvae shows that there is no f-actin-
coated vacuole formation in the duct (Du) or green (Gr) regions of the gland
(fig. 103). There is an abrupt change in the occurrence of vacuole formation
between the green region (Gr) and the anterior region (fig. 104). F-actin-
coated vacuoles occur only in the anterior (figs. 104 & 105), mid (fig. 106),
and posterior (fig. 107) regions of the silk gland during moult.
Photographed using a Zeiss Photomicroscope II. Scale bars = 100 um







Figs. 108 to 111. The regional differences in the density of the periluminal
circumferential actin bundles are not as conspicuous in earlier larval
intermoult stages. The pattern of f-actin labelling in silk glands from third
stage larvae is similar to that found in silk glands from fifth stage larvae in
the duct and green regions. The difference in f-actin density is not apparent
between anterior, mid, and posterior regions at this stage of development.
Fig. 108: duct and green regions. Fig. 109: anterior region. Fig. 110: mid
region. Fig. 111: posterior region.

Photographed using a Zeiss Photomicroscope II. Scale bars = 100 pm

Figs. 112 to 115. The regional patterns of f-actin-coated vacuole formation
are similar during each of the larval moults. Silk glands from 3rd moult
larvae show a lack of vacuole formation in the duct (Du) and green (Gr)
regions (fig. 112). F-actin-coated vacuoles form only in the anterior (fig. 113),
mid (fig. 114), and posterior (fig. 115) regions.

Photographed using a Zeiss Photomicroscope II. Scale bars = 100 pm







However, one might expect the density of bundles to be greatest at the
posterior end of the gland in order to propel the silk toward the gland
opening. Additionally, peristaltic movement of luminal secretion may not
be necessary, since the gland is only open at its anterior end. The continued
synthesis and secretion of silk during feeding periods may be sufficient to
force the silk along the lumen.

Contractions of periluminal circumferential actin bundles may serve
a different purpose. Oscillating contractions of individual actin bundles
could compress the luminal silk locally, and thus increase the space between
the bundles for exocytosis of silk. This interpretation could also allow the
contraction to move in a series of local waves, encouraging peristalsis to a
limited degree.

Another possible function for the apical actin bundles, suggested by
their arrangement in parallel hoops around the gland lumen and
perpendicular to the long axis of the gland, is to resist or contain luminal
hydrostatic pressure. This possible function may give a clue to the need for
various degrees of reinforcement in the different regions. Uniform
hydrostatic pressure in a cylinder produces twice as much stress along the
sides as along the length/ends (i.e. the hoop stress is twice the axial stress)
(Locke, 1958; Timoshenko, 1936), thus, the need for lateral reinforcement.
The silk gland, however, is a tube of varying luminal diameter. Assuming
a constant flow rate of silk, by Poiseuille's law! for flow of viscous liquids
through a tube (Sears et al., 1980), the hydrostatic pressure in a tube is
inversely proportional to the cross sectional area of the flow through it.
Posterior regions have lower cross sectional areas and are flowing into
wider tubes. Their need for circumferential reinforcement is
correspondingly low. From the mid region towards the anterior of the

[ Poiseuille's law:
nriap
volumerateofflow Q=--——— - where: r =radius
8nli Ap = change in pressure
1=length
1N = viscosity
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gland, the diameter of the gland narrows into the green region which
requires correspondingly more reinforcing bundles to resist the hoop stress.
Although the duct is narrower still, it is lined by cuticle (Akai, 1984), which
would take the place of the luminal cytoskeleton in resisting the pressure
from within.

During the larval moults, the periluminal circumferential actin
bundles dissociate and the f-actin is redistributed in the apical cytoplasm in
the form of actin-coated vacuoles. The differences in the density of f-actin-
coated vacuoles between the anterior, mid, and posterior regions merely
reflects the regional differences in density of the periluminal
circumferential actin bundles during the intermoult. However, the lack of
vacuole formation in the green region suggests that its actin bundles
continue to be needed during moulting. The actin in this region maintains
a constant structure whilst that in other regions is rearranged between
stages. The green region, which has the greatest density of actin bundles,
may act as a sphincter for flow regulation during the intermoults.
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SUMMARY AND CONCLUSIONS

The development of silk gland nuclei: the silk gland nuclear matrix

Nuclear ramification in Calpodes silk gland cells is a gradual process
throughout larval life. In early stages, the nuclei are small and ovoid.
Branching becomes conspicuous early in the third stadium and is most
extensive by the middle of the fifth stadium.

There are regionally-specific patterns of nuclear branching. Nuclei are most
branched in the mid region. Little branching is apparent in the green
region even though branching occurs in the regions on either side of it.
Thus, arborescent nuclear shapes are determined.

Silk gland nuclei possess a structural skeleton which conforms to the
auclear shapes. Nuclear matrices prepared in situ are similar in shape
to nuclei in unextracted glands. Therefore, nuclear shape is maintained
by a nuclear skeleton.

Filaments which form the silk gland nuclear matrix have a bias in their
orientation which suggests a role in nuclear branching. SEM of the outer
nuclear lamina and TEM of profiles of the intranuclear filaments reveal
that their arrangement is parallel to the long axes of the nuclear
branches. Thus, matrix elements are arranged in an architecture which
is appropriate for elongation of nuclear branches.

The polypeptide complement of the silk gland nuclear-associated (nuclear
matrix) fraction is characterized by an abundance of a few polypeptides
including actin and lamin.

Silk gland nuclei label for matrix antigens which are found in smaller, more
typically shaped mammalian nuclei. P1 (anti-peripherin) and PI1 both
label the nuclear periphery. The distribution of these antigens is
uniform over the entire nuclear periphery. Anti-peripherin labels the
nuclear lamina in the nuclear-associated fraction.
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A shell of f-actin surrounds the branched nuclei in silk gland cells

The silk gland nuclear-associated fraction contains an isoform of a
polypeptide (43 kD, pI 6.45) similar in relative mobility to actin.

Actin antibodies bind to a band with a relative mobility of 43 kD on
Western blots of the silk gland subnuclear fraction.

Silk gland nuclei label at their periphery with antibodies to actin and
myosin at all stages of nuclear branching (i.e. both early and late in larval
development). The distribution of these antigens does not change
during the larval moults.

Silk gland nuclei label weakly at their periphery with rhodaminyl-phalloin
which specifically binds to f-actin.

A lamina-like element of the nuclear-associated fraction binds antibodies to
both actin and myosin. This component of the fraction is not the
nuclear lamina and is referred to as the nuclear shell.

The nuclear shell of the nuclear-associated fraction binds heavy
meromyosin without any preferred orientation.

A perinuclear zone of exclusion, which contains randomly oriented fibrils,
on the cytoplasmic side of the nuclear envelope corresponds to the
nuclear shell.

Therefore, the nuclear shell contains f-actin and a myosin-like protein.
These components, which are known to generate force, may participate,
along with the intranuclear elements, in nuclear ramification.

Cytoplasmic actin storage bodies in silk gland cells

During larval moults, large spherical protein concretions which bind
antibodies to actin occur in the cytoplasm near the nuclei. These are
likely actin storage bodies maintained during the larval moults.
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Large spherical protein bodies occasionally co-isolate with the nuclear-
associated fraction prepared from silk glands from moulting larvae.
These bodies bind antibodies to actin but not to myosin or peripherin.
These are probably the same actin storage bodies which occur in the
cytoplasm. These bodies most likey act as reserves of actin to be
incorporated into the nuclear shell during nuclear growth.

The redeployment of f-actin in silk glands during moulting

Most of the cytoplasmic f-actin is restricted to the apical end of the cell in the
form of parallel bundles which encircle the gland lumen. These bundles
persist throughout the intermoult and present no barrier to exocytosis of
silk. The function of the bundles may be to previde resistance to the
luminal hydrostatic pressure.

During the larval moults, the periluminal circumferential actin bundles
dissociate as the f-actin forms coats around large vacuoles in the apical
cytoplasm. Moult-related cytoplasmic vacuoles label with rhodaminyl-
phalloin and with gold-tagged anti-actin antibodies. The formation of f-
actin-coated vacuoles may facilitate the endocytosis of unspun luminal
silk or may act as a temporary store of f-actin during the larval moults.

Regional differences in the apical f-actin cytoskeleton of silk gland cells

Regional differences exist in the density of the periluminal circumferential
actin bundles within the gland. The greatest density is in the green
region. The bundle density becomes less towards the posterior end of the
gland. These regional differences reflect the need for varying degrees of
resistance to the luminal hydrostatic pressure along the length of the
gland.

Regional differences occur in the formation of f-actin-coated vacuoles
during the larval moults. F-actin coated vacuoles form in the anterior,
mid and posterior gland regions but not in the green or duct regions.
The density of f-actin coated vacuoles is greatest in the anterior region
and least in the posterior region.
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APPENDIX 1
Controls for Inmunofluorescence Microscopy
Autofluorescence controls

Unlabelled whole silk glands were examined by epifluorescence
microscopy for autofluorescence. The glands were examined with the filters
used in this study to detect fluorescence from either rhodamine or
fluorescein. With the rhodamine excitation and band pass filters, only a
faint autofluorescence could be detected in the cytoplasm of the green region
of the gland (figs. 116-118). No autofluorescence occurred in the regions on
either side of the green region or in any other part of the gland (figs. 116-
120). No autofluorescence was detected in or near the lumen in any region
of the gland.

Examination of the glands with the fluorescein excitation and band
pass filters revealed autofluorescence from the luminal contents of the
gland (i.e. the silk) (fig. 121).

Figures 117, 118, 120, and 121 were all exposed and printed under
conditions which matched those used for immunofluorescent images.

2° Antibody controls (immunofluorescence)

As a control for false positive labelling, fractured silk glands were
incubated with only the 2° antibodies (under the conditions outlined in
Chapter 2). The only detectable fluorescence in slides incubated with FITC-
conjugated anti-rabbit IgG was from linear structures thought to be the
tracheoles which penetrate the glands (fig. 122). Since no fluorescence was
detected in slides incubated with rhodamine-conjugated anti-rabbit IgG (fig.
123), the fluorescence in figure 122 probably represents autofluorescence
from the tracheoles. Similar results were obtained when slides were
incubated with FITC-conjugated anti-mouse IgG (fig. 124) and rhodamine-
conjugated anti-mouse IgGAM (fig. 125).

Slides incubated with FITC-conjugated anti-human IgG were
examined with the filters to detect both fluorescein- and rhodamine-like
fluorescence because of the inclusion of an Evan's Blue counterstain. With
the FITC filters, spheres which stain with Evan's Blue (i.e. they fluoresce
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Figs. 116 to 121. No autofluorescence occurs within the cells of the anterior,
mid, and posterior regions of the silk glands. Whole unlabelled silk glands
were examined by epifluorescence microscopy with filters used to detect
rhodamine fluorescence. Comparison of the phase contrast image (fig. 116)
of duct/green region (Du/Gr) from early 5th instar with corresponding
epifuorescent image (fig. 117) indicates a weak autofluorescence is apparent
only in the green region (Gr) of the gland. The junction between the duct
and the green region is marked by large arrows. No increased
autofluorescence occurs around the gland lumen in the green region or in
any other region. The weak autofluorescence disappears at the junction
between the green and anterior regions (small arrow) (fig. 118). Auto-
fluorescence does not occur in any other region of the gland under
conditions used to detect rhodamine fluorescence. Fig. 119: Phase contrast
image of anterior region from early 5th instar. Fig. 120: Corresponding
epifluorescent image.

With filters used to detect FITC fluorescence, the luminal content
(Lu) of the silk glands (i.e. the silk) is autofluorescent (fig. 121). No
structures within the cell appear to be autofluorescent under these
conditions. Fig. 121: Epifluorescent image of the anterior region from early
5th instar. Scale bars = 100 um
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Figs. 122 to 127. Fluorescent-tagged secondary antibodies do not bind to any
sites within silk gland cells. Fractured silk glands (see section 2.4) were
probed with only the secondary antibodies under the same conditions
which gave positive results when the primary antibodies were included. In
glands labelled with FITC-conjugated anti-rabbit IgG (fig. 122) or FITC-
conjugated anti-mouse IgG (fig. 124) only a small amount of fluorescence
occurs from the tracheoles (Tr) which penetrate the glands. The
fluorescence is thought to be due to autofluorescence of the tracheoles since
a similar fluorescence does not occur when glands are labelled with
rhodamine-conjugated anti-rabbit IgG (fig. 123) or rhodamine-conjugated
anti-mouse IgGAM (fig. 125). Glands were also labelled with FITC-
conjugated anti-human IgG and Evan's blue. Vacuoles (v) which stain with
Evan’s blue are only defected when using the filters for FITC fluorescence
(fig. 126). Fluorescence from the cytoplasm which stains with Evan's blue is
detected under conditions used to detect both FITC (fig. 126) and rhodamine
fluorescence (fig. 127). In both cases, only the red fluorescence from the
Evan's blue was detected. Scale bars = 10 um







red, not green) were detected (fig. 126). With the rhodamine filters, only a
background fluorescence from the Evan's Blue was detected (fig. 127). The
intensity of the fluorescence was less than that detected with the fluorescein
filters.

Thus, under the conditions used, fluorescence from the 2° antibody
appears to represent a true binding of the 1° antibody to the antigen.

Specificity of antibodies and filters

Double labelling of cells for immunofluorescence presents 2 problems:
1) the possibility of non-specific binding of the 1° antibodies; and
2) the possibility of "cross-talk” between the excitation and/or barrier
filters (i.e. the excitation or detection of fluorescence of a label with
an inappropriate filter).

The excitation (430-500 nm) and emission (500-560 nm) of fluorescein
can excite rhodamine (excitation = approximately 450-600 nm). Therefore, a
short wave band pass filter (KP 490) was used for the excitation of FITC.
This filter allows for the transmission of light with wavelengths between
400 #nd 490 nm (with a sharp cut off at 490 nm). A long pass barrier
(emission) filter which blocks wavelengths below 500 nm was used to detect
FITC fluorescence.

For the excitation of rhodamine, a band pass exciiation filter (BP 510-
560) (i.e. transmission of wavelengths between 510 and 560 nm) was used to
prevent the excitation of FITC. To detect rhodamine fluorescence, a long
pass barrier (emission) filter (LP 590) (i.e. cuts off wavelengths below 590
nm) was used.

The co-localization of actin (or myosin) and P1 (or PI1) to the nuclear
periphery was detected with both combinations of 2° tags {i.e. FITC-P1/Rh-
actin(myosin) (figs. 50-51) and Rh-P1/FITC-actin(myosin) (figs. 46,47,52 &
53)}. Furthermore, each of the antibodies labelled the nucleus
independently (figs. 36 & 45).

The specificity of antibody binding was indicated by the labelling of
the apical actin bundles with anti-actin (fig. 131) but not P1 (fig. 130) in the
same cell in which both antibodies labelled the nucleus (figs. 128 & 129).

Furthermore, immunogold labelling of sections of nuclear matrix
fractions showed that each antibody binds to a separate nuclear structure (i.e.

131




Fig. 128 to 131. The binding of primary antibodies is specific. Fractured silk
glands from 3rd instar larvae were double labelled with an antibody to actin

followed by rhodamine-conjugated anti-rabbit IgG and with a monoclonal
antibody (P1) to the nuclear matrix antigen-peripherin (Chaly et al., 1985)
followed by FITC-conjugated anti-mouse IgG. Optical sections were taken by
confocal microscopy in two different planes within the cell: at the nuclear
surface (figs. 128,129) and at the lumen (figs. 130, 131). Antibodies to actin
label the periluminal bundles (fig. 131) which are known to contain actin
(Couble et al., 1984) as well as the cell nucleus (fig. 129). Antibodies to
peripherin label the cell nucleus (fig. 128) but not the periluminal bundles
(fig. 130). Scale bars = 10 um




Figs. 134 to 136. Gold-tagged secondary antibodies alone do not bind to
nuclear or cytoplasmic structures which label for actin or peripherin,
Sections of silk glands or of silk gland nuclear matrices were incubated with
only the gold-tagged secondary antibodies under the same conditions which
gave positive results when the primary antibodies were included.
Structures which labelled strongly when the primary antibodies were
included were examined for binding of only the secondary antibody.
Nuclear laminae which bound antibodies to peripherin (see figs. 27,56,57, &
79) did not bind 10 nm gold-conjugated anti-mouse IgG (fig. 134). Storage
bodies, found either in nuclear matrix preparations (fig. 135) or in situ (fig.
136), bound antibodies to actin (see figs. 77,79) but did not bind 5 nm gold
conjugated anti-rabbit IgG. Scale bars = 0.2 um



anti-actin bound to the nuclear shell (fig. 58) and actin storage bodies (figs. 77
& 79); P1 bound to the nuclear lamina (figs. 27,56,57, & 79)).

Controls for fracture technique

Due to a thick impermeable basal lamina, the silk glands had to be
fractured in order to expose the internal structures to antibodies. The glands
were gently compressed between two gelatin-coated slides, frozen on dried
ice, and then pried apart. Such a treatment introduces the possibility of
structural rearrangement of the antigens. To test for this possibility, the
fractured glands were probed with antibodies to antigens of a known
distribution within the cell.

The parallel bundles of f-actin around the lumen of intact glands
(figs. 100-102) were preserved in the fractured preparations (figs. 84 & 131).
This distribution correlated with the distribution of microfilament bundles
observed by TEM (fig. 86).

The distribution of nuclear antigens detected by P1 (figs. 34,36, & 61)
and anti-nuclear antibodies (fig. 62) in fractured glands correlated with the
previously established distribution in other cells (Chaly et al., 1984; Chaly et
al., 1985; Chaly et al., 1986; Chaly et al., 1989).

Fractured glands probed with an antibody to tubulin showed that the
microtubules extended from the nucleus to the luminal end of the cell (figs.
132 & 133). Thus, the radial microtubule system, similar to that found in
Bombyx mori (Sasaki, 1977; Sasaki et al., 1981; Sasaki & Tashiro, 1976;
Tashiro et al., 1982), is preserved in fractured silk glands.

It can be concluded that there is no appreciable alteration in the
distribution of 4 different antigens within fractured silk gland cells.
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Figs. 132 & 133, The technique used to expose intracellular regions does not
alter the distribution of microtubules in silk gland cells. Access of
antibodies to intracellular antigens in silk glands is prevented by a thick
basal lamina. To overcome this problem, silk glands were crushed, frozen,
and fractured to expose the interior of the cell (see section 2.4). Glands from
4th moult larvae were fractured and incubated with a monoclonal antibody
to sea urchin -tubulin (Leslie et al., 1984; Scholey et al., 1984) followed by
rhodamine-conjugated anti-mouse IgGAM. The slides were also incubated
with Heechst 33258 to label the nuclei (N) (fig. 132). The microtubules (MT)
(fig. 133) : .e arranged parallel to each other and are oriented towards the
apical/luminal face of the cell. This arrangement of the microtubules is
similar to that found the silk gland cells of Bombyx mori (Sasaki, 1977;
Sasaki et al., 1981; Sasaki & Tashiro, 1976). Thus, the protocol used to expose
the cell interior does not cause structural rearrangements. Scale bar = 10 um







APPENDIX 2
Controls for Inmunogold Labelling
2° Antibody controls (immunogold)

As a control for false positive labelling, sections of silk glands or silk
gland nuclear matrices were incubated with only the gold-tagged 2° antibody
(under the conditions outlined in Chapter 2). Structures known to bind 1°
antibodies strcngly were examined for binding of the 2° antibody only.
Little or no antibody was detected in nuclear laminae probed with 10 nm
gold-conjugated anti-mouse IgG (fig. 134) or in actin storage bodies (either
associated with the nuclear matrix fraction (fig. 135) or in situ (fig. 136))
probed with 5 nm gold-conjugated anti-rabbit IgG. Thus, under the
conditions used, labelling appears to represent true binding of the antibody
to the antigen.

Mouse liver nuclear matrices

Nuclear matrices prepared from mouse liver extracted (in the
presence of DTT) by the protocol used in this study possessed a nuclear
lamina but no intranuclear filaments (figs. 137 & 138). The remnant
intranuclear structures may represent residual nucleoli or collapsed parts of
the intranuclear matrix. These nuclear matrices label with antibodies to
peripherin (P1) (fig. 137) but not with antibodies to actin (fig. 138).
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Figs. 134 to 136. Gold-tagged secondary antibodies alone do not bind to
nuclear or cytoplasmic structures which label for actin or peripherin.
Sections of silk glands or of silk gland nuclear matrices were incubated with
only the gold-tagged secondary antibodies under the same conditions which
gave positive results when the primary antibodies were included.
Structures which labelled strongly when the primary antibodies were
included were examined for binding of only the secondary antibody.
Nuclear laminae which bound antibodies to peripherin (see figs. 27,56,57, &
79) did not bind 10 nm gold-conjugated anti-mouse IgG (fig. 134). Storage
bodies, found either in nuclear matrix preparations (fig. 135) or in situ (fig.
136), bound antibodies to actin (see figs. 77,79) but did not bind 5 nm gold
conjugated anti-rabbit IgG. Scale bars = 0.2 um
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Figs. 137 & 138. Nuclear matrices prepared from mouse liver label with
antibodies to peripherin but not with antibodies to actin. Nuclear matrices
prepared f.om mouse liver by the method of Fisher et al. (1982) in the
presence of a reducing agent (DTT) contain only a peripheral nuclear lamina
(NL). Structures that remain in the nuclear interior may be either the
nucleolar skeleton or the collapsed intranuclear matrix. The isolated
nuclear lamina from rat liver labels with monoclonal antibodies to
peripherin (fig. 137 a,b) but not with antibodies to actin (fig. 138 a,b).

Scale bars = 0.5 pm (figs. 137a & 138a); 0.1 um (figs. 137b & 138b).
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