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Endoplasmic reticulum positioning and partitioning in
mitotic Hela cells
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Abstract

Cell division serves to distribute chromosomes and organelles into two daughter cells, but the mechanism of rough
endoplasmic reticulum (RER) segregation in animal cell mitosis is poorly understood. Here we study the distribution
of RER in mitotic HeLa cells and its relation to the cytoskeleton. At metaphase, the RER was located in the cell cortex
and was most concentrated in two locations. Close to the plasma membrane the RER was closely associated with
cortical actin, and after treatment with Latrunculin A RER elements retracted to the deep cortex and became more
tubular. Positioning was therefore dependent on cortical F-actin. Deeper in the cortex cisternae were wrapped
tightly around the contours of the spindle body and orientated along microtubules close the spindle poles.
Stereology revealed a close correlation between RER volume and cell volume in telophase daughter cells. These
results suggest that the RER is positioned at the outer and inner regions of metaphase cortex by association with
cytoskeleton. This arrangement combined with a disposition in concentric layers, deep to the plasma membrane,
appears to distribute the RER evenly in the cortex and may help to couple quantities of RER and cell constituents.
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Introduction

The main function of cell division is to segregate
chromosomes and organelles into the daughter cells.
For chromosomes the well-defined strategy involves
tethering to microtubules with each chromatid enter-
ing one of the daughter cells. For cytoplasmic organelles
the mechanisms of segregation are much less clear (Birky,
1983; Warren & Wickner, 1996). They could involve
similar tethering mechanisms, anchoring organelles
to structures that reliably enter one or other daughter;
or they could involve diffusional/stochastic dispersion
throughout a cell compartment that itself segregates
with a defined probability (Gerace & Burke, 1988; Nigg,
1992; Warren & Wickner, 1996). Such mechanisms may
be distinguished by quantitative studies of organelle
positioning, tethering and segregation but up to now
only a few such studies have been performed (Shima
et al. 1997; Nebenfuhr et al. 2000; Bergeland et al. 2001).
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The rough endoplasmic reticulum (RER) of interphase
cells is a continuous membrane system that synthesizes
membrane destined for the Golgi, endolysosomes,
secretory vesicles and plasma membrane. RER is dis-
tributed as a continuous network composed of tubules
and/or cisternae stretching from the nuclear envelope
to the cell periphery (Voeltz et al. 2002). At restricted
locations, the so-called endoplasmic reticulum exit sites
package proteins into COPII-coated vesicles for export
into the secretory pathway (Barlowe, 2002) whereas at
other locations the RER becomes continuous with the
smooth endoplasmic reticulum with more tubular
morphology. In mitosis, RER-related biosynthesis is shut
down and vesicular export from the exit sites is inhibited
allowing some itinerant proteins derived from the early
secretory pathway to become trapped in the RER (Zaal
et al. 1999; Terasaki, 2000). It has been a matter of debate
whether Golgi stack proteins recycle to the RER (Jokitalo
et al. 2001) but recent data indicate that a major fraction
of Golgi membrane components fragment into numer-
ous vesiculotubular clusters and vesicles (Barr, 2004).
Importantly, the fragments of Golgi (Shima et al. 1997;
Prescott et al. 2001) remain closely associated with the
RER and it is at these locations that the Golgi stacks
reassemble during telophase (Lucocq et al. 1989). Taken



416 RER in mitotic Hela cells, S. McCullough and J. Lucocq

together the observations indicate that mitotic segre-
gation of the RER determines the fate not only of RER
residents, but also of a subset of proteins recycled from
the early secretory pathway. As the RER is the primary
site of membrane synthesis, the precision of its parti-
tioning during mitosis will determine the synthetic
capacity and therefore viability of the early G1 cell.

Important aspects of RER segregation at animal cell
mitosis remain to be understood (Barr, 2002; Voeltz
et al. 2002). Early work focused on reporting cell types
in which the RER appeared to undergo vesiculation,
suggesting that uniform dispersion of vesicular RER
elements could facilitate equal segregation. More recent
studies have suggested that the RER does not consist-
ently disassemble into vesicles in all cell types and remains
continuous (Terasaki, 2000; Barr, 2002). Irrespective of
RER morphology a key question is whether RER is
tethered, bound or restricted to structures or compart-
ments for delivery to daughter cells, or is it distributed
uniformly by a diffusion-based mechanism, to be bisected
along with the cytoplasm at cytokinesis (Warren &
Wickner, 1996)?

In this study we used detailed quantitative meas-
urements of RER distribution in mitotic Hela cells. We
show that the RER of mitotic cells remains cisternal and
is limited to a ‘cortical container’ bounded peripherally
by the cortical actin and centrally by the mitotic spindle.
A peripheral RER cisterna is closely applied to, and
depends on, cortical actin for its positioning, while
another pool of RER is associated with microtubules at
the spindle and its poles. Association with cytoskeletal
structures thus appears to play a role in the positioning
of RER. We also observe a close coupling of RER volume
to daughter cell size, a relationship that matches
biosynthetic capacity to growth potential in G1 cells of
the next generation.

Materials and methods
Cell culture and drug treatments

Hela cells were cultured in minimal essential medium
(MEM) supplemented with 10% fetal bovine serum,
L-glutamine, vitamins, non-essential amino acids and
1% penicillin/streptomycin (Gibco-Brl, Paisley, UK) in a
humidified atmosphere of 5% CO, at 37 °C. To accumu-
late mitotic cells, cell monolayers were grown either
on 5.5-cm-diameter plastic Petri dishes or on 850-cm?
roller bottles to 70% confluency and treated with

nocodazole (Sigma Chemical Co., Dorset, UK) at a final
concentration of 40 ng mL™" diluted from 10 mg mL™
stock in carrier dimethylsulphoxide (DMSO). This con-
centration does not depolymerize interphase cyoplasmic
microtubules but prevents spindle assembly in mitosis.
Mitotic cells were isolated from Hela cell monolayers
grown on roller bottles. To release the mitotic cells
preferentially the roller bottles were spun at 300 r.p.m.
(Zieve et al. 1980). To isolate cells at all mitotic stages
(natural mitotics), this shake-off procedure was also
performed without prior addition of nocodazole. Latrun-
culin A (a gift from Kathryn Ayscough, University of
Glasgow; Spector et al. 1989) was stored in DMSO
carrier at 0.5 mm and added to the culture medium at
a final concentration of 1 um or 5 um for 2 h.

Fixation and embedding for EM

Cells grown on dishes were fixed in 0.5% glutaraldehyde
in 0.2 m cacodylate/HCl buffer, pH 7.4 (cacodylate buffer),
or 0.5% glutaraldehyde in 0.2 m PIPES, pH 7.2, at room
temperature for 30 min and scraped off using a rubber
policeman before pelleting. Mitotic cells, isolated from
roller bottles, were fixed in the same fixative but were
pelleted before fixation. All pellets were post-fixed in
1% osmium tetroxide and 1.5% potassium ferrocyanide
in cacodylate buffer for 30 min. The cell pellets were
then dehydrated and embedded in epoxy resin (Epon
812 equivalent; Agar Scientific Ltd, Stansted, UK). To
stain the RER of mitotic cells, cell pellets of natural mitotic
cells were treated with osmium tetroxide for up to
2 days at 37 °C before embedding in epoxy resin (see
Lucocq & Warren, 1987, for details).

Ultrathin sections were cut using a Reichert Ultracut
E Ultramicrotome at a nominal section thickness of 70,
100 or 200 nm. To prepare section stacks, every 15th or
30th section was collected and mounted on pioloform-
coated 1-mm copper slot grids to produce approximately
ten or five sections per cell. Grids were observed either
unstained or stained with uranyl acetate (10 min)
followed by lead citrate (5 min). Near-equatorial
sections were identified as those that contained the
largest cell profile.

Monolayer cultures

Cell monolayers grown to 70% confluency on glass
coverslips were incubated with or without nocodazole
at 40 ng mL™'" (procedure as before) for 4 h. They were
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then incubated with or without Latrunculin A (1 or
5 um) for 2 h in the presence or absence of nocodazole.
At the end of 2 h the medium was removed and the
cells fixed in 4% or 8% formaldehyde in PBS for 30 min
at room temperature. For actin staining the cells were
then washed in 1% bovine serum albumin (BSA) in PBS
for 30 min and incubated at room temperature in TRITC-
labelled phalloidin (gift from Dr Alan Prescott, Univer-
sity of Dundee) for 30 min. Latrunculin A at 5 um but not
at 1 um induced depolymerization of peripheral actin
stained by phalloidin. The cells were washed again in
1% BSA in PBS for 30 min and labelled with Hoechst
33258 to stain DNA before a further wash in 1% BSA in
PBS for 30 min and mounting in moviol. For electron
microscopy cells were grown on CELLOCATE coverslips
(Eppendorf; see Prescott et al. 2001), fixed in 0.5% glu-
taraldehyde in 0.2 m PIPES for at least 30 min at room
temperature and mitotic cells identified using phase
contrast microscopy before processing and embedding
in Epoxy resin as described above.

Estimates of partitioning fraction

Estimates of partitioning fraction were obtained using
an adaptation of the Cavalieri estimator (Gundersen &
Jensen, 1987) that used a randomly placed stack of ten
systematically spaced sections through whole mitotic
cells. The volume of the cell or RER was estimated on
selected sections using square lattice grids with point-
to-point spacing of 4.98 mm and 1 mm, respectively
(micrographs taken at 2000x for telophase cells and
2500x for metaphase cells). The grids were thrown at
random onto the cell profile images (magnified 10x)
and the number of point hits over the cell or RER was
counted and summed for all the sampled sections of
the stack. Typically the average number of points counted
over a mitotic cell was 185 for the cell and 460 for the
RER compartment.

Using the RER as an example, an estimate of the total
volume of RERisZ P-a - t- N where a is the area asso-
ciated with each point falling on the RER (P), t is the
section thickness and N is the number of sections in the
stack interval.

So the fraction of RER in each half of a metaphase cell
or in each daughter cell at telophase can be obtained
as follows:

> P(RERcell 1) -a-t- N/
(ZP(RER cell 2) + ZTP(RER cell 1)) -a - t- N.
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As the estimates were made on the same stack of sections
the t and N terms cancel and the estimate becomes

Y P(RER cell 1)/
X P(RER cell 2) +  P(RER cell 1).

The fraction of volume in each cell was estimated in the
same way as for RER, using point counts over the cyto-
plasm. A daughter cell at telophase was demarcated
by a line bisecting the cleavage furrow. The equator of
each metaphase cell was identified by a line bisecting
the profiles of the equatorial chromosomes.

To determine the minimum number of sections required
to obtain precise estimates of cell or RER partitioning
fraction we compared estimates from different section
stacks selected from a complete serial section series
through the same cell. The first section of each stack
was selected using random numbers and stack sections
spaced systematically through the whole mitotic cell
(as described above) to give either five or ten sections.
Remarkably when ten sections were used in each stack,
the estimates for RER volume proportion obtained from
four such randomly selected section stacks through the
same cell were closely clustered together and had a
sample standard deviation of just 0.54% (Howard &
Reed, 1998). The corresponding value for cytoplasm
volume estimated on the same four section stacks had
a sample standard deviation of 1.13%. These results
indicated that a majority of RER and cell volume esti-
mates that could be obtained from different stacks
were within 1-2% of the true value

RER volume and volume density

To estimate the volume density as a function of the
distance from the plasma membrane, square lattice
grids were cast over cell profiles in equatorial sections
from mitotic cells isolated by shake-off (magnification
at least 2000x). The shortest distance of each point to
the plasma membrane was measured and converted into
micrometres. Point hits over the RER and over the cell
were grouped according to their distance from the plasma
membrane and the local volume density was calculated.

To estimate total volume of RER we used the rotator
(Jensen & Gundersen, 1993). In epoxy resin sections of
mitotic cells isolated by shake-off, we identified cells
that had been cut through the centrosomes at the
spindle poles (micrographs taken at 2000x or more and
scanned at 2000 d.p.i.). As these sections were from
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randomly sectioned pellets of spherical cells, we were
able to estimate the volume of RER using the locally
applied and discretized version of the rotator (Mironov
& Mironov, 1998). In these cells a central axis line bisect-
ing the cell profile and running through the spindle
poles was drawn in Adobe Photoshop. A square lattice
grid (spacing 0.5 um) was randomly drawn over the
profiles and each point hit over cell or RER was recorded
and the distance measured to (i) the plasma membrane
and (ii) the central axis in a direction orthogonal to it.
Point hits were grouped into shells according to their
distance from the plasma membrane in 0.2- or 0.4-um
intervals. From the Pappus theorem the product of the
distance travelled by the centre of gravity of a figure
and its area can be used to estimate its total volume in
rotation (Jensen & Gundersen, 1993). Volumes were
estimated using the point hits over all RER in each shell,
the distance of each point hit from the axis and the
area associated with one point (Mironov & Mironov,
1998). To verify the estimates were valid, volumes of
the mitotic cell cortical cytoplasm were also estimated
and corresponded closely to values obtained using the
Cavalieri method (Lucocq et al. 1989).

Orientation of the RER

Central (equatorial) sections through metaphase and
telophase cells were identified as the largest cell
profiles obtained from section stacks already prepared
for Cavalieri estimates. Point locations on the RER were
then identified by line intersects obtained using a sys-
tematic square lattice grid thrown onto the cell profiles
(grid spacing was 2 cm, which at a magnification of
2500x represents 8 um) and approximately 10-20 inter-
cepts were identified per mitotic cell profile. A line was
then drawn along the shortest distance from the RER
intersection to the plasma membrane to identify a
plasma membrane intercept. Finally, the orientation of
the tangents at the RER cisterna intercept and the plasma
membrane intercept were compared using an orienta-
tion rose with a spacing of 10°. The orientation parallel
to the plasma membrane at the plasma membrane
intercept was set at 0° and results were plotted as a fre-
quency distribution in intervals of 10° (90° being verti-
cal to the plasma membrane). It should be emphasized
that in each case these orientations were measured
on plane sections that were partially orientated along
cells that showed central chromosomes (metaphase) or
cleavage furrow/elongated nucleus (telophase/G1).

Results

Interconnected RER cisternae with non-uniform
distribution in mitotic cell cortex

The RER was identified by its coating of ribosomes,
positive immunogold staining for protein disulphide
isomerase (cryosection data, not shown), or cytochemical
staining with prolonged osmium treatment and remained
cisternal throughout mitosis (Fig. 1). As detected by
these methods the RER of metaphase cells isolated by
shake-off (Fig. 1A-C) was exclusively cisternal and limited
to the cell cortex (some cells contained smooth mem-
branes clustered inside the spindle near the spindle poles
but these were not coated with ribosomes). In cells
with large amounts of RER the cisternae were disposed
in successive shells roughly concentric to the plasma
membrane. These RER cisternae often encircled the cell
completely and were more continuous than observed
in interphase cells (compare Fig. 1A and 1F). In cells
that contained least RER (Fig. 1C), the outermost and
innermost cisternae followed the contours of the plasma
membrane and spindle closely. Between these cisternae
the RER was less ordered with mixed radial and annular
orientations. Semithin, 0.5-um sections observed at 120 kV
revealed that cortical RER cisternae were extensively
interconnected (Fig. 1B) and continuity could be traced
from outermost to innermost cisternae; this is in agree-
ment with previously published photobleaching experi-
ments showing the RER of mitotic cells to be a continuous
reticulum (Ellenberg et al. 1997; Terasaki, 2000).

The largely annular arrangement of cortical RER was
maintained throughout most of telophase (Fig. 1D,E).
After cytokinesis the RER profiles became shorter, and
the orientation became much more radial (Fig. 1F,G). A
quantitative analysis of orientation (Fig. 2) confirmed
the cisternae generally followed the orientation of the
plasma membrane in metaphase and telophase and this
changed to a more radial arrangement after cytokinesis
was complete and nuclear decondensation had started.

We next tested whether the distribution of RER in
the cortex was uniform, as might be consistent with a
diffusional/stochastic model for partitioning. To do this
we estimated the fraction of cytoplasmic volume
occupied by RER (volume fraction) as a function of its
distance from the plasma membrane (Fig. 3). This was
performed in equatorial sections of cells isolated by
shake-off from roller bottles. The results showed that
the distribution was clearly inhomogeneous with two
peaks of density, one in the periphery close to the plasma
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Fig. 1 Distribution of RER in mitotic HeLa cells. Mitotic cells isolated by shake-off were exposed to prolonged osmium tetroxide
treatment to highlight the mitotic RER cytochemically (black reaction product). In thin sections of metaphase cells (A and C) an
RER cisterna was consistently observed following closely the plasma membrane at a depth of about 150-200 nm (small arrows).
Conversely, a single cisterna was found to follow the contour of the spindle body (larger arrows). When the quantity of RER in
the cortex was low, the peripheral and spindle cisternae were better seen (C) and the interconnecting cisternae were more
randomly orientated. In 0.5-um semithin sections (B) the peripheral cisternae (small arrows) and spindle-related cisternae
(large arrows) could be seen connected via a network of radial and concentric cisternae (asterisks). The peripheral cisterna was
observed in early telophase (arrows in D) and later telophase (arrows in E) but was absent in late telophase/early G1 (F, thin
section and G, semithin 0.5-um section). At this stage the disposition of RER had changed from mainly concentric and peripheral
in mitotic cells to radial and central. The inset to A is from conventionally processed epoxy-embedded material and shows the
extended, non-fragmented, nature of RER cisternae in a mitotic Hela cell.

membrane and one deep in the cortex. Estimates of the
contribution to the total volume of RER in different
regions of metaphase cells are presented in Fig. 4 (see
Materials and methods). This shows the most peripheral
RER elements contribute a major proportion of the total
(approximately 30%). This large contribution to the
total RER is probably due to the fact that the peripheral
RER forms a sphere with the largest possible radius.
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Peripheral RER associated with, and dependent on,
cortical F-actin

Further quantitative and qualitative analysis showed
that the concentration of RER in the periphery was due
to a peripheral cisterna that did not generally approach
the plasma membrane closer than approximately
150-200 nm, thereby delineating a zone of exclusion of
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Fig. 2 Orientation of RER in mitotic and interphase cells.
The RER in equatorial EM sections was sampled and the
orientation of the RER compared with that of local tangents
at the plasma membrane using an orientation rose (see
Materials and methods). The angle of the RER relative to
the plasma membrane is expressed here as a frequency
distribution. The orientation of RER in metaphase and
telophase is similar to the plasma membrane but it becomes
more radially orientated in G1. Between 40 and 50 intercepts
were analysed for each condition over a minimum of three
cells (bars represent standard error of the mean).
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Fig. 3 The fraction of cytoplasm volume occupied by RER
cisternae as a function of distance from the plasma membrane
in metaphase cells. Volume fraction of RER in the cortex
(excluding the spindle region) or the cell as a whole (including
the spindle region) was estimated using point counting and
the location of each sampling point was recorded with respect
to the nearest plasma membrane segment (values on the
x-axis show the innermost border of each distance class with
respect to the plasma membrane). Data are from equatorial
sections of four cell profiles. Error bars are standard error of
the mean.

constant thickness (Fig. 1A-C). This relationship was
even more marked in monolayer cells examined in situ
by conventional electron microscopy (Fig. 5A). TRITC-
phalloidin staining and electron microscopy identified
the zone of exclusion as containing cortical F-actin
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Fig. 4 Proportion of RER volume as a function of distance
from the plasma membrane in metaphase Hela cells. Volume
of RER in shells of cytoplasm inside the plasma membrane was
estimated using the rotator method (see Materials and
methods) and expressed as a percentage of total cellular RER.
The lower border of the first category is 0.2 um. Error bars are
standard error of means from four metaphase cells.

(Fig. 5A, inset). The close spatial relationship between
cortical actin and the peripheral cisterna was observed
as early as prophase and was maintained through
prometaphase, metaphase and anaphase and telophase
up until completion of cytokinesis (Fig. 1E,F). Following
cytokinesis, during chromosome decondensation and
radial reorientation of RER the peripheral RER cisterna
was no longer observed (Fig. 1F,G).

To test whether the location of the peripheral cisterna
was dependent on F-actin, monolayer cells were pre-
treated for 2 h with Latrunculin A and fixed and mitotic
cells analysed by electron microscopy in situ. Mitotic cells
lacked the peripheral RER cisterna (compare Fig. 5A
and 5B) and RER elements were now centrally located
deep in the cortex (see below) and were more tubular
in form. In interphase cells the RER remained cisternal
during this treatment (data not shown). Cortical actin
revealed using TRITC-phalloidin was now greatly
decreased in both interphase (data not shown) and
mitotic cells (Fig. 5B, inset). In some metaphase cells
mitochondria that appeared to be distributed through-
out the cortex in untreated cells were now clustered
close to the plasma membrane (Fig. 5A,B). The reloca-
tion of RER on Latrunculin A treatment appeared not
to be related simply to a shape of the mitotic cells
because the mitotic cells retained their near spherical
shape during treatment with the drug. These results
indicate an actin-dependent localization of RER cister-
nae in the periphery of mitotic cells.
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Fig. 5 Endoplasmic reticulum in thin sections of epoxy-
embedded metaphase monolayer Hela cells. The peripheral
RER in untreated cells (A) was found at a constant distance
from the plasma membrane and closely applied to the cortex
(black arrows), which was shown to contain actin using
fluorescently labelled phalloidin (inset). Deeper in the cell and
close to the spindle there is a concentration of parallel RER
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RER associated with, and dependent on, the mitotic
spindle

Quantitative and qualitative results showed clear evid-
ence for concentration of the RER deep in the cortex
close to the spindle (Figs 1, 3 and 5A). Here there were
two principal populations of RER cisternae: a single RER
cisterna that, as determined by serial section analysis,
followed the contours of the spindle (Fig. 1C); and
aggregates of parallel RER cisternae profiles that
appeared to emanate from the spindle pole region
(white arrows in Fig. 5A,C) — close examination of
sections through the centrosomal region showed the
aggregates to be orientated along microtubules that
radiated from the centrosomal region (Fig. 5C). RER
deep in the cortex was therefore related to microtubule-
rich structures. In three dimensions, these deep RER
cisternae formed conical sheaths extending around the
apex of each spindle cone (Fig. 1) and were connected
to the peripheral cisterna via RER elements with more
radial orientations (Fig. 1B). In cells treated with Latrun-
culin A in which the peripheral cisterna was absent, the
tubular RER remained concentrated in this juxta-
spindle location (Fig. 5A). The spindle RER and deep
aggregates were observed from anaphase up until the
nuclear envelope started to reassemble and cytokinesis
had commenced (data not shown). Thereafter, possible
remnants of these cisternae were found in the region
of the interzonal fibres as anaphase cell elongation
progressed (Fig. 1D).

We next tested whether the distribution of spindle
RER was related to the presence of the spindle by
analysing mitotic cells accumulated in pseudopromet-
aphase using low-dose nocodazole (40 ng mL™). In
these cells the peripheral RER remained closely associ-
ated with the actin cortex. Other cortical RER cisternae
remained orientated annular with the plasma membrane
but were now more crowded (Fig. 6), with the deepest
RER cisternae positioned relatively closer to the plasma

cisternae (white arrows). In cells treated for 2 h with 5 um
Latrunculin A (B) peripheral RER is no longer present (region
of the black arrows) but the RER is visible in the juxta-spindle
region and is now present as shorter, more rounded section
profiles (region of the white arrows). The peripheral actin
staining is now very weak (inset to B). Mitochondria (labelled
M in A and B) become concentrated in the periphery after
Latrunculin A treatment. (C) Shows close association of ER
cisternae with microtubules (arrow heads) radiating from the
centriole (arrow). Scale bars: A and B, 2 um; insets, 10 um;

C, 150 nm.
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Fig. 6 Increased density of RER cisternae in the periphery

of nocodazole-arrested mitotics. The spacing between RER
cisternae was measured in equatorial sections and plotted as
mean values. Data are from four metaphase cells with a total
of 139 and 142 measurements in natural and nocodazole
mitotics, respectively (error bars indicate standard error of the
mean).

membrane than in the metaphase cells of natural mitotics.
Now the deepest cisterna often followed the contours
of the disordered pseudoprometaphase chromosomes.
Sheets of RER could be observed passing deep into the
cell between the chromosomes, suggesting that it was
free to move there (results not shown). We attempted
to use green fluorescent protein/confocal live cell imag-
ing to follow movements of RER in metaphase or
nocodazole-arrested cells but resolution of individual
cisternae was not possible. Overall these results indicate
that in metaphase cells the distribution of RER deep in
the cortex is closely associated with, and determined by,
the spindle. However, in nocodazole-arrested cells the
distribution of RER is now determined by the position-
ing of chromosomes. Thus the annular and cisternal
disposition of RER is not dependent on the spindle but
its distribution is defined by central cellular structures.
A summary of the RER distribution in mitotic HeLa cells
is shown in Fig. 7.

Segregation of RER matched to daughter cell volume

We have found no previous quantitative studies on the
precision of RER segregation in the literature. We took
advantage of the highly efficient Cavalieri method
(as described in Materials and methods; Gundersen &
Jensen, 1987) to estimate the proportion of RER enter-
ing each daughter. In this method, volume is estimated
on stacks of sections and we first assessed the optimum
number of sections to obtain precise estimates; a ten-

Cortical actin

Peripheral RER

Intermediate RER _'

Fig. 7 Model of RER distribution in metaphase Hela cells.
Peripheral RER is anchored at the actin-rich cortex and this
stretches and extends the intermediate cisternae from the
spindle associated RER. The spindle cisterna wraps itself tightly
around the spindle body and other RER cisternae appear
localized along microtubules emanating from the spindle
poles. When RER is abundant the intermediate RER forms
concentric shells of cisternae spread throughout the cortex
(not shown). When RER is less abundant it tends to stretch
more radially across the cortex from the peripheral

to spindle RER (as illustrated here). Association of RER with
symmetrical structures such as plasma membrane and spindle
can provide balanced partitioning while stretching RER
between these sites may facilitate uniform distribution of the
remainder of the RER in the cortex.

section stack gave results that were clustered within a
range of 1-2% (see Materials and methods). When
data from telophase daughters were analysed in this
way we found considerable variation of the daughter
cell volumes from equality with some cells showing a
deviation of up to 7%. Remarkably, however, the
proportion of RER entering each daughter was closely
correlated to the proportions of cytoplasm (Fig. 8).
Although telophase cells are bisected by the cleavage
furrow, RER segregation could be attained as early as
metaphase when the chromosomes line up on the
metaphase plate and effectively close off two portions
of cytoplasm. In metaphase cells estimates of RER and
cytoplasm volumes on each side of the metaphase plate
were similar. Thus for the smaller future daughter cell
the mean (+ SD) proportion of cytoplasm volume was
47.7 £ 3.8% (n =3 cells), and the mean proportion of
RER volume was 47.3 + 1.99% (n = 3 cells). As in telophase,
there was, however, a significant departure from equal
partitioning and in one case only 43.3% of RER and
45% of cytoplasm were found on one side of the
metaphase plate. The mean difference between RER
and cytoplasm proportions in metaphase cells was rela-
tively small (1.46 + 1.1%, n = 3 cells), again indicating a
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Fig. 8 Close correlation between RER and cell volume
partitioning. The fraction of total cell or RER volume in
telophase daughter cells was estimated using the Cavalieri
volume estimator as described under Materials and methods.

correlation between cell and RER volume. We conclude
that there is close matching of RER and cytoplasm in
telophase and possibly metaphase.

Discussion

Our results show the RER of mitotic HelLa cells remains
cisternal and limited to the cell cortex where it encircles
much of the cell. The distribution across the cortex is
markedly non-uniform. In the periphery a single RER
cisterna is closely associated with cortical actin and is
dependent on it to maintain its position. Deeper in the
cell the deepest RER cisterna wraps itself closely around
the whole spindle or chromosomes. The rest of the RER
in the cortex (which we term intermediate RER) is
interconnected with the peripheral and spindle RER
cisternae and is variably orientated depending on its
abundance. Finally, we find that the amount of segre-
gation RER that enters a daughter is very closely linked
to the amount of cytoplasm in that daughter.

Our results confirm the conclusions of a number of
studies that show elements of ER in animal cells remain
cisternal in mitosis (reviewed in Barr, 2002; Voeltz et al.
2002) but this is the first description of actin-based
positioning in mitotic mammalian cells. In interphase
mammalian cells RER positioning and extension is known
to be dependent on microtubules. However, in plants,
actin is important for formation and maintenance of
RER (Terasaki, 1990; Voeltz et al. 2002) and in eggs/
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oocytes a number of reports have emphasized accu-
mulation of RER in the actin-rich regions of oocytes
(Houliston & Elinson, 1991; Mehlmann et al. 1995).
Budding yeast also has two RER pools: central nuclear
related RER and peripheral RER associated with cortical
actin. In this case peripheral RER is dependent on actin
for motility but not for its positioning (Prinz et al. 2000).
A recent study has provided strong evidence that the
RER membranes can move along F-actin and fuse dur-
ing mitosis, and that the increase in motility was driven
by myosin V (Woellert et al. 2002). It is conceivable that
myosin V could mediate the spreading of the RER and
fusion over the inner aspect of the cortical actin shell.
We found that when F-actin was depolymerized the
RER relocated to the spindle, suggesting that the RER
cisternae may be under some form of tension. The RER
could be stretched from the spindle region to the
actin cortex and when the peripheral tether is broken
the RER recoils. Furthermore, the observation that the
peripheral cisterna was largely absent from early G1
cells and interphase cells in general suggests the
binding to the actin cortex is mitosis specific. It will
therefore be important to investigate the cell cycle
regulation of actin-associated RER binding in vitro. The
relocation of mitochondria from the cortex to the cell
periphery on actin depolymerization is of interest. A
close association between RER and mitochondria has
been described before in mammalian cells (Voeltz et al.
2002) and so actin could be important for maintaining
a mitochondrial reticulum/assemblage in the cortex of
mitotic cells as well. The movement of mitochondria to
the periphery could therefore simply be a consequence
of exclusion by the accumulated RER close to the
spindle. Another possibility is that the independent
repositioning of these organelles could reflect distinct
segregation mechanisms.

We observed RER intimately associated with the
mitotic spindle surface and polar microtubules close to
the centrosome and this has been observed during
early sea-urchin development (Terasaki, 2000). Possible
links between RER and the spindle/microtubules might
be microtubule binding proteins, which have been
described in RER, and these include the integral
membrane protein p63 (Klopfenstein et al. 1998, 2001).
Other links might include microtubule-based motors
(Allan, 1996) or even RER-associated organelles, which
themselves can associate with microtubules, such as
Golgi (Shima et al. 1997; Prescott et al. 2001) or RER
export sites that have been found clustered deep in the
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cell in the spindle region (Prescott et al. 2001). Recent
evidence has documented a mechanism for nuclear
envelope disassembly in which cytoplasmic dynein
anchored on the outside of the nucleus generates
tension, tearing the nuclear envelope (Beaudouin et al.
2002; Gonczy, 2002; Salina et al. 2002). Dynein is a motor
that is directed toward the minus-end of microtubules
and it is possible that the RER we observed close to
the spindle poles is positioned there by a negative-end
directed motor. Indeed, this pool of RER might be a
direct descendant of the nuclear envelope.

So what are the possible functions for positioning
the RER close to the plasma membrane and spindle
elements (see Fig. 7)? Tethering RER to the outer and
inner walls of the cortical cytoplasmic compartment could
force extension of RER throughout the cortex, produc-
ing a uniform distribution and the close match between
segregation of cell cytoplasm and RER we observed.
The plasma membrane and spindle are near symmetric
structures and association with these structures could
ensure a major portion of RER is divided equally on
each side of the chromosome mass prior to cell division.
Our own unpublished data suggest that the amount of
segregating plasma membrane is (as we have found for
the RER) also closely correlated with cell volume. The
plasma membrane is an important ‘end product’ of RER
synthesis and matching RER to amounts of endomem-
brane and plasma membrane entering each daughter
could be a way of maximizing the efficiency of plasma
membrane and organelle growth/function during the
ensuing G1. Conversely, the greater the discrepancy
between RER and plasma membrane, the greater the
defect in membrane synthesis in one of the daughters
would be. Alternatively, the precise RER positioning
could play a role in organelle reassembly. The spindle-
related RER is found close to the separating chromo-
somes during anaphase and is found connected to the
reassembling nuclear envelope soon after. If, as has
been suggested, the nuclear envelope reassembles by
adsorbing RER cisternae (Ellenberg et al. 1997; Barr,
2002), the centrally positioned RER could provide a
pool of appropriate membranes for this process. The
RER at this location might even be specifically tethered
at the spindle region by nuclear envelope components,
although this seems unlikely in view of the widespread
distribution of these components in mitotic cells
(Mattaj, 2004).

Partitioning accuracy has been measured for other mem-
branous organelles in a limited number of fluorescence

studies. In the case of endosomes, the partitioning
fraction departed strongly from equality (Bergeland
et al. 2001) in accordance with a more random mech-
anism. In the case of a Golgi protein, partitioning was
more even, suggesting a tethering mechanism (Shima
et al. 1997). The deviation of Golgi partitioning in that
study was similar to the values we have reported here
for RER, although a possible correlation with cell mass
was not investigated. Given the precision of the present
technique it will be possible to extend these analyses to
estimate the segregation fraction of a wide range of
organelles, perhaps by combining Cavalieri estimation
with sophisticated volume rendering light microscopy
techniques to improve the overall efficiency. The prin-
ciple of this method was generated centuries ago by
Bonaventura Cavalieri and re-introduced by Gundersen
& Jensen (1987). We have shown here that only ten
sections will provide accurate quantitative information
on segregation in other organelles. Our results illustrate
the power of these methods to generate precise and
unbiased data from slice information.

In summary, we have shown that the RER of mitotic
Hela cells maintains its cisternal nature and is restricted
to the cell cortex in mitotic Hela cells. The RER is non-
uniformly distributed as indicated by (1) a peripheral
RER cisterna adherent to, and dependent on, cortical
actin, (2) central cisterna that associate with the spindle
and (3) intermediate cisternae that stretch between
the two. During mitosis there appears to be a switch
from microtubule-based organization to an actin- and
microtubule-based organization in mitosis of animal
cells. Tethering of RER to the walls of the mitotic cell
cortex could play a role in matching synthetic potential
of daughter cells to the size of their organelles.
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