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Nuclear Reassembly Excludes Large Macromolecules

JoEL A. SWANSON AND PAuL L. McCNEIL

Interphase nucleus and cytoplasm are distinct compartments, whose soluble macromo-
lecular contents mix when the nuclear envelope disassembles at mitosis. To determine
how their interphase identities are reestablished, fibroblasts were loaded with fluores-
cent dextrans and then allowed to divide. Large dextrans (molecular weight of 40,000
or more) were excluded from condensed mitotic chromosomes and from newly
formed, postmitotic interphase nuclei. Therefore, postmitotic reassembly of the
nucleus as a compartment distinct from cytoplasm occurs by exclusion not only of
organelles but also of soluble macromolecules. This might occur by exclusion of
macromolecules from condensed chromatin throughout mitosis and completion of
nuclear envelope assembly before nuclear expansion.

URING MITOSIS THE NUCLEAR EN-

velope of metazoan cells disassem-

bles, and nucleoplasm mixes with
cytoplasm. Yet interphase nucleoplasm and
cytoplasm are distinct compartments, whose
separate identities are maintained in part by
the integrity of the nuclear envelope. Pores
in the nuclear envelope provide a size-selec-
tive barrier to diffusion, confining many
macromolecules (I) and organelles to the
cytoplasm. Some large proteins are selective-
ly concentrated in the nucleus (2), probably
by specific transport or trapping mecha-
nisms. Others, such as tubulin, are predomi-
nantly cytoplasmic (3). It is not known how,
after mitosis, the distinct chemical identities
of interphase nucleus and cytoplasm are
reestablished. We examined this question by
characterizing qualitatively and quantitative-
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ly the nucleocytoplasmic distribution of
large fluorescent dextrans, initially confined
predominantly to the cytoplasm, in cells that
have undergone mitosis.

Dextrans labeled with fluorescein isothio-
cyanate (FDx) are highly water soluble mol-
ecules of low charge density that appear not
to interact significantly with intracellular
components or to affect cell viability (4).
Moreover, they are available in various size
ranges and are therefore useful as probes of
the nucleocytoplasmic distribution of solu-
ble macromolecules (5).

Dextrans were loaded into fibroblast
(Swiss 3T3) cytoplasm by a modification of
the scrape-loading technique (6). We de-
nuded zones of cells from a monolayer by
scratching the culture substratum with a
sharp instrument (7). When the monolayer
was wounded by scratching in the presence
of large macromolecules such as FDx or
Texas Red-labeled dextran (TRDx), many

of the cells remaining on the substratum and
lining the denuded zone were rendered fluo-
rescent (Fig. 1); that is, they were loaded
with exogenous molecules present during
the culture wounding. Cells lining such
wounds migrate into the denuded zone
where DNA synthesis and mitosis are then
initiated (8). We observed that loaded cells
retained fluorescent dextrans for up to 48
hours, migrated into the denuded region,
and divided, confirming for loaded cells
these earlier observations of viability of cells
bordering a wound. Therefore, by means of
this “scratch-loading” procedure we were
able to introduce the dextran probes into
cell cytoplasm and, at the same time and in
the same cells, to induce cell division.
Scratch-loading, like microinjection and
scrape-loading, relies on transient disruption
of the plasma membrane. In all these meth-
ods, resealing of plasma membrane is evi-
denced by prolonged retention or exclusion
of soluble dyes. More rigorous, long-term
indications of cell health are movement and
division. Scratch-loaded cells, like scrape-
loaded (6) and microinjected cells, fulfill all
these criteria. Moreover, the nuclear enve-
lope permeability in undivided cells loaded
by scratching was similar to that reported
for microinjected cells (5). Scratch-loading
should find many applications in cell biolo-
gy, as it is a simple and rapid alternative to
microinjection that requires only a small
volume of dissolved macromolecules to be
loaded.

Fig. 1. Swiss 3T3 fibroblasts, 60 minutes after
scratch-loading with fluorescent dextrans. (A)
Phase-contrast images of cells bordering a denud-
ed zone. (B) Fluorescein fluorescence image of
cells in (A) that were scratch-loaded in the pres-
ence of FDx10, showing inclusion in the nucleus
of this 10,000 molecular weight dextran. (C)
Fluorescein fluorescence of cells scratch-loaded in
the presence of FDx150, with exclusion from the
nucleus of this 150,000 molecular weight dex-
tran. Scale bars, 5 pm.
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As expected from results of work on
microinjected cells (5), we observed that the
nuclei of undivided interphase cells admitted
dextrans of an average molecular weight of
4,100 and 10,000, but excluded those of
average molecular weight of 40,000 or more
(Fig. 1). Surprisingly, in cells that had divid-
ed after scratch-loading, nuclei continued to
exclude large dextrans. In postmitotic
daughter cells loaded with a mixture of
TRDx10 (TRDx of average molecular
weight 10,000) and FDx70 (FDx of average
molecular weight 70,000) (9), nuclei and
cytoplasm both contained TRDx10, but
FDx70 was confined to the cytoplasm (Fig.
2). In mitotic cells, the region of the mitotic
spindle contained dextrans of all sizes (Fig.
2). Interpretation of these images was com-
plicated because most fibroblasts are highly
rounded during mitosis. However, in less
rounded specimens of mitotic fibroblasts,
and in mitotic PtK2 cells, which remain
flattened throughout mitosis, it was evident
that large dextrans were present in the spin-
dle but excluded from the condensed chro-
mosomes (Fig. 3).

To quantify and extend our observation

Fig. 2. A mitotic Swiss 3T3 cell (A, B, and C) and
two postmitotic daughters (D, E, and F). (A)
Phase-contrast image of a mitotic fibroblast. (B)
Fluorescein fluorescence of FDx70 in the mitotic
cell of (A). Some exclusion of the dextran is
detectable in the region of the condensed chromo-
somes. (C) Rhodamine fluorescence of TRDx10
in the cell shown in (A). (D) Phase-contrast
image of two postmitotic daughters, showing
residual cytoplasmic connection. (E) Fluorescein
fluorescence of FDx70 in the daughters of (D).
(F) Rhodamine fluorescence of TRDx10 in the
daughters of (D). The nuclear regions of the cells
are thicker than the cell margins. Consequently,
these regions have a greater path length, contain
more TRDx, and appear more fluorescent. These
images were recorded 24 hours after scratch-
loading of the cells in a mixture of FDx70 and
TRDx10. The scale bar represents 5 wm, the
diameter of the microscope aperture used for
quantitative measurements.
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that reforming nuclei exclude large dextrans,
we measured photometrically the fluores-
cence intensities of TRDx10 and FDx over
the nucleus and over cytoplasm by using an
aperture to restrict light collection from the
fluorescent cells to a 5-wm-diameter spot
(10). The TRDx10 served as a fluorescence
reference for the cytoplasmic and nuclear
space that was accessible to small dextrans,
and it allowed a correction for the differ-
ences in fluorescence resulting from varia-
tion in cell thickness. From these measure-
ments we calculated the following ratio,
which we call an index of exclusion:
(FDxpye) (TRDxcy)/(FDxcyt) (TRDXpuc)-
An index value of 1.0 indicates that FDx and
TRDx exhibit that same relative distribution
between nucleus and cytoplasm; a value of
less than 1.0 indicates exclusion of FDx
from the nucleus (11).

Figure 4A shows that the indices of mucle-
ar exclusion for FDx70 were nearly equiva-
lent in undivided and postmitotic interphase
cells, and that both were less than 1.0. This
confirmed the qualitative observation that
large dextrans were excluded from the reas-
sembling nucleus. The index of exclusion
measured over the spindle apparatus of mi-
totic cells was 1.022 * 0.10 (SD, » = 10),
indicating that at this level of resolution (5
um), there was mixing of the large and small
dextrans. No nuclear exclusion of FDx4 was
detected in interphase cells (Fig. 4B).

We next measured indices of exclusion for
dextrans of a wide range of molecular
weights. In both premitotic and postmitotic
(daughter) interphase cells, the index of
exclusion equaled or slightly exceeded 1.0
for FDx4 and FDx10, and was less than 1.0
for FDx40, FDx70, and FDx150, indicating
nuclear exclusion of the larger dextrans (Fig.
4C). The near identity of the indices of
exclusion measured from pre- and postmito-
tic cells suggests that the mechanism that
excludes large dextrans from the reassem-
bling nucleus is at least as effective as the
barrier characteristic of the interphase cell. A
limit of exclusion of a molecular weight of
about 40,000 is comparable to that calculat-
ed for other intact, interphase nuclei (5).

Feldherr (12) examined nuclear envelope
permeability in Amoeba proteus before and
after cell division. He noted that during and
just after mitosis large colloidal gold mole-
cules accumulated within nuclei. Because
colloidal gold was concentrated in nuclei,
presumably as a result of binding, it was
difficult to establish the sizes of soluble
molecules admitted into, or excluded from,
the reassembling nucleus during mitosis.

How might exclusion of high molecular
weight dextrans from the reforming nucleus
be achieved? Mitotic chromosomes are
highly condensed and appear to exclude

large dextrans. Such exclusion could be the
result of a compact, chromosomal structure,
which limits the accessible aqueous volume
within and presents a barrier to the diffusion
of larger molecules. Ultrastructural studies
show that reassembly of the nucleus during
telophase or late anaphase occurs by the
close apposition of vesicles to condensed
chromatin, followed by vesicle fusion (13).
We suggest that an intact nuclear envelope,

Flg. 3. Phase (A) and fluorescence (B) images of a
mitotic PtK-2 cell loaded with FDx40. The cellu-
lar regions of excluded fluorescence in (B) corre-
spond closely with the phase-dense chromosomes
visible in (A). Scale bar, 10 pm.
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Fig. 4. Index of exclusion for FDx of various sizes
in Swiss 3T3 cells. (A) Index of exclusion for cells
loaded with FDx70 and TRDx10; I, interphase
cells that had not divided since scratch-loading;
M, mitotic cells; D, daughter cells. (B) Index of
exclusion for cells loaded with FDx4 and
TRDx10. The index value of slightly higher than
1.0 indicates concentration of FDx4 in the nucle-
us relative to TRDx10. (C) Index of exclusion for
interphase cells loaded with TRDx10 and FDx of
different average molecular weights. Dashed line,
premitotic cells; solid line, postmitotic cells. Val-
ues represent the mean and standard deviation of
5 to 38 measured cells.

REPORTS §49



capable of excluding large macromolecules,
is assembled around condensed chromatin
before expansion, and that, therefore, the
telophase nucléus encloses a sealed and soon
to be expanded aqueous volume. The small
aqueous space enclosed by the forming nu-
clear envelope would contain few dextran
molecules. Large dextrans trapped in this
small space would, according to this model,
rémain in the nucleus after its expansion but
would be further diluted by nuclear expan-
sion. Smaller dextrans would freely redis-
tribute into the nucleus through the pores in
the envelope.

In conclusion, our data identify a rapid,
efficient, and size-selective mechanism by
which large molecules can be excluded from
the reassembling nucleus during mitosis.
Although not all sufficiently large macro-
molecules would be expected to distribute
similarly to dextrans (4), our data suggest
that large, freely diffusible proteins would be
excluded. We therefore propose that such
exclusion might be among the earliest steps
in reestablishing the interphase macromo-
lecular identities of nucleoplasm and cyto-
plasm. Periodic access of cytoplasmic pro-
teins to the nucleus, or the gradual accumu-
lation of proteins in the nucleus of the
postmitotic cell, could provide a novel
mechanism for cell cycle—dependent gene
regulation. Finally, the mechanism de-
scribed here could periodically dilute soluble
cytoplasmic proteins, such as tubulin (3),
when nuclear envelope breakdown admits
them into the nucleus, and then concentrate
them during postmitotic expansion of the
resealed daughter nuclei. Such concentra-
tion changes could consequently alter cyto-
plasmic architecture or metabolism.
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Technical Comments

Quick-Freeze Lipid Techniques: Correction

In my report “Lipid domains in fluid
membranes: A quick-freeze differential scan-
ning calorimetry study” (1), one of the lip-
ids used, dipalmitoyl phosphatidylcholine
(DPPC), was incorrectly labeled throughout
the text as distearoyl phosphatidylcholine
(DSPC) (2). Accordingly, figure 2A, a con-
ventional scan of a mixture of pure dimyris-
toyl phosphatidylcholine (DMPC) bilayers
and pure DPPC bilayers has two main endo-
therms with transition temperatures of 24°C
(DMPC) and 42°C (DPPC). Figures 2B,
2D, and 2E are conventional scans of bi-
layers formed from a 1:1 molar mixture of
DMPC and DPPC (DMPC-DPPC bilay-
ers). These scans show, as expected, one
major endotherm characteristic of bilayers
formed from a mixture of these two lipids.

Unlike the conventional scans of DMPC-
DPPC bilayers, the quick-freeze scan, figure
2C, shows two separate endotherms. Unlike
conventional scans of pure DMPC bilayers
or pure DPPC bilayers, no pretransitions are
observed. The onset temperatures of the two
endotherms seen in the quick-freeze scan are
approximately the same (19° and 44°C) as
those of the main transitions of puire DMPC
and DPPC. The endotherms observed in the
quick-freeze scan of the DMPC-DPPC bi-
layers are, however, substantially broader
and differ in shape from those observed by
conventional calorimetry on bilayers com-
posed of the individual lipid species (figure
2A). Although the higher temperature en-

dotherm seen in figure 2C begins at about
44°C, heat absorption is not complete until
approximately 63°C. Since . the transition
temperature of pure DSPC bilayers is 55°C,
the temperature range of the higher tem-
perature endotherm seen in figure 2C makes
the error in labeling DPPC as DSPC less
obvious. I regret any - confusion this may
have caused.

It should be emphasized that for bilayers
formed from a single lipid species, our
quick-freeze techniques have never given
samples whose calorimeteric behavior dif-
fered from that of conventional prepara-
tions. The major finding illustrated in figure
2 is, therefore, that quick-freeze miethodolo-
gy applied to DMPC-DPPC bilayers gives
thermograms that differ from those ob-
tained by conventional differential scanning
calorimetry (DSC) on this mixture. The two
peaks obtained for DMPC-DPPC bilayers
by quick-freeze DSC also differ from those
for pure bilayers of either DMPC or DPPC.
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