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Abstract. We report an analysis of the apoptotic pro- pase 6, was introduced into the system, these vesicles
and apoptotic bodies disappeared completely withincess of mouse liver nuclei induced in a cell-free carrot

cytosol system by cytochrome c. Typical characteris- our study sections. We confirmed the results using
whole-mount electron microscopy, and found that al-tics of apoptosis were observed, such as chromatin

condensation, margination, apoptotic bodies and though the nuclear lamina was destroyed early, the
nuclear matrix largely remained intact during theDNA ladders. Furthermore, transmission and scan-
course of apoptosis. The nuclear matrix played an im-ning electron microscope analysis of the apoptotic nu-

clei detected chromatin-free nuclear vesicles before portant role in maintaining the integrity of apoptotic
cells and connecting the apoptotic bodies and apop-apoptotic bodies appeared at a comparatively late

phase. When AC-YVAD-CHO, an inhibitor of cas- totic nucleus.
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Apoptosis is one form of cell death that is well con-
trolled by a genetic program which may be activated by
inner or exterior signals. Apoptosis is vital for both
normal development and the maintenance of many tis-
sues in multicellular organisms [1]. Cells undergoing
apoptosis show characteristic morphological features
including chromatin condensation, margination, the
formation of apoptotic bodies, and DNA ladders [2, 3].
Earlier studies indicated that the morphological changes
were due to a series of biochemical reactions in which
caspases play key roles [4, 5]. Lamin degradation by
activated caspase 6 directly results in the nuclear mor-
phological changes seen in the process of apoptosis [6].
In a living cell, the lamina is formed by three kinds of
lamins, lamin A, B, and C. They form a network under
the nuclear membrane and contribute to the normal
structure of the nucleus by cooperating with the nuclear

matrix [7]. For example, chromosomes are connected
with the lamina through telomeres and evolve in the
space structure [8–11]. The degradation of lamin
proteins, which can be inhibited by Ac-YVAD-CHO,
parallels the event of DNA fragmentation during the
execution of apoptosis [12].
The specific apoptotic morphological changes are hall-
marks of apoptosis [2, 3, 13]. To understand the struc-
tural basis of apoptotic morphology, we characterized
nuclear apoptosis in a cell-free system, a useful experi-
mental system for research into the apoptotic mecha-
nism [4, 14–18]. We have developed a carrot cytosol
cell-free system named CS-100 [17–19]. Cytochrome c is
responsible for mediating the apoptotic downstream
pathway from mitochondria [4, 20, 21]. We have shown
that cytochrome c can drive both carrot nuclei and
mouse nuclei into the apoptotic process in the CS-100
system [17, 18]. This suggests that plant and animal cells
may share a similar apoptotic signal pathway [18]. In* Corresponding author.
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the CS-100 induction system, nuclear lamins underwent
typical degradation during apoptosis of nuclei [18].
However, we still do not know the details about the
changes in apoptotic nuclei and the function of lamins
during apoptosis. Using transmission (TEM) and scan-
ning (SEM) electron microscopy, in the work described
here, we found that the formation of apoptotic bodies
was preceded by the appearance of chromatin-free nu-
clear vesicles. Furthermore, Ac-YVAD-CHO could in-
hibit the formation of chromatin-free nuclear vesicles
and, moreover, specific degradation of DNA and
lamins processed synchronously during the apoptotic
process of nuclei. These results demonstrated that dur-
ing the changes in apoptotic nuclei, the specific degrada-
tion of lamins and chromatins are parallel and
synchronous events, both of which lead to the structural
formation of apoptotic bodies. In addition, we showed
that part of the nuclear matrix persists during the
process of apoptosis, whereas the lamina system is
destroyed. The nuclear matrix connects the apoptotic
bodies and apoptotic nucleus, and is the structural
foundation of apoptotic bodies.

Materials and methods

Preparation of interphase nuclei of mouse liver. The
preparation and purification of interphase mouse liver
nuclei was performed following the method of Blobel
and Potter [22]. The nuclei were suspended in nuclei
storage buffer (10 mmol/l PIPES, 80 mmol/l KCl, 20
mmol/l NaCl, 250 mmol/l sucrose, 5 mmol/l EGTA, 0.5
mmol/l spermidine, 0.2 mmol/l spermine, 50% glycerol)
after being centrifuged at 124,000 g (Beckman TLS-55)
and counted before storage in a freezer at −196.
Preparation of carrot protoplasts and cytosol extraction
CS-100. About 5 g suspension of carrot cells (gross
weight), cultured for 5–7 days, was added into 10 ml
enzymatic buffer [2% (w/v) cellulase, 0.5% macerozyme,
5 mmol/l MES, 6.8 mmol/l CaCl2 11 mmol/l KH2PO4,
0.6 mol/l mannitol, 0.4% PVP, pH 5.8], treated with an
orbiting speed of 50–80 rpm in the dark at 28 °C for 2
h. After being filtered through a no. 200 nylon mesh,
the protoplasts were harvested by centrifugation at 120
g for 5 min. After the protoplast sediment had been
resuspended in the 0.6 mol/l sucrose buffer, the purified
protoplasts, which located in the upper layer, were
collected by centrifugation at 120 g for 5 min. Buffer A
(20 mmol/l Hepes-KOH, 10 mmol/l KCl, 1.5 mmol/l
MgCl2, 1 mmol/l EDTA, 1 mmol/l EGTA, 1 mmol/l
DTT) [4] was added to the purified protoplasts, which
were then homogenized. Aprotinin, PMSF, and leupep-
tinin were added to the buffer at final concentrations of
6 mg/ml, 0.1 mmol/l, and 8 mg/ml, respectively. After
centrifugation at 100,000 g (Beckman TLS-55) at 4 °C

for 2 h, the soluble cytosol was collected and named
cytosol CS-100 [17].
Induction of apoptosis and detection of apoptotic nu-
clei. When cytochrome c was added to the CS-100
cell-free system at a concentration of 2 mmol/l, it trans-
formed this cytosol cocktail into a highly efficient apop-
tosis induction cell-free system. About 1×105 mouse
liver nuclei were introduced into 50 ml CS-100 and the
system was incubated at 23 °C. To observe the mor-
phological changes of apoptotic nuclei, samples were
taken at different times, mixed with 2.5% (v/v) glu-
taraldehyde and 0.5 mg/ml DAPI for fixation and stain-
ing. Slides were sealed with glycerol and PBS (1:1, v/v),
and then observed under a fluorescent microscope (Le-
ica DMRB). Photographs were taken at the same time.
Detection of apoptotic nuclei DNA. Samples induced for
0.5, 1, 2, and 4 h were suspended in 10 vol of buffer D
(100 mmol/l Tris-HCl, pH 8.0, 5 mmol/l EDTA, 0.2
mol/l NaCl, 0.4% SDS, 0.2 mg/ml proteinase K) [4],
incubated overnight at 37 °C, then extracted with 1:1
phenol:chloroform, and precipitated by 2 vol of etha-
nol. DNA extracts were electrophoresed in 1.2%
agarose gels in TBE buffer. DNA was visualized by
ethidium bromide staining, observed, and
photographed.
Preparation of samples for TEM. For inducing apopto-
sis, about 1×105 nuclei were added into 50 ml of the
CS-100 induction system and incubated at 23 °C. Sam-
ples were taken consecutively at time intervals of 30
min. For testing the influence of Ac-YVAD-CHO, 5
mmol/l Ac-YVAD-CHO (Sigma) was added into the
cell-free induction system and incubated at 23 °C for 1
h. Then all the samples were fixed at 4 °C for 1 h in a
final concentration of 0.5% (v/v) glutaraldehyde. The
sediments were collected at 500 g for 3 min, then fixed
at 4 °C for 1 h in a final concentration of 1% OsO4.
After dehydration in a graded series of ethanol and
acetone (15 min each) and embedding in Epon 812, the
samples were cut into silver-gray or white sections using
a Leica Ultracut R cutter. After staining with uranyl
acetate and lead citrate, the sections with apoptotic
nuclei were observed and pictures taken under the JEM-
1010 transmission electron microscope.
Preparation of samples for SEM. Sample fixation fol-
lowed the methodology described above. After dehydra-
tion in a graded series of ethanol, the samples were then
treated with a graded series of mixed solutions of etha-
nol and iso-amyl acetate (2:1, 1:1, 15 min each), and
then with pure iso-amyl acetate twice (15 min each).
After critical point drying in CO2, the apoptotic nuclei
samples were observed, and pictures taken under an
AMRAY 1910FE scanning electron microscope.
Preparation of samples for whole mount electron micro-
scope. Apoptosis-inducing samples were taken consecu-
tively at intervals of 30 min, and the sample with 5
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mmol/l Ac-YVAD-CHO was taken after 2 h incubation.
All samples were then spotted on the copper net with
polylysine and adsorbed at room temperature for 30
min. After three washes in PBS (pH 7.2, 5 min each), 20
ml CSK buffer (10 mmol/l PIPES, 100 mmol/l KCl, 300
mmol/l sucrose, 3 mmol/l MgCl2, 1 mmol/l EGTA, 1.2
mmol/l PMSF, 1% Triton X-100, pH 6.8) was dropped
onto each copper net and incubated for 10 min. CSK
buffer was then removed and 20 ml RSB-Magik buffer
(42.5 mmol/l Tris-HCl, 8.5 mmol/l NaCl, 2.6 mmol/l
MgCl2 · 6H2O, 1.2 mmol/l PMSF, 1% Tween-40, 0.5%
sodium deoxycholate, pH 8.3) was dropped onto the
copper net. Ten minutes later, the RSB-Magik buffer
was removed and the copper net was washed three
times with PBS (pH 7.2, 5 min each). The copper net, to
which the apoptotic nuclei were adsorbed, was digested
with DNase I (100 mg/ml) in 20 ml DB buffer (50
mmol/l NaCl, 300 mmol/l sucrose, 10 mmol/l PIPES, 3
mmol/l MgCl2 · 6H2O, 1 mmol/l EGTA, pH 6.8) at
37 °C for 30 min, then 1 mol/l (NH4)2SO4 was added at
the final concentration of 0.25 mol/l and stored for 5
min. Finally, the copper net was washed three times (5
min each) with PBS (pH 7.2). Unless indicated other-
wise all operations were performed at 4 °C [20]. The
samples were fixed and dehydrated as described above,
then dried in CO2. Following this treatment, the struc-
ture of the nuclear matrix-lamina in the nuclei could be
specifically restrained. The samples were observed and
pictures were taken under JEM-1010 TEM.

Results

Induction of typical apoptotic morphological changes in
CS-100. When incubated with the CS-100 induction
system, the nuclei underwent a series of typical apop-
totic changes. Chromatin condensation and margina-
tion could be seen after incubation for 1 h (fig. 1.2).
After 2 h incubation, chromatin condensation had in-
tensified and the chromatin shrank into blocks. These
blocks were then extruded into the cytosol as apoptotic
bodies (fig. 1.3). After 4 h incubation, intact nuclei
could not be found in this apoptosis induction cocktail
and high-fluorescent ‘balls’ filled the fluorescent micro-
scope field (fig. 1.4). In control CS-100 without addition
of cytochrome c, the nucleus remained intact during 4 h
of incubation (fig. 1.1).
Typical apoptotic DNA degradation during the apoptosis
of nuclei in the CS-100 induction system. A DNA lad-
der, the occurrence of specific DNA degradation into
oligonucleosomal fragments, is a typical and symp-
tomatic feature of cells undergoing apoptosis. The
present results showed that a typical DNA ladder could
be observed after the nuclei had been induced in the
CS-100 induction system.

Cytochrome c was added into the CS-100 cell-free sys-
tem at a final concentration of 2 mmol/l. After induction
for 0.5 h, only some of the DNA had been degraded. 1
h later, more DNA had been degraded and formed a
DNA ladder. After 2 h, the ladder was more typical,
i.e., most of the DNA was degraded into small frag-
ments. For a CS-100 cell-free system without cy-
tochrome c and for nuclei in the storage buffer with
cytochrome c, there was no degradations of the total
DNA after 4 h incubation (fig. 2).
Observation of apoptotic morphological changes by
TEM. Samples of apoptotic nuclei in the CS-100 induc-
tion system were prepared at time intervals of 30 min,
and then sections were made with the Leica Ultracut R
cutter. Using JEM-1010 TEM, chromatin condensation
and margination could be observed after nuclei had
been incubated for 0.5 h, and this kind of change was
synchronous in the nuclei undergoing apoptosis (fig. 3).
During nuclear apoptosis, some small vesicles, which
developed from the nuclear membrane and did not
contain chromatin, were expelled from nuclei (fig. 3,
arrows). Using TEM, we analyzed the details of apop-
tosis at different time intervals. In the initial phase
(incubation for 0.5 h), chromatin condensation and
margination could be observed. This kind of change
accompanied the chromatin-free nuclear vesicles that
were expelled from the nuclear membrane (fig. 4.2,
arrows). After incubation for 1 h, ‘large’ vesicles, with
blocks of condensed chromatin, were expelled from the
nucleus (fig. 4.3, arrows). An enlarged view of the
‘large’ vesicle showed more clearly the small blocks of
condensed chromatin accompanying the expelled vesicle

Figure 1. Observation of apoptotic nuclei in the CS-100 induction
system using fluorescent microscopy (bar=2 mm). (1) Negative
control; the nucleus remained intact when stained with DAPI and
observed under the microscope after incubation for 4 h at 23 °C
in the CS-100 system without cytochrome c. (2) After incubation
for 1 h in the CS-100 induction system, chromatin condensation
and margination could be seen in the nucleus. (3) After 2 h,
chromatin condensation has intensified and there is extrusion into
the cytosol as apoptotic bodies. (4) After 4 h, the apoptotic
nucleus has split into several apoptotic bodies.
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Figure 2. Specific degradation of DNA into oligonucleosomal
fragments in the CS-100 induction system. Lane 1, after incuba-
tion for 0.5 h in the cell-free induction system, some of the DNA
had been degraded. Lane 2, DNA was degraded into large frag-
ments after incubation for 1 h, but no DNA ladder was seen.
Lane 3, after 2 h incubation, DNA was more degraded, and a
DNA ladder could be observed clearly. Lane 4, after 4 h incuba-
tion, the total DNA was degraded into small fragments, and the
typical DNA ladder could be seen. Lane C1, negative control,
after incubation for 4 h in the CS-100 cell-free system without
cytochrome c; total DNA of nuclei was not degraded. Lane C2,
control, nuclei were added to storage buffer with cytochrome c:
after incubation for 4 h, there was no degradations of total DNA.
Lane M, DNA molecular-weight marker (Boehringer Mannheim).

Figure 4. Nuclear apoptotic process in a cell-free induction sys-
tem. Bar=1 mm. (1) Negative control. After incubation for 4 h in
the cell-free system without cytochrome c, the nuclear chromatin
remained intact. (2) After incubation for 0.5 h in the CS-100
induction system, the chromatin in the nucleus underwent conden-
sation and margination and chromatin-free nuclear vesicles ex-
pelled (arrows). (3) After incubation for 1 h, ‘large’ vesicles, with
a small amount of condensed chromatin were expelled from the
nucleus (arrows). (4) After 2 h, an apoptotic body containing
condensed chromatin is seen being expelled from the nucleus.
There are chromatin-free nuclear vesicles on the surface of the
apoptotic body (arrows). (5) After 4 h, the apoptotic nucleus has
split into several apoptotic bodies. (6) At the same time, the
residual nucleus can be seen without chromatin.

Figure 3. Ultrastructural sections showing chromatin condensa-
tion and margination of apoptotic nuclei incubated for 0.5 h in
the cell-free induction system. The morphological changes in
apoptotic nuclei were synchronous. Some chromatin-free nuclear
vesicles, which evolved from the nuclear membrane and had no
chromatin, were expelled from apoptotic nuclei (arrows). Bar=1
mm.

(fig. 5, arrows). At the anaphase of apoptosis (incuba-
tion for 2 h), the apoptotic body was being expelled
from the nucleus and contained much condensed chro-
matin (fig. 4.4). At the telophase of apoptosis, the
nucleus could no longer maintain its structure and the
apoptotic nucleus was split into several apoptotic bod-
ies (fig. 4.5/6). After 4 h incubation, chromatin in the
nucleus added into the cell-free system without cy-
tochrome c remained intact (fig. 4.1). After incubation
for 1 h with Ac-YVAD-CHO, chromatin condensation
and margination could be observed, but no vesicles
were observed on the surface of the nucleus (fig. 6).
Observation of apoptotic bodies using SEM. SEM re-
sults showed that apoptotic bodies were expelled from
the nucleus (fig. 7), together with chromatin-free nu-
clear vesicles. Nuclear pore complex-like structures
could be seen clearly on the surface of the nucleus, but
not on the surface of apoptotic bodies.
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Figure 5. Enlargement of figure 4.3, a ‘large’ vesicle being ex-
pelled from the nucleus. The membranes of these vesicles were
also bilayer. The arrows indicate condensed small chromatin
blocks transposed into the vesicle. Bar=0.3 mm.

Figure 7. Observation of apoptotic bodies using SEM. After
incubation for 2 h in the cell-free induction system, apoptotic
bodies (large arrows) are seen being expelled from the nucleus.
The small arrows indicate chromatin-free nuclear vesicles. Bar=1
mm.

The results also showed that the apoptotic body was
connected with the nucleus through the nuclear matrix
(fig. 8.1). At the telophase (incubation for 4 h in the
cell-free induction system), lamins were completely de-
graded; however, although the nuclear matrix was
greatly damaged, its network structure persisted and
formed the structural basis of the apoptotic body (fig.
8.3). When Ac-YVAD-CHO was added to the induc-
tion system, the lamina structure remained intact, while
the nuclear matrix structure was partly destroyed after
incubation for 2 h at 23 °C (fig. 8.2). However, the
nuclear matrix-lamina structure remained integrated in
the control group, in which the nuclei were incubated at
23 °C for 4 h in the CS-100 cell-free system without
cytochrome c (fig. 8.4).

Discussion

Specific morphological changes, such as chromatin con-
densation, margination, and formation of apoptotic
bodies, are important features of cells undergoing apop-
tosis [2, 3, 13]. Lamin degradation occurs before the
morphological changes of apoptosis and seems to be the
foundation of the morphological changes. Since there
are no other organelles in the cell-free system but nuclei,
the apoptotic morphological changes of the nucleus are
important indications of apoptosis. Furthermore, it is
quite helpful to study apoptosis in a cell-free system,
because the morphological and structural changes can
be observed directly, avoiding artifacts that may arise
when isolating nuclei from apoptotic cells.
Selective extraction, first developed in the laboratory of
Penman [23], was useful for studying the structure of

Observation of apoptotic nuclei using whole-mount elec-
tron microscopy. The results from whole-mount elec-
tron microscopy indicated that the lamina structure of
the nucleus was destroyed during the apoptotic process
of nuclei in the CS-100 induction system. This change
was accompanied by the evolution of apoptotic bodies.

Figure 6. Influence of Ac-YVAD-CHO on vesicle appearance.
After addition of 5 mmol/l Ac-YVAD-CHO into the cell-free
induction system and incubation at 23 °C for 1 h, the TEM
picture showed that the chromatin in the nucleus had undergone
condensation and margination. However, there were no chro-
matin-free nuclear vesicles on the surface of the apoptotic nucleus.
Bar=1 mm.
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the nuclear matrix-lamina system. In living cells, this
system, comprising lamins and other nonhistones, sup-
ports the normal conformation of the nucleus and plays
an important role in cell function [24, 25]. The lamina
under the nuclear membrane is constructed by three
kinds of lamins, lamin A, B, and C [8]. In a normal
nucleus, chromosomes are specifically connected with
the lamina through their telomeres [9–11]. However,
what happens to this structural system during the apop-
totic process is still unclear. The morphological changes
related to the degradation of lamins beneath the nuclear
membrane are important characteristics of apoptosis.
The degradation of lamin proteins leads to a series of
typical apoptotic morphological changes [6]. During
apoptotic progression, caspase 6, activated by caspase
3, has been proposed to contribute to the degradation
of lamins and its activity can be inhibited by Ac-
YVAD-CHO [26]. However, in the CS-100 cell-free
system, Ac-YVAD-CHO can also inhibit formation of
the DNA ladder [18]. In mammalian cells, caspase 3
degrades ICAD [DFF45, an inhibitor of caspase-acti-
vated DNase (CAD)] to free CAD (DFF40). Activated
CAD specifically cuts the chromatin into a DNA ladder
between the nucleosomes [27, 28]. Degradation of
lamins and DNA follow a parallel time course [12].
However, the relationships among the typical morpho-

logical features of apoptosis still remain unclear, includ-
ing the degradation of lamins, the specific degradation
of DNA, and the formation of apoptotic bodies. Using
TEM, SEM, and whole-mount electron microscopy, we
observed details of the morphological changes during
the apoptotic process. Combining the results of the
degradation of DNA and lamins (Western blot) [18]
with the alterations in the nuclear matrix-lamina struc-
ture system, we can sketch a map of the mechanism of
apoptotic body formation.
The relationship between specific degradation of DNA
and the formation of apoptotic bodies. CS-100 is a good
cell-free system for studying the apoptotic mechanism
[16–18]. We succeeded in reconstructing nuclei in the
system [19], and have shown that nuclei from either
animals or plants can be effectively triggered into apop-
tosis [17, 18], even though the system is from the cytosol
of carrot cells. We hope that the CS-100 will be a
powerful tool for studying evolutionary relationships
between plants and other species. There appears to be
phylogenetic conservation not only of the apoptotic
pathway leading to nuclear changes but also of caspase-
like proteins. Stained with DAPI, the typical apoptotic
morphological changes of nuclei undergoing apoptosis
after induction in the CS-100 system by cytochrome c
could be observed using a Leica DMRB fluorescent

Figure 8. Observation of an apoptotic nucleus using whole-mount electron microscopy. Bar=1 mm. (1) After incubation for 2 h in the
apoptosis induction system, the lamina structure of the apoptotic nucleus had been destroyed. The apoptotic body was connected with
the nucleus through the nuclear matrix. (2) After 5 mmol/l Ac-YVAD-CHO had been introduced into the cell-free induction system, the
lamina system of the nucleus remained intact in nuclei induced to undergo apoptosis for 2 h by cytochrome c. However, most of the
nuclear matrix seemed to be destroyed. (3) After incubation for 4 h, most of the nuclear matrix structure was visible and still formed
the structural foundation of the apoptotic body. (4) Negative control, after incubation for 4 h in the CS-100 system without cytochrome
c; the nuclear matrix-lamina system remained intact.
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microscope. After chromatin condensation, the forma-
tion of apoptotic bodies could also be observed (fig. 1).
The TEM results suggested that nuclei underwent apop-
tosis with high synchronization in the CS-100 cell-free
induction system (fig. 3).
As described above, in the initial phase of apoptosis
(incubation for 0.5 h in the CS-100 induction system),
the DNA of apoptotic nuclei became partially degraded
(fig. 2.1). At the same time, morphological evidence (figs
1.2, 3, and 4.2) indicated that chromatin condensation
and margination began to occur and were accompanied
by expulsion of chromatin-free nuclear vesicles from the
surface of nuclei (figs 3, 4.2). The partial degradation of
the DNA contributed to the formation of the large
DNA fragments. Since chromatins are connected to the
lamina by telomeres, the ruptured chromatin DNA was
dragged to the telomeres where it condensed and be-
came marginated. Because chromatin DNA was only
degraded into large fragments, no chromatin appeared
in the nuclear vesicles being expelled from the nucleus.
At the metaphase of apoptosis (incubation for 1 h in the
CS-100 induction system), electrophoretic analysis re-
vealed DNA fragments (of about 1 kb) but no DNA
ladder (fig. 2.2). TEM results suggested there were more
chromatin-free nuclear vesicles on the surface of the
apoptotic nucleus than in the initial phase, some of
which were quite large. In addition, a few small chro-
matin blocks were found in some large vesicles (figs 4.3,
5), the activated CAD having made more cuts in the
chromatin, so that small pieces of DNA could now be
expelled from the nucleus.
At the anaphase of apoptosis (incubation for 2 h),
chromatin DNA had been sufficiently degraded to form
a DNA ladder (fig. 2.3). The DNA fragments were
expelled from the nucleus together with the apoptotic
body (figs 1.3, 4.4).
At the telophase of apoptosis (incubation for 4 h),
chromatin DNA had been further degraded (fig. 2.4).
The apoptotic nucleus could no longer maintain its
integrity and evolved into several apoptotic bodies and
a residual anomalous nuclear membrane structure, in
which there was no chromatin (figs 4.5, 4.6).
The relationship between specific degradation of lamins
and the formation of the apoptotic body. In the apop-
totic process, lamins are specially degraded by caspase
6, activated by caspase 3 [26]. Our experimental results
suggested that at the initial phase of apoptosis (incuba-
tion for 0.5 h), when 64-kDa lamin is first degraded [18]
(see fig. 9), the typical apoptotic changes begin; includ-
ing chromatin condensation and margination (figs 1.2,
3, and 4.2), and the formation of the chromatin-free
nuclear vesicles on the nuclear surface. Degradation of
64-kDa lamin could lead to the formation of these
chromatin-free nuclear vesicles, enveloped by the nu-
clear membrane.

Figure 9. Western blot showing the specific degradation of lamin
proteins during apoptosis of nuclei. Lane C, negative control:
lamin proteins remained intact after 4 h incubation in the CS-100
cell-free system without cytochrome c; lane 1, incubation for 0.5 h
in the cell-free induction system: 64-kDa lamin begins to show
degradation into 44-kDa and 37-kDa fragments; lane 2, after
incubation for 1 h: more lamins are degraded and 64-kDa lamin
is no longer detectable; lane 3, after incubation for 2 h: decrease
in 88-kDa lamin now clearly observable; lanes 4, 5, after incuba-
tion for 4 and 8 h, respectively: gradual disappearance of lamin
proteins and their degradation products [from ref. 19 with permis-
sion].

At the metaphase of apoptosis (incubation for 1 h),
64-kDa lamin was more intensively but not completely
degraded [18]. This degradation was accompanied by
lamina was destruction, giving rise to the large and
chromatin-free nuclear vesicles (figs 4.3, 5). The forma-
tion of these vesicles could be inhibited by the caspase
inhibitor, Ac-YVAD-CHO (fig. 6).
At the anaphase of apoptosis (incubation for 2 h),
64-kDa lamin was degraded completely and 88-kDa
lamin began to show signs of digestion [18]. These
changes contributed to complete break down of the
lamina in the nucleus and apoptotic body expulsion. At
the same time, there were still some chromatin-free
nuclear vesicles on the surface of the apoptotic body
(fig. 4.4). Whole-mount electron microscopy results sug-
gested that there was only residual nuclear matrix in the
apoptotic body and the lamina of the nucleus was
completely destroyed. Nuclear matrix connected the
apoptotic body with the nucleus (fig. 8.2) and formed
the structural foundation of the apoptotic body. How-
ever, when Ac-YVAD-CHO was introduced into the
cell-free induction system, destruction of the lamina
system and appearance of apoptotic bodies were inhib-
ited (fig. 8.4). SEM results also showed the evolution of
apoptotic bodies when nuclei were incubated for 2 h in
the CS-100 cell-free induction system (fig. 7). Nuclear
pore complex-like structures were clearly observed on
the surface of the nucleus, where there were no vesicles
expelled. But no such structures were seen on the sur-
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Figure 10. A schematized diagram showing the apoptotic process
of the nucleus.

nuclear matrix system in the apoptotic bodies and
formed the structural network for the apoptotic bodies
(fig. 8.3).
The entire apoptotic process of the nucleus is schema-
tized in figure 10. Some chromatin-free nuclear vesicles,
in which there is no chromatin, formed before the
evolution of apoptotic bodies; apoptotic body forma-
tion occurs at a comparatively late phase, and they
contain much chromatin. Nuclear matrix connects the
apoptotic bodies with the apoptotic nucleus and pro-
vides the structural foundation of the apoptotic bodies.
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