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Abstract Little is known about what determines the nuclear matrix or how its reorganization is regulated during 
mitosis. In this study we report on a monoclonal antibody, mAbZA, which identifies a novel nuclear structure in 
Drosophila embryos which forms a diffuse meshwork at interphase but which undergoes a striking reorganization into a 
spindle-like structure during pro- and metaphase. Double labelings with a-tubulin and mAb2A antibodies demonstrate 
that the microtubules of the mitotic apparatus co-localize with this mAb2A labeled structure during metaphase, 
suggesting it may serve a role in microtubule spindle assembly and/or function during nuclear division. That the 
mAb2A-labeled nuclear structure is essential for cell division and/or maintenance of nuclear integrity was directly 
demonstrated by microinjection of mAb2A into early syncytial embryos which resulted in a disintegration of nuclear 
morphology and perturbation of mitosis. D 1996 WiIey-Liss, Inc. 
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The interphase nuclear matrix consists of a 
complex network of core filaments and its associ- 
ated proteins [Berezney and Coffey, 1977; Jack- 
son and Cook, 1988; He et al., 19901. During the 
various stages of the cell cycle this nuclear archi- 
tecture undergoes significant reorganization, re- 
flecting the major changes in the functional 
requirements of the nucleus during mitosis [Pen- 
man, 1995; Jackson, 19951. These rearrange- 
ments include reorganization of the nucleoskel- 
eton or nuclear matrix, disassemblylreassembly 
of the nuclear lamina, condensation/deconden- 
sation of the DNA, and assembly/disassembly of 
the mitotic apparatus. Although little is known 
about the behavior of the nuclear skeleton dur- 
ing division, the observation that core fibers are 
present at metaphase indicates that a fibrous 
nucleoskeletal network is also present during 
mitosis [Nickerson and Penman, 19921. This sug- 
gests that at least a subset of the nucleoskeleton 
may not simply disassemble during mitosis, but 
may reorganize during the cell cycle and thus play 
an important structural role in transitions in 
nuclear morphology [Nickerson and Penman, 19921. 

How the nuclear matrix is remodeled during 
division or what role it may play in nuclear 
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reorganization events is not yet apparent in part 
because it has been difficult to isolate and define 
the composition of this scaffold. Recent efforts 
have focused on identifying and characterizing 
those molecules which operationally define the 
nuclear matrix, namely proteins which remain 
in the nucleus after nuclease digestions and 
detergent extractions [Berezney, 19911. How- 
ever, none of these proteins appear to constitute 
a major component of the core filaments [Jack 
and Eggert, 1992; Hozak et al., 19951, and thus 
it is not clear what structural role they may 
play. An alternate approach has employed the 
use of antibodies which stain the nuclear matrix 
obtained from autoimmune sera or which have 
been specifically generated against nuclear ma- 
trix fractions. EM-immunolocalization of some 
of these proteins has shown correlations with 
certain aspects of the nuclear matrix, for ex- 
ample localization to the dense assemblies 
[Nickerson and Penman, 1992; Wan et al., 1994; 
Zeng et al., 1994al or to a subset of the core 
filaments [Nickerson and Penman, 1992; Zeng 
et al., 1994bl. One particularly striking example 
of a protein which redistributes during the cell 
cycle is NuMA (nuclear mitotic apparatus pro- 
tein), a large coiled-coil nuclear matrix protein 
which relocates to the spindle poles at meta- 
phase [Lydersen and Pettijohn, 1980; Yang et 
al., 1992; Compton et al., 19921. Several studies 
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have shown that NuMA may be involved in 
spindle assembly [Kallajoki et al., 1991; Yang 
and Snyder, 1992; Compton and Luo, 1995; 
Gaglio et al., 19951 as well as in nuclear reassem- 
bly following division [Kallajoki et al., 1991, 
1993; Compton and Cleveland, 19931. However, 
in order to fully understand how the dynamic 
structure of the nucleus is organized and regu- 
lated, it is important that additional compo- 
nents of its structure be identified. 

In the present study we have identified such a 
component using a monoclonal antibody, mAb2A, 
which labels Drosophila nuclei in a dynamic cell 
cycle-specific pattern. mAb2A identifies a nuclear 
meshwork at interphase which begins to reorga- 
nize into a spindle-like structure during pro- 
phase at a time when microtubules are excluded 
from the nucleus. At metaphase, however, the 
mAb2A-labeled spindle structure co-localizes 
with the mitotic microtubule spindle. The 
mAb2A-labeled spindle persists through ana- 
phase, but begins to decondense during telo- 
phase exhibiting once again a meshwork-like 
staining pattern as in the interphase nucleus. 
This nuclear cytoarchitectural reorganization 
revealed by mAb2A suggests that it may be of 
functional importance during mitosis. In particu- 
lar, the establishment of a spindle-like struc- 
ture, the formation of which precedes or coin- 
cides with the assembly of the mitotic 
microtubule spindle, raises the possibility that 
this structure may be involved in the formation 
and/or function of the mitotic apparatus. A pre- 
liminary account of some of this work has been 
reviewed in Johansen [19961. 

MATERIALS A N D  M E T H O D S  
Drosophila Embryo Collections 

Wild-type Drosophila melanogaster Oregon R 
fly stocks were maintained according to stan- 
dard protocols [Roberts, 19861. Embryos were 
collected from either population cages or bottles 
using apple juice or molasses agar plates which 
had been spread with yeast. 

lmmunohistochemistry 

For nuclear antibody labeling studies, em- 
bryos (0-3 h) were dechorionated in 50% Chlo- 
rox solution, washed with 0.7 M NaC1/0.2% 
Triton X-100, and fixed in a 1:l heptane:fixative 
mixture for 20 min with vigorous shaking at 
room temperature. The fixative was either 4% 
paraformaldehyde in phosphate buffered saline 
(PBS) or Bouin’s Fluid. Vitelline membranes 

were then removed either by the heptane- 
methanol method [Mitchison and Sedat, 19831 
or by hand using a tungsten needle. Embryos 
were blocked in PBS with 1% normal goat se- 
rum (Cappel Organon Teknika, Durham, NC) 
and 0.4% Triton X-100. Primary antibody incu- 
bations using mAb2A (IgM) [Johansen, 19891, 
anti-a-tubulin monoclonal antibody (IgG1) 
(Sigma, St. Louis, MO), or anti-lamin monoclo- 
nal antibody (gift of Dr. P. Fisher, SUNY at 
Stony Brook) were performed either at room 
temperature or 4°C for 12-48 h. For single label- 
ings, embryos were washed in PBS with 0.4% 
Triton X-100, incubated for 2.5 h with HRP- 
conjugated goat anti-mouse secondary antibody 
(1:200) (Bio-Rad, Richmond, CAI, washed in 
PBS with 0.4% Triton-X100 followed by a rinse 
with PBS alone, and reacted for 5-10 min in 
PBS with 0.2 mg/ml diaminobenzidine (DAB) 
and 0.03% HzOz. Reactions were stopped by 
washing in PBS with 0.05% sodium azide and 
the samples mounted in 90% glycerol or were 
taken through an alcohol dehydration series, 
cleared in xylene, and mounted in DePeX (BDH). 
The labeled preparations were photographed on 
a Zeiss (Thornwood, NY) Axioskop using Ecta- 
chrome 64T film. The color positives were digi- 
tized using Adobe Photoshop and a Nikon Cool- 
scan slide scanner. In Photoshop the images 
were image processed and in some cases con- 
verted to black and white before being imported 
into Freehand (Macromedia, San Francisco, CA) 
for composition and labeling. 

For double and triple labelings by mAb2A 
together with a-tubulin or lamin antibodies and 
with Hoechst, embryos were collected, dechori- 
onated, and pretreated for 20 s in heptane with 
0.5 pM taxol before being fixed in 4% paraformal- 
dehyde and devitellinized. Embryos were then 
sequentially incubated first with either tu-tubu- 
lin antibody visualized with FITC-conjugated 
goat anti-mouse IgG1-specific antibody (Cappel) 
or with Drosophila lamin antibody visualized 
with FITC-conjugated goat anti-mouse IgG anti- 
body (Cappel) and subsequently with mAb2A 
which was visualized using TRITC-conjugated 
goat anti-mouse IgM-specific antibody (Cappel). 
All antibody labelings were done in PBS buffer 
containing 0.4% Triton X-100 and 1% normal 
goat serum. For visualization of DNA, the anti- 
body labeled embryos were incubated in 0.2 
pg/ml Hoechst in PBS for 10 min. The final 
preparations were mounted in glycerol with 5% 
n-propyl gallate and viewed with a 1 0 0 ~  Neo- 
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Fluor objective on a Zeiss Axioskop equipped 
with filter sets optimized and selective for each 
chromophore. Digital images were obtained us- 
ing a high resolution cooled CCD camera (Paultek, 
Green Valley, CA), a PixelBuf€er framegrabber (Per- 
ceptics, K n o d e ,  TN), and the NIH-Image soft- 
ware. The digital images were pseudocolored and 
imported into Photoshop where they were image 
enhanced and merged. Confocal microscopy was 
performed on a Nkon microscope equipped with a 
Noran Odessy real time confocal imaging system 
using a 60x objective. The images were acquired 
using the Image 1 software (Universal Imaging 
Corporation, West Chester, PA). 

Antibody Perturbation Analysis 

Antibody injection into 0-30 min syncytial 
embryos followed the procedures of Baek and 
Ambrosio [19951 except that embryos were 
aligned for lateral microinjection. Approximately 
1 nl of either mAb2A or a control ascites fluid, 
both of which had been precleared by centrifuga- 
tion, was injected into each embryo. The control 
ascites fluid was derived from the commercially 
available MOPC-104E mineral oil induced tu- 
mor cell line (Cappel) which produces mouse 
IgM antibody and which has the normal ascites 
fluid content of other mouse immunoglobulin 
and serum proteins. Embryos were allowed to 
develop for 3 h at 20°C after which they were 

fixed in Bouin’s Fluid, hand devitellinized with a 
tungsten needle, and stained with Hoechst as 
described above to observe the nuclear DNA 
staining patterns. Egg collections were rou- 
tinely divided into two samples to be used for 
either experimental or control injections in or- 
der to minimize variability between egg samples. 
Embryos were mounted in glycerol with 5% 
n-propyl gallate, viewed under epifluorescence 
as described above, and scored blind as either 
wild type, perturbed, or unfertilized. To test 
whether the difference in the distribution into 
these categories of experimental and control em- 
bryos was statistically significant, we performed 
a X2-test of the null hypothesis that the two 
distributions were different. 

RESULTS 
mAb2A Labeling of Embryonic Nuclei Shows a 

Dynamic Cell-Cycle Specific Distribution Pattern 

The monoclonal antibody 2A was originally 
identified as an IgM-secreting clone from a hybrid- 
oma fusion with a synthetic peptide derived 
from extracellular Notch sequence as an immu- 
nogen; however, the mAb2A does not recognize 
the Notch protein [Johansen, 19891. Instead 
mAb2A specifically labels a novel nuclear compo- 
nent which shows a dynamic cell cycle-specific 
distribution pattern. However, since the mAb2A 
is of the IgM subtype and does not recognize the 

Fig. 1. 
mAb2A of synchronous metaphase nuclei. Scale bar = 75 p,m. 

Whole-mount preparation of a pre-cellular blastoderm Drosophila embryo demonstrating labeling by 
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denatured antigen on immunoblots a direct de- 
termination of the biochemical nature of this 
component has yet to be completed [Walker et 
al., 1995; Johansen, 19961 and will be presented 
elsewhere. Consequently, the main emphasis of 
this report is to  provide an immunohistochemi- 
cal analysis of the nuclear cytoarchitectural reor- 
ganization revealed by mAb2A and on the pos- 
sible functional importance of nuclear matrix 
remodeling for nuclear division. 

Figure 1 shows a pre-cellular blastoderm stage 
Drosophila embryo which has been stained with 
the mAb2A, demonstrating staining in all of the 
synchronized metaphase somatic nuclei. At these 
early stages the nuclear components and mitotic 
spindles are large and easily visualized, facilitat- 
ing the analysis of their interactions. Nuclear 
staining by mAb2A has been observed in all 
tissues analyzed thus far, including imaginal 
discs, salivary glands, larval muscle cells, and 
ovaries (data not shown). Figure 2 shows differ- 
ential interference contrast (DIC) images ofDro- 
sophila embryonic nuclei that demonstrate the 

striking redistribution of mAb2A nuclear label- 
ing during various stages of the cell cycle. At 
interphase (Fig. 2A) the antibody identifies a 
diffuse meshwork of labeled structures through- 
out the nucleus, which can be followed by focus- 
ing in different optical planes. In addition, it 
appears that mAb2A labeling may be associated 
with the nuclear envelope at this stage although 
this has not been ascertained directly (Fig. 2A-C, 
arrows). During prophase the labeled nuclear 
meshwork undergoes a pronounced reorganiza- 
tion and begins to condense within the nucleus 
(Fig. 2B,C) and aligns to  form a distinct spindle- 
like structure (Figs. 2D, 3A). Intriguingly, this 
structure begins to form during prophase at a 
time when the nuclear envelope is still intact 
and when tubulin is excluded from entering the 
nucleus [Fuchs et al., 1983; Hiraoka et al.. 19901. 
The mAb2A-labeled spindle-like structure con- 
tinues to  be labeled during anaphase (Fig. 2E) 
but begins to decondense during telophase (Fig. 
2F,G), exhibiting once again a meshwork-like 

Fig. 2. Drosophila embryo nuclei labeled by mAb2A from 
various stages of the cell cycle: (A) interphase; (B) prophase; 
(C) prometaphase; (D) rnetaphase; (E) anaphase; (F) early 
telophase; (C)  late telophase. At prophase (6) the diffuse mesh- 
work labeled by rnAb2A in interphase (A) begins to undergo a 
condensation which leads to the labeling of a spindle-like 
structure at metaphase (D). At rnetaphase the duplicated centro- 
sornes also appear to be labeled by the antibody (arrows). The 

spindle-like structure continues to be labeled during maphase 
( E )  before decondensation and redistribution of the, mAb2A 
labeling during telophase (F,G). During interphase (A), pro- 
phase (B), and prometaphase (C), mAb2A labeling also appears 
to be associated with the nuclear envelope (arrows). The rnAb2A 
labeling appears to be excluded, however, from the reassem- 
bling nucleoli (C, arrows). Scale bar = 5 km. 
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staining pattern which does not include the 
nucleolus (Fig. 2G, arrows). 

The Nuclear Structure Identified by mAb2A 
Forms a True Spindle at Metaphase 

In order to  address whether the spindle-like 
structure stained by mAb2A during metaphase 
(Figs. 1, 2D) is a true spindle, we performed 
confocal microscopy of mAb2A-labeled nuclei 
which were visualized using a fluorescently 
tagged secondary antibody. Optical sectioning of 
metaphase nuclei showed that the mAb2A- 
labeled structure clearly could be resolved as 
being organized into separate and distinct spindle 
domains and thus that it is not a solid structure 
as it may appear under DIC and conventional 
fluorescent optics (Fig. 3A). In addition, confo- 

Fig. 3. mAb2A labels a spindle-like structure at metaphase 
and anaphase. A: Optical section obtained by confocal micros- 
copy with a 60x objective of a metaphase nucleus labeled with 
mAb2A and visualized using TRITC-conjugated secondary anti- 
body. The figure shows that the mAb2A labeling is of a true 
spindle and not of a solid structure as may appear under DIC 
optics. In addition, the confocal analysis revealed the presence 
of a mAb2A labeled fibrous network located at the metaphase 
plate (arrow). The embryo was fixed in Bouins’s fluid. Scale 
bar = 1.5 pm. B: Double labeling of an anaphase nucleus with 
mAb2A and with Hoechst which labels DNA. The chromo- 
somes are drawn to opposite poles while mAb2A continue to 
label a spindle-like structure. The top panel shows the compos- 

cal microscopy revealed the presence of a fibrous 
network of mAb2A staining located at the meta- 
phase plate (Fig. 3A, arrow). The mAb2A labeled 
spindle-like structure remains intact during ana- 
phase (Fig. 2E) when the sister chromatids seg- 
regate and the microtubules disassemble as 
shown in Figure 3B and C. Thus it appears that 
mAb2A identifies a novel spindle-like structure 
which may be involved in the formation andior 
function of the mitotic apparatus. 

Formation of the mAb2A-Labeled Spindle 

In order to  ascertain the relative genesis of 
the spindle-like structure identified by mAb2A 
to that of the microtubule spindle apparatus and 
to analyze whether the two structures are coin- 
cident at  metaphase, we performed triple label- 

ite staining pattern of both mAb2A and Hoechst while the 
panels below show the individual stainings pseudocolored in 
blue for Hoechst and in red for rnAb2A. Scale bar = 2 pm. C: 
Double labeling of an anaphase nucleus labeled with a mAb to 
a-tubulin (pseudocolored green) and with mAb2A (pseudocol- 
ored red). At this stage the microtubules are in the process of 
shortening and disassembly while the mAb2A labeled scaffold 
continues to  extend from centrosome to centrosome. mAb2A 
labeling co-localizes with anti a-tubulin antibody labeling at the 
polar regions of the spindle (yellow) whereas the asters are 
labeled by anti a-tubulin antibody only (green, arrows) and not 
by mAb2A. Scale bar = 2 pn. Embryos in B and C were 
stabilized with taxol and fixed in 4% paraformaldehyde. 
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ings with mAb2A using anti-a-tubulin antibody 
to visualize the microtubules and Hoechst stain- 
ing to visualize the DNA (Fig. 4A). Figure 4A 
shows exposures through different filter sets 
optimized for each chromophore used in the 
same optical plane. Mitosis in Drosophila is 
considered to be “closed,” although in fact the 
nuclear envelope does disassemble at metaphase 
[Stafstrom and Staehelin, 1984; Fuchs et al., 
1983; Hiraoka et al., 19901. This is demon- 
strated in Figure 4B where metaphase nuclei 
are triple labeled with mAb2A, Hoechst and an 
mAb to Drosophila lamin as a marker for the 
nuclear envelope [Maus et al., 19951. In the 
composite picture (Fig. 4B) it can be clearly seen 
that the spindle poles extend beyond the nuclear 
envelope, which has partly broken down provid- 
ing an entry point for the microtubule fibers to 
extend towards the metaphase plate and to form 
the spindle apparatus. Thus, at  prophase and 
prometaphase the mAb2A labeled spindle struc- 
ture is already being formed (Figs. 2B,C, 4A) 
while the tubulin microtubule spindles only start 
to assemble during prometaphase when nuclear 
envelope breakdown is initiated (Fig. 4A). These 
results clearly suggest that formation of the 
mAb2A-labeled spindle begins before microtu- 
bule aggregation. However, we could not resolve 
whether completion of the mAb2A-labeled 
spindle precedes or coincides with microtubule 
spindle assembly. At metaphase the labeling of 
mAb2A and anti a-tubulin antibody is congru- 
ent except for the microtubule asters which are 
not labeled by mAb2A (Figs. 3C, 4A). Centro- 
somes and in some cases individual spindle fi- 
bers could be resolved as labeled by both mAb2A 
and anti a-tubulin antibody (bright yellow color 
in the composite panel of Fig. 4A). However, by 
telophase the mAb2A labeling again redistrib- 
utes into a diffuse meshwork (Fig. 2F,G) which 
overlaps with the Hoechst staining as the chro- 
matin also decondenses (Fig. 4A). 

Injection of mAb2A Into Syncytial Embryos 
Perturbs Normal Nuclear Division 

and Blocks Development 

The immunolocalization studies described 
above using mAb2A demonstrate the existence 
of a nuclear component that reorganizes during 
mitosis and may be involved in nuclear architec- 
tural remodeling during the cell cycle. Its dy- 
namic redistribution pattern suggests that this 
component may play an essential role in nuclear 
structure and/or nuclear division. In order to 

test this hypothesis, we performed perturbation 
experiments by injecting antibody into syncytial 
stage 2 Drosophila embryos. The fertilized egg 
undergoes 13 rapid and nearly synchronous 
nuclear divisions giving rise to  about 6,000 nu- 
clei before cell boundaries form after 3 h of 
development [Zalokar and Erk, 1976; Foe and 
Alberts, 19831, thus affording excellent antibody 
access to the dividing nuclei. Experimental em- 
bryos were injected with mAb2A ascites fluid 
while control embryos were injected with the 
same amount of commercially available IgM- 
containing (MOPC-104E) ascites which recog- 
nize an antigen not detected in Drosophila. In- 
jected embryos were allowed to develop for 3 h at 
20”C, after which they were fixed in Bouin’s 
fluid and stained with Hoechst to compare the 
nuclear DNA staining patterns. 

The phenotypes of representative stage 12 
mAb2A-perturbed embryos are shown in Figure 
5A-D. In general, many fewer nuclei are ob- 
served in the experimental than in the control- 
injected embryos (Fig. 5E,F), and in some ex- 
treme cases only a few nuclear remnants can be 
identified in the mAb2A injected embryos. 
Whereas by this stage all of the somatic nuclei in 
control embryos have migrated to the periphery 
(Fig. 5E,F), nuclei in mAb2A-perturbed em- 
bryos can be observed at many planes of focus 
throughout the embryo, indicating that the re- 
maining nuclei either failed to migrate to the 
periphery or failed to remain at the periphery 
once there. Besides being fewer in number, the 
surviving nuclei in mAb2A-perturbed embryos 
are morphologically aberrant and appear to be 
disintegrating (Fig. 5D, arrowheads and inset). 
This contrasts with the organized array of nu- 
clei seen in MOPC-104E ascites injected control 
embryos which are indistinguishable from wild 
type embryos of this stage (Fig. 5F). Thus 
mAb2A injection into early embryos clearly af- 
fects nuclear integrity and perturbs normal em- 
bryo development and mitosis. This suggests 
that function of the nuclear scaffold identified 
by mAb2A is essential for nuclear structure and 
for normal division to occur. 

In order to address whether these results 
were statistically significant we compared the 
distribution of perturbed, wild type, and unfer- 
tilized embryos from two groups of embryos 
injected with mAb2A and MOPC-104E ascites, 
respectively (Table I). In both control and cxperi- 
mental embryos, 25% of the eggs were unfertil- 
ized and failed to undergo any nuclear divisions. 
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The remaining 75% of injected eggs were scored 
for nuclear phenotype, either as “wild-type” 
indicated by development to the pre-cellular or 
cellular blastoderm stage with synchronous, nor- 
mally stained nuclei (Fig. 5E,F) or “perturbed” 
indicated by abnormal nuclear number, morphol- 
ogy, and localization (Fig. 5A-D). Embryos were 
scored blind to minimize bias. In the mAb2A- 
injected embryos, 55.3% appeared perturbed and 
19.7% appeared wild-type, while in the control- 
injected embryos only 4.3% appeared perturbed 
and 70.7% appeared wild-type (Table I). Thus 
there was a marked difference in distributions of 
phenotypes between experimental- and control- 
injected embryos. Application of a X2-test demon- 
strated that the distribution of the mAb2A- 
injected embryos is significantly different from 
that of the control distribution (P  < 0.005), sup- 
porting the conclusion that injection of mAb2A 
perturbs nuclear integrity and/or mitosis. 

DISCUSSION 

In this study we report on the labeling by the 
mAb2A of a novel nuclear component which 
dynamically redistributes during the cell cycle 
in Drosophila appearing as a nuclear meshwork 
at  interphase but as a spindle-like structure at  
meta- and anaphase. At present there are two 
possible ways to interpret the nuclear labeling 

Fig. 4. Comparison of mAb2A labeling of nuclei to the localiza- 
tion of DNA, a-tubulin, and Drosophila lamin. A: Triple label- 
ings of nuclei with mAb2A (red), Hoechst (blue), and an mAb to 
a-tubulin (green) at prometaphase, metaphase, and telophase. 
All pictures at each stage are from the same optical plane. The 
composite staining is shown in the top row; the individual 
contributions from the mAbZA, anti a-tubulin antibody, and 
Hoechst staining patterns are shown below. At prometaphase 
the mAb2A labeled spindle-like structure can be seen to be in 
the process of forming prior to the establishment of the micro- 
tubule spindle fibers. At this stage, the microtubules sti l l  cap the 
nuclei, and are only just starting to assemble into spindles. At 
metaphase the staining patterns of mAb2A and of anti a-tubulin 
antibody are coincident except for the astral microtubules 
which stain only with anti a-tubulin antibody. In contrast, at 
telophase the mAb2A labeling is completely dissociated from 
the microtubule staining pattern. Instead the mAb2A labeling is 
confined to the reassembling nucleus whereas the microtu- 
bules are forming midbodies and astral fibers. B: Metaphase 
nuclei triple labeled with mAb2A (green), Hoechst (blue), and 
with an mAb to Drosophila lamin (red) which serves as a marker 
for the nuclear envelope [Maus et al., 19951. The composite 
(top panel) demonstrates that the mAb2A labeled structure, 
which originally formed inside the intact nuclear envelope (see 
Fig. 2B,C), at this stage extends outside the nuclear envelope, 
which, although still present, has partially broken down at the 
ends (arrow). Scale bar = 15 pm. 

we have observed. It could reflect a redistribu- 
tion of the antigens recognized by mAb2A from 
the nuclear matrix at interphase to the mitotic 
spindle at metaphase, or alternatively it could 
reflect the actual structural reorganization of a 
nuclear matrix component stained by mAb2A 
during the cell cycle. However, since our data 
from double and triple labelings demonstrate 
that the mAb2A-stained spindle-type structure 
begins forming in prophase and prometaphase 
at  a time when tubulin is still excluded from the 
nucleus, we favor a model in which the mAb2A- 
stained nuclear meshwork itself reorganizes dur- 
ing the cell cycle [Johansen, 19961. This mesh- 
work forms a diffuse scaffolding at interphase 
overlapping with the DNA staining pattern, but 
reorients during prophase to establish a spindle- 
like lattice, which at this stage is distinct from 
the microtubules. However, at metaphase it is 
clear that the mAb2A-labeled spindle co-local- 
izes with the mitotic microtubule spindle, an 
observation consistent with the hypothesis that 
it may be necessary for the assembly and/or 
maintenance of the mitotic apparatus. Optical 
sectioning of labeled metaphase nuclei by confo- 
cal microscopy confirmed that the mAb2A- 
labeled structure does form a true spindle. In 
addition, it demonstrated the presence of fila- 
mentous staining at  the metaphase-plate remi- 
niscent of nuclear matrix core filaments as have 
been resolved previously by resin-less electron 
microscopic imaging [Nickerson and Penman, 
19921. This nuclear cytoarchitectural reorgani- 
zation revealed by mAb2A staining during the 
cell cycle suggests that it may play an important 
role both in defining functional domains within 
the interphase nucleus as well as in the establish- 
ment and function of the mitotic apparatus. 

That the mAb2A-labeled nuclear structure is 
essential for cell division and/or maintenance of 
nuclear integrity was directly demonstrated by 
microinjection of mAb2A into early syncytial 
embryos which resulted in a disintegration of 
nuclear morphology and perturbation of mito- 
sis. However, the observed antibody blocking of 
nuclear division and embryo development may 
arise from one or more of several possible sce- 
narios. The interference by mAb2A with nuclear 
division could be a direct effect of blocking pro- 
teins involved in spindle assembly andlor func- 
tion which are necessary for mitosis. Alterna- 
tively, perturbation of the mAb2A-labeled 
meshwork at interphase could lead to  disintegra- 
tion of nuclear structure, which as a secondary 
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Fig. 5 .  Injection of mAb2A results in abnormal nuclear mor- 
phology and perturbs nuclear division. Syncytial Drosophila 
embryos (0-30-min-old) were injected with either mAb2A asci- 
tes fluid (A-D) or a control IgM-containing ascites (MOPC- 
104E) (E,F), allowed to develop for 3 h at 20"C, fixed, and the 
resulting phenotype assayed by labeling the nuclei with Hoechst. 
A-C: Three representative embryos displaying the conse- 
quences for nuclear phenotype of perturbation by mAb2A. 
Embryos show a marked reduction in total numbers of nuclei, 
and the remaining nuclei show abnormal morphology and, in 

consequence would prevent nuclear divisions 
from occurring. Another possibility is that anti- 
body binding to the interphase meshwork may 
provide sterical hindrances to changes in nuclear 
architecture during the cell cycle. To address 
whether one or a combination of these possibili- 
ties occurs it will be necessary to molecularly 
characterize the nuclear component labeled by 
mAb2A. Although at present we cannot deter- 

many cases, failure to  migrate to or remain at the periphery. 
Scale bar = 100 pm. D: Higher magnification of embryo in C, 
demonstrating the "disintegration" phenotype of the mAb2A 
perturbed nuclei which is marked by filamentous Hoechst 
staining (arrows and inset). E: Control embryo injected with 
MOPC-104E ascites shows wild-type Hoechst staining pattern. 
F: Higher magnification of embryo in E shows the normal highly 
ordered Hoechst staining pattern of nuclei at the periphery 
typical of wild-type embryos. Scafe bar = 20 pm. 

mine the exact mechanism, it is nevertheless 
clear from the current perturbation analysis 
that interference with the mAb2A-labeled struc- 
ture during the cell cycle has severe conse- 
quences for nuclear integrity and division. 

The nuclear meshwork staining at interphase 
observed using mAb2A and its reorganization 
beginning at  prophase into a true spindle struc- 
ture at metaphase is especially interesting in the 
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TABLE I. Injection of mAb2A Into Early 
Embryos Perturbs Nuclear Integrity 

and Division* 
~~ 

n Perturbed Wildtype Unfertilized 

Control 92 4 65 23 
embryos 4.3% 70.7% 25.0% 
(%)a 

mAb2A 76 42 15 19 
injected 55.3% 19.7% 25.0% 
embryos 
(%P 

*Embryos were injected with either control or experimental 
antibodies 30 min after being laid and then incubated at 
room temperature for 2 h before fixation. The development 
of the embryos and nuclear integrity were assessed and 
scored based on Hoechst labeling of the embryos (see Fig. 5). 
Application of a X2-test shows that the distribution of the 
mAb2A injected embryos is different from that of the control 
distribution (P < 0.005). Since the frequency of unfertilized 
embryos is the same in both experiments, we interpret these 
results to show that mAb2A injection perturb normal nuclear 
integrity and division. 
aControl embryos were injected with IgM-containing ascites 
fluid derived from the MOPC-104E cell-line. 
bExperimental embryos were injected with mAb2A ascites 
fluid. 

context of the “spindle matrix’’ hypothesis [Por- 
ter, 1976; McIntosh, 1981; Pickett-Heaps et al., 
1982; Pickett-Heaps, 1986; Forer and Wilson, 
19941. This model proposes that there exists an 
elastic microtrabecular lattice within the nucleus 
which extends throughout the mitotic spindle 
and which serves to organize spindle function by 
coordinating the interactions between the lat- 
tice, the microtubules, and other essential 
spindle proteins, such as kinesin [McIntosh, 
1981; Pickett-Heaps et al., 1982, 1984; Picket- 
Heaps, 19861. Considerations of the forces oper- 
ating on the mitotic spindle have also led to the 
suggestion of the existence of structural ele- 
ments necessary for maintaining the metaphase 
spindle [Fuller and Wilson, 19921. Evidence in 
support of such a structural matrix which could 
play a direct role in spindle function has come 
from experiments which have demonstrated (1) 
the continued poleward movement of chromo- 
somes at anaphase even after severing the kine- 
techore microtubule fibers [Forer, 1966; Wilson 
and Forer, 19881; (2) that the spindle remains 
organized even when the centrosome is re- 
moved, suggesting it contains a minus-end orga- 
nizing function [Nicklas et al., 19891; and (3) 
that both plus and minus-ends of the spindle 
microtubules remain free to exchange tubulin 

subunits, implying that the microtubules alone 
are not acting as a stable scaffold but are in 
constant flux [Mitchison, 1989; Sawin and Mit- 
chison, 1991, 19941. Although the spindle ma- 
trix has yet to be molecularly defined, the redis- 
tribution pattern of NuMA to the pericentriolar 
regions of the mitotic spindle Eang and Snyder, 
1992; Compton and Cleveland, 1993; Compton 
and Luo, 1995; Gaglio et al., 19951 has given rise 
to the suggestion that NuMA may constitute 
such a spindle matrix component Wang and 
Snyder, 1992; Gaglio et al., 19951. Our observa- 
tions of mAb2A labeling is also consistent with 
the existence of a nuclear spindle matrix struc- 
ture. The results presented here provide evi- 
dence that mAb2A may identify a previously 
undetected nuclear matrix component which dy- 
namically reorganizes to form a stable spindle- 
like scaffold during mitosis which does not con- 
tract at anaphase, but which stays intact while 
the chromosomes are pulled to the poles. Conse- 
quently, the properties of this scaffold suggest it 
could comprise an essential stabilizing element 
for microtubule spindle formation and for the 
forces generated by the mitotic spindle appara- 
tus during chromosome segregation. Future 
work aimed towards the molecular characteriza- 
tion of this scaffold structure and elucidation of 
its function and regulation promises to  provide 
significant new insight into nuclear matrix reor- 
ganization and coordination of cell cycle specific 
processes. 
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