Chapter 1

Overview of Cell Synchronization

Gaspar Banfalvi

Abstract

The widespread interest in cell synchronization is maintained by the studies of control mechanism involved
in cell cycle regulation. During the synchronization distinct subpopulations of cells are obtained represent-
ing different stages of the cell cycle. These subpopulations are then used to study regulatory mechanisms
of the cycle at the level of macromolecular biosynthesis (DNA synthesis, gene expression, protein synthe-
sis), protein phosphorylation, development of new drugs, etc. Although several synchronization methods
have been described, it is of general interest that scientists get a compilation and an updated view of these
synchronization techniques. This introductory chapter summarizes: (1) the basic concepts and principal
criteria of cell cycle synchronizations, (2) the most frequently used synchronization methods, such as
physical fractionation (flow cytometry, dielectrophoresis, cytofluorometric purification), chemical block-
ade, (3) synchronization of embryonic cells, (4) synchronization at low temperature, (5) comparison of
cell synchrony techniques, (6) synchronization of unicellular organisms, and (7) the effect of synchroniza-
tion on transfection.

Key words Basic concepts of synchronization, Criteria of synchronization, DNA staining, DNA anal-
ysis, C-value

1 Introduction

The description of the double helical structure of DNA was and
has remained the most famous research paper in biology [1]. In
1953, another important paper was published that established the
model of the cell cycle as we know it today [2]. The famous state-
ment of the reduplication of DNA recognized by Watson and
Crick: “It has not escaped our notice that the specific pairing we
have postulated immediately suggests a possible copying mecha-
nism for the genetic material” initiated studies on DNA replica-
tion. Howard and Pelc used *?P label and after the incorporation of
the biological tracer in the root cells of Vicia faba (broad bean)
they removed all of the non-DNA phosphorus labeled compounds
with hydrochloric acid at 60 °C which allowed them to trace the
cellular levels of DNA. Their autoradiographic analysis showed
that DNA synthesis occurs only at one discrete period during the
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1.1 Basic Goncepts
of Cell Cycle
Synchronization

1.2 Principal Criteria
and Shortcomings

of Synchronization
Methods

interphase between two mitoses. Microspectrometric methods
confirmed that DNA replication is limited to a well-defined seg-
ment of the interphase preceded and succeeded by other periods
where the DNA content was constant [ 3, 4 |. Better spatial resolu-
tion was obtained when the highly localized tritiated thymidine
was introduced as a radioactive probe and increased the precision
of autoradiographic procedures [5]. The incorporation of tritiated
thymidine was restricted specifically to DNA, not to RNA and only
one of the double strands was labeled. This result was consistent
with semiconservative model proposed by Watson and Crick. The
principle of semiconservative replication was then proved by the
classical experiments of Meselson and Stahl in 1958 [6].

The importance of the experiments of Howard and Pelc is that
they led to the recognition that the cell cycle consists of phases
known as G1, S, G2, and M. Although the examination of the kinet-
ics of cell proliferation with labeled compounds and autoradiogra-
phy remained an important technique especially when the duration
of the cell cycle phases matters, flow cytometry has become a more
popular way to study the cell cycle. Laser scanning cytometry (LSC)
technology of flow cytometry heritage is not limited to cell cycle
analysis. LSC also allows to inspect and interrogate specific cells of
defined genetic, biochemical, or morphological properties.

Synchronization of cell populations offers a unique strategy to
study the molecular and structural events taking place as cells travel
through the cell cycle. It allows the exact study of individual phases
of the cell cycle, the regulatory mechanisms which determine cell
cycle regulation at the level of gene expression and posttranscrip-
tional protein modifications, and contributes to drug discovery.
Before going into details first of all we define the basic concepts of
cell cycle synchronization. In the process of synchronization cells
representing different stages of the cell cycle are selected and
brought to the same phase. The cell cycle is composed of the rep-
lication of genetic materials (S phase) and the successive distribu-
tion of genetic materials as well as the other components of the cell
onto two daughter cells (M phase). The progression of these two
processes is intermitted by two gap phases (Gl and G2) and
defined as the cell cycle (Fig. 1).

Originally the cell cycle was recognized in plant cells [7], but
soon it turned out that the principal mechanism of the cell cycle is
common in all eukaryotic organisms. The study of molecular
events of the cell cycle was taken over by animal and yeast cells [ 8]
simply because there were no suitable cell synchronization systems
in plant cells.

There are several principal criteria for synchronization that should be
met: (a) both normal and tumor cells should be arrested at the same
specific phase of the cell cycle, (b) synchronization must be noncy-
totoxic and reversible, (¢) the metabolic block should be targeted to
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Overview of Cell Synchronization 5

Fig. 1 Cell cycle phases of eukaryotic cells. Cells start to increase in size in Gap
1 (G1) phase. In the resting phase (G,, Gap 0) cells have left the cycle and stopped
dividing. DNA replication occurs during the synthetic (S) phase. During the Gap 2
(G2) between DNA synthesis and mitosis cells continue to grow. In mitosis (M)
cell growth stops and the orderly division into two daughter cells takes place.
Interphase (I) consists of three stages: G1, S, G2

a specific reaction and must be reversible, (d) large quantities of syn-
chronous cell populations should be obtained, (e) the synchroniza-
tion must be medium independent, (f) synchrony should be
maintained for more than one cell cycle to study biochemical pro-
cesses taking place in cycling cells, (g) synchronized cells should
exhibit uniform size, (h) DNA content in the initial cell culture and
during their growth should be the same. These criteria turned out to
be quite stringent and resulted in heated debates that still exist
among scientists. The major problem is that although many meth-
ods have been developed, none of them seems to be perfect for more
reasons: (a) the proportion of synchronized cells is not sufficiently
high, (b) manipulations during synchronization perturb cell physiol-
ogy to an unacceptable extent, (c) most of the synchronizing meth-
ods are toxic and not applicable in vivo. For example agents that
prevent DNA synthesis (excess thymidine, hydroxyurea, aphidico-
lin) or inhibit the formation of mitotic spindles (nocodazole) not
only arrest the cell cycle at certain points [9, 10], but their toxic
effect may kill important fractions of the cells [ 11]. The low cost and
simplicity of DNA replication inhibitors is contrasted by their major
disadvantage of inducing growth imbalance. Another example is
nocodazole treatment. Cells subjected to this agent do not enter
mitosis and cannot form metaphase spindles due to the inhibition of
polymerization of microtubules. Moreover, when nocodazole was
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used as a whole-culture synchronization agent, it worked poorly on
bovine kidney (MDBK) cells. After 0.5 ng/ml nocodazole treat-
ment for 4 h there was no accumulation of M phase cells, rather a
massive cell death (>80%) was induced [12]. Other observations
also demonstrated that populations of synchronized cells obtained
by different drug treatments supposedly blocked at biochemically
distinct cell cycle points were not apparent by cytometric measure-
ment of DNA content. These results indicate that induced syn-
chrony methods may differ with respect to their impact on cell cycle
organization and from the pattern seen with nonperturbing cell
selection methods [13]. It is neither the intension of this book to
make strict distinctions nor to decide which method should be used.
Debates on cell-synchronization methodologies are found in opin-
ion papers [ 14-18].

2 Methods of Cell Cycle Synchronization

2.1 Physical
Fractionation

2.1.1 Velocity
Sedimentation

The most widely used methods of cell cycle synchronization are
based on two distinct strategies:

1. Physical fractionation.

2. Chemical approach.

The separation of cells by physical means is based on cell density,
cell size, antibody binding to cell surface epitopes, fluorescent
emission of labeled cells and light scatter analysis. The two most
often used methods of biophysical fractionation are the centrifugal
elutriation and fluorescent activated cell sorting.

Several techniques that separate cells take advantage of their differ-
ences in sedimentation velocity. These methods belong to three
classes:

1. Sedimentation at unit gravity [ 19-21].
2. Density gradient centrifugation [22-25].

3. Velocity sedimentation by counterstreaming centrifugation
[26-32].

Major objections against the velocity sedimentation techniques
are that they are relatively slow and the size of the nearby fractions
may overlap substantially increasing the heterogeneity of the
samples. Other major problems with the sedimentation at unit
gravity and density gradient centrifugation are the reproducibility,
owing to artifacts associated with sedimentation in swinging bucket
rotors [33]. These two techniques are not used anymore and
therefore not discussed here.
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The sedimentation velocity that is based on cell size is operative in
the technique of centrifugal elutriation also referred to as counter-
streaming centrifugation [26-32]. Lindahl was the first to describe
the separation of cells by velocity sedimentation utilizing counter-
streaming centrifugation. His method was later modified and
renamed centrifugal elutriation. The Beckman elutriation system is
an advanced centrifugation device that uses an increasing sedimen-
tation rate to yield a better separation of cells in a specially designed
centrifuge and a rotor containing the elutriation chamber. The
advantages of centrifugal elutriation are as follows:

1. Differences in sedimentation velocity are exploited to isolate
various types of cells from various inhomogeneous cell
suspensions,

2. Different subpopulations representing different stages of the
cell cycle of the same cell type can be separated.

3. The isolated cells or subpopulations of cells can be used in
clinical experiments.

4. Centrifugal elutriation fulfills the three principal criteria for
synchronization.

Autoradiographic data indicated that fractions containing >
97% G1 cells, > 80% S cells, and 70-75% G2 cells could be rou-
tinely recovered with centrifugal elutriation [ 34 ]. This distribution
indicates that the resolution of the G1 and S phases belonging to
the interphase could be increased while the heterogeneity of the
G2 and M phases would not allow a higher resolution. In expo-
nentially growing cultures > 20% of the cells are in GI1, about
>60% in S phase and only 16-18% in G2 /M phase. This distribu-
tion makes it clear that in animal cells the resolution of the inter-
phase Gl and S phases would be possible. As a result of the
improved resolution of the centrifugal elutriation the two known
replicative phases (early and late S phase) could be resolved to
many subphases the number of which corresponded to the number
of chromosomes [ 35, 36].

In the budding yeast G1-phase cells are unbudded and often
smaller than one would expect from the cell cycle status. The bud-
ding profile serves as a basis of estimating cell synchrony. In the
fission yeast there are no such distinctive features that would allow
the morphological determination of the cell cycle position. The
cell cycle progression of the yeast cells is size dependent similarly to
the cells of budding yeasts and higher eukaryotes [37].

With centrifugal elutriation, several different cell populations
synchronized throughout the cell cycle could be rapidly obtained
with a purity comparable to mitotic selection and cell sorting [ 38].
Centrifugal elutriation will be described in Chapter 2. Chapter 14
compares the results from the elutriation protocols with other syn-
chronization protocols.
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2.1.3  Flow Cytometry The original name of this technology was pulse cytophotometry, but

and Cell Sorting flow cytometry became the most popular among others such as
cytofluorometry, flow microfluorometry. To understand this tech-
nique that uses a system for the measurement on individual cells
obtained from cell suspension the analogy with a conveyor belt is
taken. Conveyor belts have been originally used as rubber belts in
factories [ 39 ], but they are also running in supermarkets, where they
carry to selected goods to the interrogation point, where the cashier
picks them individually and identifies them with a laser that reads the
barcode. At the interrogation point the items can then be packed
without selection into shopping bags or similar items can be grouped
and then packed in separate bags. A similar process takes place dur-
ing flow cytometry without the separation of cells or combined with
their separation named cell sorting (Fig. 2).

Flow cytometry is a technique that allows the counting and
examination of small (0.2-150 pm) particles (cells, nuclei, chro-
mosomes) suspended in a stream of fluid passed through an elec-
tronic detection apparatus. In cell biology individual cells contained
in a thin stream of fluid intercept the light source. These cells scat-
ter light and fluorochrome dyes are excited. There are several
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Fig. 2 Analogy between a conveyor belt and flow cytometry. (a) Industrial belt [39], (b) Hydrodynamic focusing
during flow cytometry to produce a single stream of cells [40]
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fluorochrome dyes that can be used for DNA staining. For
quantitative DNA analysis, cells are normally fixed in ethanol. fol-
lowed by staining with DNA-binding dyes, such as:
1. Propidium iodide (Phenanthridinium compound).
Hoeschst 33342 (Bisbenzimidazole).
DAPI (4'-6-diamidino-2-phenylindole).
7 Aminoactinomycin D (Actinomycin).
Mithramicin (Chromomycinone).
DRAQ5 (Anthraquinone).

TO-PRO-3 (comprising a single cyanine dye and a cationic
side chain, with only two positive charges).

N gk W

Some of the dyes are used to quantitatively stain DNA and to
separate live from dead cells in unfixed samples. Fluorochromes
excited from a lower (300-650 nm) to a higher energy state emit
this energy as a photon of light at various frequencies (450-700 nm)
with spectral properties unique to different fluorochromes.
Photomultipliers convert the light to electrical signals and cell data
is collected. High purity (100 %) cell sub-populations can be identi-
fied and sorted when flow cytometry is combined with cell sorting.

Flow cytometers and analyzers are capable to collect multipa-
rameter cytometry data but do not separate or purify cells. Sorting
is an additional process requiring sophisticated electronic compo-
nents not incorporated into most benchtop instruments. In flow
cytometry and fluorescent activated cell sorting (FACS analysis)
the light beam (regularly laser) is directed to the stream of fluid
containing the particles. Most often used light sources in flow
cytometry are argon-, krypton-, helium-neon-, helium cadmium
lasers and mercury lamp. Detectors are focused to the interroga-
tion point where the light beam (regularly laser beam) passes
through the fluid stream. In forward scatter analysis (FSC) detec-
tors are in line with the light beam, while in side scatter analysis
(8SC) several detectors, among them fluorescent detectors, are
directed perpendicularly to the beam. Forward and side scatter are
used for the preliminary identification of cells. Forward scatter
depends on the cell volume and cell size, while side scatter analysis
is correlated with the inner complexity of the particle (i.e., shape of
the cell or nucleus, amount and type of granules or roughness of
cellular membranes). Forward and side scatter were used earlier to
exclude debris and dead cells. Recently it has been adapted for the
detection of apoptotic cell death.

Advantages and disadvantages of flow cytometry:

1. Flow cytometry measures fluorescence per cell or particle and
contrasts with spectrophotometry where the percent absorp-
tion and transmission at a certain wavelength is measured for a
bulk volume. One of the fundamentals of flow cytometry is its
ability to measure the properties of individual particles.
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2. The sorting of particles based on their physical properties, to
purify populations of interest.

3. The simultaneous physical and/or chemical analysis of thou-
sands of particles per second.

4. Routinely used diagnostic tool in health disorders (especially
cancers) and has many applications in both research and clini-
cal practice.

5. Data of samples can be stored in computer as listmode and /or
histogram files.

6. The disadvantage of cell sorting is that it exhibits limitations in
sample size and time required for synchronization [40].

Listmode files contain the complete list of all events correspond-
ing to all the parameters collected and written in the file. Listmode
files contain raw cytometer data. Listmode describes flow cytometry
values of the scatter and fluorescence parameters for each event, in
the order it passed through the cytometer’s interrogation point.
Listmode files can be replayed by the computer and appropriate soft-
ware. Different signals can be amplified and processed by an Analog
to Digital Converter (ADC) allowing the events to be plotted on a
graphical scale. These histogram files can be either single-parameter
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Fig. 3 Flow cytometry: single-parameter histogram. Flow cytometry measures the
properties of individual particles. After injecting the sample solution into to flow
cytometer, the particles are randomly distributed in three-dimensional space. Upon
hydrodynamic focusing, each particle passes through one or more beams of light.
Single particles can be interrogated by the machine’s detection system. Histograms
can be given as density plots, contour diagrams, single parameter (see DNA profile
above) or two-parameter (dual-color fluorescence) histograms (next figure)
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or two-parameter files. The single-parameter histograms have 1024
channels and consist of graphs plotting the cell count on the y-axis
and the measurement parameter (e.g., C-value) on x-axis (Fig. 3).
When measuring fluorescence from a DNA-binding fluorochrome
we regard this to be the same as the DNA content expressed in
C-value (C value of 1 corresponds to haploid DNA content per cell).
A graph of a two parameter histogram represents two parameters of
measurements: the DNA content on the x- and the cell count height
on the y-axis similarly to a topographical map (Fig. 4).

DNA histograms yield the relative number of cells in G1 /GO0,
S, and G2 /M phases of the cell cycle. The percentage of cells being
in each of these phase can be estimated. However, the static infor-
mation of histograms does not provide information how many
cells are progressing through these phases and what percentage of
cells is trapped in these phases.

A novel procedure for the purification of cells in distinct phases of
the cell cycle was developed based on the stable transfection of cells
with a chimeric protein made up by histone H2B and green fluo-
rescent protein (GFP) [11]. Cytofluorometric purification of cells
by their size and their H2B-GFP-dependent fluorescence allowed
the efficient separation of diploid and tetraploid cells in a
fluorescence-activated cell sorter (FACS). DNA content analysis
after staining with fluorochromes (propidium iodide, Hoechst
33342) serves as a basis for fluorescence-activated cell sorting
(FACS) to obtain synchronous cell populations. A more detailed
description and protocol for cytofluorometry for the quantification
of ploidy is given in Chapter 3.

| | |
1000 ¢
E L
= E -
2 100 ; g i
= A ,G2/M phase
,ﬂ% A S phase
' | W—
10 G1 phase
| T N - I Iil L1 1 | L 1
2.0 4.0

DNA content (C-value)

Fig. 4 Flow cytometry: two-parameter histogram. The graph displays two mea-
surement parameters, one on the y- and one on the x-axis and the cell count as
a density plot. Parameters may come from side scatter channel (SSC), forward
scatter channel (FSC), or fluorescence
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2.1.5 Microchip-Based
Flow Cytometers

2.1.6  Flow Cytometry

to Monitor
Nucleocytoplasmic Protein
Expression

2.1.7 Dielectrophoresis

2.2 Cell Separation
with Chemical
Blockade (“Arrest and
Release” Strategy)

2.2.1 Mitotic Selection

Flow cytometry is carried out for various medical purposes including
the counting of blood cells, detection of pathogenic microbes etc.
However, the running of commercial flow cytometers is expensive
and requires skilled operators. Miniaturized microchip-based flow
cytometers have been developed with built in chambers and tunnels
which require much lower volumes of reagents. These devices reduce
substantially the cost of diagnosis especially when the chips are dis-
posable. In microchip-based flow cytometers the detected and sort
particles are focussed hydrodynamically to pass them through a small
detection region [41-46]. Particles are pressed through the device
under an external hydrostatic pressure gradient, or under electro-
osmotic flow by controlling the movement of the fluid.

This new flow cytometry assay avoids cell synchronization and
applies a stepwise biochemical fractionation procedure to whole
cells and isolated nuclei. DNA and immunostaining techniques for
the dual labeling of cells and nuclei for DNA and nuclear proteins
have been combined with refined flow cytometric data processing
and calculation. The combination of flow cytometry with cell size
analysis established a resolution map of cell cycle progression to
which protein expression in cells or nuclei was correlated [47].

This method uses laminar flow and electrokinetic forces for the
efficient, noninvasive separation of living cells. The alternative cur-
rent moves particles forward and backward from microelectrodes
by periodically reversing the direction of the electric charge [48,
491. A dielectrophoresis activated cell synchronizer device has been
constructed that accepts an asynchronous mixture of cells, frac-
tionates the cell populations according to the cell-cycle phase, and
elutes them through different outlets. The device utilizes electric
fields that are 1-2 orders of magnitude below those used in elec-
troporation and enriches asynchronous tumor cells in the G1 phase
to 96 % in one round of sorting, in a continuous flow manner [50].

An alternative to overcome the objections of the mitosis-inhibiting
(stathmokinetic) approaches involves mitotic selection [51].
Stathmokinetic approaches are discussed later. In monolayer cul-
tures cells are spread over a relatively large area. During mitosis cell
become spherical and only a small area of cell membrane remains
in contact with the containing vessel. The nuclear material is
divided during mitosis (Fig. 5).

The mitotic cells can be completely detached by gently shaking
and isolated from the supernatant medium by centrifugation. In
actively dividing cells the percentage of mitotic cells known as the
mitotic index is relatively low. The mitosis is relatively short com-
pared to the duration of the cell cycle. It can be judged by multi-
plying the mitotic index by the cell cycle which is normally between
1.0 and 2.5 h. Assuming that the average durations of G1, S, and
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2.2.3 Types of Chemical
Blockade

Overview of Cell Synchronization 13

DD

Nuclear division Cell division

Fig. 5 Nuclear and cell division. The scheme does not show the duration of these
processes which represent only a short period of time (1.5-2.5 h) of the cell cycle

G2+M are 8, 10, and 2 h, respectively, then the mitosis takes less
than 10% of the cell cycle. To collect sufficient number of mitotic
cells for synchronization purpose, the mitotic shake-oft should be
repeated after 2 h. However, the use of this method is limited to
only those cell lines that are grown in a single layer on a flask or
Petri dish containing the culture medium and detach during mito-
sis. Consequently, this method is applicable only to anchorage-
dependent, monolayer cell cultures (e.g., HelLa, HaCaT, CHO).
Nevertheless, either alone or in combination with blocking agents
such as hydroxyurea, the mitotic shake-off turned out to be an
excellent method for synchronizing cells [ 38 ]. Large scale isolation
of mitotic mammalian cells is described in Chapter 4.

This method is analogous to the mitotic shake-off in the sense that
one can harvest synchronized cells without any chemical treat-
ment. In this method for batch synchronization of membrane-
elution growing cells are bound to a membrane. Baby machines
incubate “mother cells” under normal conditions and collect their
“babies” similar in cell cycle phase and in age. At division, one cell
remains attached to the membrane, the other small daughter cell
(“baby”) is released into the medium [52, 53]. These newborn
cells have a G1 phase DNA content that reflects a normal cell cycle
[11]. Among the several macroscale and microfluidic baby
machines applied to synchronization, a new baby machine has
been presented for rod-shaped cells like fission yeast
(Schizosaccharomyces pombe). This microfluidic device fixes one end
of the cell and releases the free-end daughter cell every time the
cell finishes cytokinesis [54 ].

The idea behind in vitro chemical synchronization is the exposure
of a random population of cells to agents that interfere with spe-
cific biosynthetic processes, such as DNA replication. The cells
blocked in a specific stage of the cell cycle are then released by
washing in control media or buffer, followed by the addition of
exogenous substrates (e.g., nucleosides, nucleotides) to follow the
wavelike rhythm of the cell cycle.
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Chemical Blockade
of Mitosis

Cells separation by blocking metabolic reactions has been
reviewed by Merrill in 1998 [55]. The steady state of cell growth
can be altered by the addition of drugs that block or delay the pro-
gression of the cell cycle in a specific phase. Methods may be
grouped depending on which cell cycle phase has been arrested.
Classes of batch synchronization methods arrests cells at:

1. Mitosis by mitotic spindle poisons such as colchicine, vinca
alkaloids (vincristine), and nocodazole. Razoxane specifically
inhibits the enzyme topoisomerase II resulting in the inhibi-
tion of cell division in the premitotic and early mitotic phases
of the cell cycle.

2. Other synchronization methods affect DNA synthesis and are
proposed to block the cell cycle in S phase (double thymidine
block, hydroxyurea, aphidicolin),

3. The third class of chemical synchronization arrests cells at a
specific point in the G1 phase, often at the “restriction point”
(serum starvation).

4. Combined administration of blocking agents.

Roscovitine. This is an olomoucine-related purine flavopiridol, and
is a highly potent inhibitor for the kinase activity of cyclin-dependent
kinases (CDKI1, CDK2, CDK5, and CDK?, but not for CDK4 and
CDK®6) by competing with ATP at the ATP binding site of the
kinase [56]. Roscovitine is a potent inhibitor acting in GO/G1.
However, roscovitine has been reported to prevent cell cycle pro-
gression of mammalian cells not only at the G;—S but also in G,-M
checkpoints [57, 58].

Mimosine. The plant amino acid mimosine may inhibit initia-
tion at origins of replication [59]. Theoretical considerations argue
against the use of batch synchronization methods as they are likely
to disturb cell growth and prevent the understanding the normal
cell cycle [11].

Colchicine. One of the best known examples of chemical syn-
chronization is the addition of colchicine (colcemid) which causes
cell cycle arrest in metaphase by depolymerizing tubulin in micro-
tubules. After treating cells with colcemid (or rasoxane, ICRF 159)
cells accumulate in M phase and cannot proceed to anaphase.
Sampling of cell populations at intervals after colcemid treatment
showed a progressive shift of the flow cytometric profile from left
to the right. Colchicine has been used to increase proportions of
G2 /M cells from 13 to 27-32% in pig mammary cells, and up to
37 % in fibroblasts [60].

Vincristine (Oncovin, leurocristine). This vinca alkaloid from
the Madagascar periwinkle Catharanthus roseus (Vinca rosea) is
also a mitotic inhibitor, and is used in cancer chemotherapy. The
mitodepressive effect and stathmokinetic action of cathinone from
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Catha edulis [61] and pantopon, a preparation of opiates [62],
were reported on the meristematic region in the root tips of Allium
cepa (garden onion).

Major objections against these and other stathmokinetic
(mitosis-inhibiting) approaches are that cell cycle blockades are
likely to perturb and alter the behavior of the cell population in an
unpredictable manner. Such a known example is the colcemid
block of mitogenically stimulated B lymphocytes that resulted not
only in G2 block but also in a G1 arrest. Moreover, tumorigenic
lymphoblastoid cell lines have lost their sensitivity to growth inhi-
bition by colcemid during early G1 [63].

One method that is generally used is the exposure of randomly
proliferating cells to agents that interfere with specific biosynthetic
activities, e.g., DNA replication. The cells blocked in the S phase
are subsequently released by washing in control media, followed in
some cases by the addition of exogenous tracers such as nucleo-
tides. The removal of the blocking agent permits cells to move into
succeeding segments of the cell cycle.

Metabolic reactions of cells are most often blocked by the inhi-
bition of DNA synthesis and by nutritional deprivation. DNA syn-
thesis can be inhibited during S phase by inhibitors of DNA
replication such as excess thymidine [64 ], aminopterin (4-amino
folic acid) [65-67 ], hydroxyurea [ 68, 69 ], methotrexate [70], flu-
orodeoxyuridine [71], butyrate [12, 72, 73], cytosine arabinoside
[74], and low temperature [75]. The cell cycle is blocked by these
inhibitors primarily in S phase resulting in viable cells. Their effects
are variable and often debated.

Nutrient modification or stability. Best known nutrient depri-
vation methods are serum starvation and statin (e.g., lovastatin)
treatment. By optimizing nutrient modulation periods using a
microfluidic device a relatively high level (80%) of synchronization
could be achieved [76]. In this nutrient modification system the
microfluidic cell culture chip was fixed on the motorized stage of
an inverted microscope, which made the multipoint data acquisi-
tion possible. Two kinds of culture media were perfused with the
help of two syringe pumps [76]. Alternatively, the stability of nutri-
ent can be maintained by giving fresh medium and removing the
old one from the cell culture. The addition of synchronizing agents
can also be performed in such a perfusion system adapted for the
synchronization of cells based on time-lapse microscopy and using
syringe pumps (Chapter 10).

Double thymidine block (early S-phase block). A typical proce-
dure for a double-thymidine block was described by Whitfield in
2002 [77]. Cells (e.g., HeLa) at ~30 % confluency are washed with
buffer (PBS) growth medium and cells are grown in the presence
of 2 mM thymidine for 18 h. After the first block thymidine is
removed, cells are washed and grown in fresh medium for 9 h to
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release cells from the block. The release is followed by the second
block by the addition of 2 mM thymidine and cultivation for 17 h.
As a result of this synchronization cells progress synchronously
through G2- and mitotic phase and will be arrested at the begin-
ning of S phase. Synchrony can be monitored by flow cytometry of
propidium iodide-stained cells. After release from the thymidine
block, >95% of the cells entered S phase (in 0—4 h), progressed
into G2 phase (5-6 h), underwent a synchronous mitosis at 7—8 h,
and reentered S phase after completing one full cell cycle at
14-16 h. Typically two to three additional synchronous cell cycles
were obtained [77]. Thymidine synchronization showed a con-
stant rate of synthesis of DNA throughout S-phase, but cells syn-
chronized with aminopterin show a slower initial rate of DNA
synthesis [67].

Hydroxynrea. Hydroxyurea is used to treat certain types of
cancer or blood disorders. This medication may also be useful for
chronic urinary tract infections or certain cases of psoriasis. In cell
biology hydroxyurea synchronization increases mitotic yield of cell
lines. Large quantities of synchronized cells have been isolated in
late Gl by growth in isoleucine-deficient medium followed by
resuspension in fresh, complete medium containing either hydroxy-
urea (to 103 M) or cytosine arabinoside (to 5 pg/ml) [78].

The inhibitors that have been used most frequently for syn-
chronization are hydroxyurea, which inhibits ribonucleotide reduc-
tase [79], and aphidicolin, an inhibitor of DNA polymerases [80].
However, none of these agents has been regarded as truly satisfac-
tory since both are chain elongation inhibitors that would not
inhibit initiation of replication at the replication forks. Thus, most
of the events of interest (i.e., initiation at early-firing origins) would
have already occurred prior to release from the blocking agent.
Unfortunately, drugs that specifically prevent either entry into the S
period or initiation at origins have not yet been identified.

Aphidicolin. This tetracyclic diterpenoid produced by the fun-
gus Cephalosporium aphidicola [ 81 ] selectively inhibits DNA poly-
merase o [ 82 ]. This enzyme is essential for nuclear replicative DNA
synthesis, without affecting nuclear DNA repair synthesis and
mitochondrial DNA replication [83, 84]. Rodent and porcine
fibroblasts can be reversibly synchronized at the S phase with
aphidicolin treatment [85, 86]. Aphidicolin turned out to be an
effective agent in the synchronization of human HelLA [87] block-
ing the cell cycle at the transition from G1 to S phase [80]. Cell
synchronization is achieved by inhibition of DNA replication in
Chapter 7.

Butyrate. A specific cell cycle synchronization was developed for
a bovine kidney (MDBK) cell line. Exposure of MDBK cells to
10 mM butyrate caused inhibition of cell growth and cell cycle arrest
in a reversible manner. Flow cytometric evidence was presented that
butyrate affected the cell cycle at a specific point immediately after
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mitosis at the early stage of Gl phase. In comparison with other
inhibitors, such as serum deprivation and aphidicolin, butyrate
induced similar synchrony of cell populations [12]. A protocol for
cell cycle synchronization with butyrate and cell cycle analysis by
flow cytometry will be given in Chapters 9 and 10.

Serum starvation (G0/GI block). Removal of serum from a rapidly
growing cell culture for about 24 h results in the accumulation of
cells in G1 phase. Synchronized cells can then be released into S
phase by the addition of serum. Nutritional serum starvation has
been widely used for synchronizing cells by arresting them in the
GO0/G1 phase of the cell cycle, but it often reduced cell survival
and increased DNA fragmentation [86] which caused high-
embryonic losses after NT [88]. Regularly only non-tumor cells
can be synchronized in G,/G; by removal of growth factors
(“serum starvation”, amino-acid depletion). In transformed cells
proliferation is relatively independent of serum and growth factors,
thus neoplastic cells may not cease proliferation upon serum
deprivation, nor do they cease stringent Gy arrest [89]. A generally
applicable procedure to synchronize mammalian cells by serum
deprivation is given in Chapter 6.

Treatment with statins. The mechanism by which lovastatin syn-
chronizes cells is unknown. Lovastatin suppresses the synthesis of
mevalonate by inhibiting 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase, the rate-limiting enzyme in the sterol-bio-
synthetic pathway. In addition to the deprivation of mevalonate by
lovastatin, compactin (mevastatin), a related fungal toxin [90] and
mevinolin [91], these statins also inhibit DNA replication [92-97].
Lovastatin was successfully introduced as an early G1 synchroniza-
tion agent with cell lines including normal and tumor cells of mouse,
hamster and human origin [98]. Statins as G, inhibitors prevent
farnesylation and geranylation of proteins [99] and are effective
CDXK2 protein kinase inhibitors [100-102]. Synchronization was
achieved by the use of compactin [90, 103] presumably by blocking
DNA replication and mevalonate production

Other inbibitors. It has been reported that roscovitine, a spe-
cific cyclin-dependent kinase (CDK) 2 inhibitor more efficiently
synchronized cells in the GO/G1 phase of the cell cycle than serum
starvation, and resulted in an increase in cloning efficiency as
defined in terms of survival of fetuses and calves following embryo
transfer [ 104].

Blocking agents have been often applied for synchronization due
to the simple procedure consisting of cell growth in the presence
of the inhibitor. Cells blocked in one of the cell cycle phases (regu-
larly in S phase) were then subsequently released by washing away
the inhibitor and thereby permitting their simultaneous movement
into succeeding segments of the cell cycle. Partial synchronization
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of cell division in vitro has been obtained with considerable success
through the implementation of these techniques. The utilization
of more than one antimetabolite was expected to improve the effi-
ciency of synchronization.

Thymidine—nocodazole. Cells can be arrested in mitosis by
blocking first in thymidine followed by release and then blocking
in nocodazole. After release from the nocodazole block, most of
the cells (>75 %) divided synchronously within 2 h of release from
the arrest, entered S phase by 10-12 h after release, and completed
the next synchronous mitosis by 18-20 h, ultimately completing
two full cell cycles [77].

Thymidine—colcemid. When Successive treatment with excess
thymidine and colcemid was applied all in one generation a high
degree of synchrony was achieved by this method [105]. The
mitosis index of blastomeres increased from 9 % metaphases (col-
chicine synchronization) to 18% (thymidine + colchicine
synchronization) per embryo. The in vitro development of embryos
was not affected by treatment [106].

Cytosine arabinoside—colcemid. A number of studies have dem-
onstrated that cytosine arabinoside (ara-C) inhibits mitotic activity
in mammalian cells both in vitro [107] and in vivo [ 108, 109]. The
mitotic activity of Lieberkuhn’s crypt epithelial components
increased from 3 to 5% levels to peak values of 15 % in rats treated
with a single injection of either ara-C or colcemid. In animals
treated with ara-C followed by colcemid the efficiency of synchro-
nization was significantly improved, at least two-thirds of the epi-
thelial cells were identified as dividing cells [110].

Methotrexate versus serum deprivation and colcemid treatment.
Methotrexate or aphidicolin treatment induces a reversible block-
ade at the beginning of S phase which can be reversed upon drug
removal with a consequent wave of synchronization [111]. The
combination of serum deprivation and aphidicolin was compared
with low nontoxic concentrations (0.04-0.08 pM) of methotrex-
ate under standard culture conditions in cancer cell lines.
Synchronization with methotrexate alone turned out to be a bet-
ter choice for obtaining highly synchronous human cancer cell
population than those induced by aphidicolin alone or by a com-
bination of serum deprivation and aphidicolin [112]. These
experiments indicate that the combination of synchronization
techniques and/or repeated perturbation of cell physiology do
not necessarily contribute to a more homogeneous pool of syn-
chronized cells. It is thus better to use the combination of meth-
ods that have less or no effect on the cell cycle. Such a combination
is centrifugal elutriation with a nutrient starvation protocol.
Nutrient starvation contributes to a better size selection and
improves synchrony. Moreover, less cells will be needed for
elutriation.
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Serum deprivation of embryonic stem cells before cell
transplantation was adapted to decrease the rate of cell death after
transplantation [113]. To decide whether GO or G1 cells function
better as donor cells has been analyzed during the cell cycle of goat
transfected fibroblasts and determined the timing of transition
from GO to G1. Northern blot analysis showed that after 4 days
4-day serum-starved quiescent cells started entering G1 and a few
hours after addition of 10 % serum to the medium cells were at the
mid-G1 stage [114].

Human fibroblasts which are in S phase at the time of switching to
low temperature (30 °C) complete their DNA synthesis and
become arrested in the G1 phase of the cell cycle. The arrested
cells can continue proliferation by restoration of the optimal
growth temperature (37 °C). At 30 °C DNA replication was inhib-
ited while the excision-repair process was operative but at a slightly
reduced rate in comparison. This method was recommended for
the study of S-phase-dependent processes, as well as for repair
studies in the absence of cell division [ 115]. The effect of low incu-
bation temperature on synchronization was also studied in cultures
of Plasmodium falciparum. Growth seemed to be arrested when
parasites reached maturation, but reestablished their growth nor-
mally when returned to 37 °C [116].

Different methods—same cell culture. This was done by taking ali-
quots from the same culture of exponentially growing CHO cells,
which were then synchronized using mitotic selection, mitotic
selection and hydroxyurea block, centrifugal elutriation, or an
EPICS V cell sorter. It was concluded that, either alone or in com-
bination with blocking agents such as hydroxyurea, elutriation and
mitotic selection were both excellent methods for synchronizing
cells [38]. The use of aphidicolin or hydroxyurea resulted in highly
synchronized CHO cell populations, but methotrexate yielded
inadequate synchronization [117]. It was demonstrated that both
aphidicolin and hydroxyurea were useful drugs for obtaining highly
synchronized cell populations after an initial synchrony in mitosis.
Aphidicolin was regarded as the best choice because of less toxicity
to S phase cells when used in low concentrations.

Selecting inhibitors for bone marrow cultures. Methods for syn-
chronization of bone marrow cells with fluorodeoxyuridine (FdU)
and methotrexate (MTX) were compared. Fluorodeoxyuridine did
not require cell washing for release of the DNA synthesis block and
was found to be more beneficial for bone marrow cultures because
it generally produced a higher mitotic yield and was less damaging
to chromosomes than methotrexate [ 71 ]. However, after FAU treat-
ment flow cytometric analysis showed not only the accumulation of
cells in early S phase over time, but also the increased radiation sen-
sitivity of the entire population. Early S turned out to be the most
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2.6 Synchronization
of Unicellular
Organisms

radiosensitive phase of the cell cycle [118]. Synchrony was tested
in vivo in acute leukemic patients after a single injection of l-aspara-
ginase, hydrocortisone, cyclophosphamide, cytosine arabinoside,
methotrexate, and an exchange transfusion (62 % of the total blood
volume). l-asparaginase and hydrocortisone were found to arrest the
entry of cells into the S period. Cyclophosphamide appeared to
inhibit DNA synthesis, arrested cells in mitosis, and inhibited the
entry of cells into the S period. Cytosine arabinoside and methotrex-
ate inhibited DNA synthesis. During the period of time the cells
were inhibited in the S phase by these two drugs, cells continued to
enter the S period. Thus partial synchronization was achieved after
Cytosine arabinoside, and methotrexate treatment [74].

Selection amony G1/S blocking agents. For cytogenetic replica-
tion studies the timing of cell synchronization is restricted to G1 or
early S phase. To get more precise information with regard to the
point of G1-S transition different blocking systems have been
investigated. Human amniotic fluid cells and fibroblast were tem-
porarily blocked by replication inhibitors: thymidine (dT) surplus,
fluorodeoxyuridine (FU), hydroxyurea (HU), and methotrexate
uridine (MU). Most variation was found after HU treatment. MU
synchronized cells before the unset of S phase. The arresting point
of dT surplus and FdU was in early S phase [119].

Synchronization of E. coli. To synchronize E. coli cells in culture,
two major approaches have been routinely used. One involves
temperature-sensitive alleles of the DNA replication protein DnaC
[120] that interacts with DNA helicase, DnaB [121] required for
the initiation of DNA replication. When the culture is shifted to
nonpermissive temperature this will allow all replication forks to be
completed without the initiation of new ones. Subsequent shift to
permissive temperature allows initiation of the synchronized cul-
ture [ 122]. The other method is based on the attachment of cells
to a membrane, while newborn cells are released to the medium.
This technique is the adaptation of the “baby machine” [123,
1241]. Although cells are hardly perturbed, large quantities of cells
cannot be collected by this method. Moreover, there are significant
variations in stickiness among diftferent E. co/z strains [ 124 ]|. A new
method of E. coli synchronization applies DL-serine hydroxamate,
an amino acid analog, which arrests DNA replication at initiation
[125]. Sporulation of bacteria and outgrowth of spores can be uti-
lized for the synchronization of B. subtilis (Chapter 13).

The stationary phase was selected for the synchronization of
Escherichin coli and Proteus vulgaris. This method utilized the early
stationary phase, by harvesting bacteria quickly under minimal con-
ditions of stress, and inoculating them into fresh medium at a dilu-
tion of about sevenfold. Repeated partial synchronization up to
four-generation, cycles of high percentage of phasing were obtained
[126]. Other earlier methods used filtration to synchronize bacteria
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[127-129], by binding bacteria to various surfaces and elute
unbound sister cells from the surface [123, 130], by means of tem-
perature shift [ 131 ], or by amino acid starvation [132].

Synchronization of yeast. Budding yeast can utilize a wide range
of carbon sources (glucose, galactose, ethanol, and glycerol. These
carbon sources may serve as a means to control cell cycle times,
growth rates, and cell size can be useful in the development of
synchronization methods, which in turn may contribute to exploit
yeasts in biotechnology.

The synchronization of yeast cells include: feeding and starv-
ing, magnesium exhaustion, repetitive heat shock, DNA division
cycle block and release, a-factor mating pheromone block, cdc
mutants arresting at specific cell cycle stages at a restrictive tem-
perature, continuous synchrony by periodic feeding or dilution.
These methods have been summarized by Walker in 1999 [133].
An overview of the most commonly used methods to generate syn-
chronized yeast cultures is presented in Chapter 14.

Aphidicolin cell synchronization in G2/M phase led to a slight
increase in plasma membrane permeabilization, to a three-fold
increase in percentage of transfected Chinese hamster cells and to
an cight-fold increase in gene expression. This increase in cell
transfection was specifically due to the G2/M synchronization
process. Cell synchronization in G1 phase by sodium butyrate had
no effect on cell permeabilization and transfection [ 134]. S-phase
synchronized CHO cells also showed elevated transfection effi-
ciency [135]. The hypothesis that cell cycle synchronization
increases transfection was efficiency was confirmed in human tra-
becular meshwork cells. While efficiency of transfection increased

about three—fold in synchronized cells compared to controls, it still
remained low (~3%) [136].

Validation protocols. Several protocols including flow cytometry
with propidium iodide or BrdU labeling, immunoblotting, detect-
ing the levels of cyclins, fluorescent ubiquitin-based cell cycle indi-
cators and time-lapse microscopy, for validation of synchrony of
the cells and monitoring the progression of the cell cycle are pro-
vided in Chapter 12.

Chapters related to cell cycle. Fertilized eggs shift their cell cycle
from mitotic to meiotic pattern for embryogenesis. The formation
of chromosomes during fertilization in eggs is described in Chapter
8. Enzymes play a key role in maintaining genomic integrity during
the cell cycle. The turnover of these nuclear uracil-DNA glycosyl-
ase enzymes during the cell cycle is presented in Chapter 11.
Cytofluorometric and time-lapse videomicroscopy methods to
detect cell cycle progression, including the assessment of cell cycle
distribution, mitotic cell fraction, and single cell fate profile of liv-
ing cells, can be found in Chapter 5. Time-lapse videomicroscopy
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perfusion system is used to visualize individual cells synchronized
by butyrate and serum starvation in Chapter 10. Protocols for the
synchronization of unicellular organisms are given for bacteria
(Chapter 13), yeast (Chapter 14), and protozoans (Chapterl5).
The synchronization of nuclear progression of porcine oocytes has
been achieved by the transient inhibition of meiotic resumption
(Chapter 16). Synchronization of cell division can be achieved
using different plant tissues. Chapter 17 describes the methodol-
ogy of the establishment, propagation and analysis of a Medicago
sativa suspension culture.

Stem cells. Cloning of organisms by mammalian somatic cell
nuclear transfer (SCNT) was successfully accomplished in farm ani-
mals initially in sheep (Dolly the Sheep), then in rodents, and more
recently in primates for reproductive and therapeutic purposes.
Somatic cell nuclear transplantation has become the focus in stem
cell research. Chapter 18 describes how mouse somatic cell transfer
is performed after the treatment and synchronization of donor
cells. The next chapter deals with the generation of large numbers
of hematopoietic stem cells (Chapter 19).

Clinical aspects and applications of flow cytometry are repre-
sented by novel intracellular protocols in Chapter 20.

Cell cycle control. The last chapter reviews the aspects of physi-
ological and molecular transitions that occur in the cell cycle and
discusses the role of mathematical modeling in elucidating these
transitions and understanding of cell cycle synchronization
(Chapter 21).
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Chapter 2

Synchronization of Mammalian Cells and Nuclei
by Centrifugal Elutriation

Gaspar Banfalvi

Abstract

Synchronized populations of large numbers of cells can be obtained by centrifugal elutriation on the basis
of sedimentation properties of small round particles, with minimal perturbation of cellular functions. The
physical characteristics of cell size and sedimentation velocity are operative in the technique of centrifugal
elutriation also known as counterstreaming centrifugation. The elutriator is an advanced device for increas-
ing the sedimentation rate to yield enhanced resolution of cell separation. A random population of cells is
introduced into the elutriation chamber of an elutriator rotor running in a specially designed centrifuge.
By increasing step-by-step the flow rate of the elutriation fluid, successive populations of relatively homo-
geneous cell size can be removed from the elutriation chamber and used as synchronized subpopulations.
For cell synchronization by centrifugal elutriation, early log S phase cell populations are most suitable
where most of the cells are in G1 and S phase (>80 %). Apoptotic cells can be found in the early elutriation
fractions belonging to the sub-Go window. Protocols for the synchronization of nuclei of murine pre-B
cells and high-resolution centrifugal elutriation of CHO cells are given. The verification of purity and cell
cycle positions of cells in elutriated fractions includes the measurement of DNA synthesis by [*H ]-thymidine
incorporation and DNA content by propidium iodide flow cytometry.

Key words Counterstreaming centrifugation, Cell separation, Velocity sedimentation, Elutriator,
Resolution power

1 Introduction

1.1 Definition Elution is an analytical process by which chemicals are emerging
of Terms: Elution, from a chromatography column and normally flow into a detector.
Elutriation, Centrifugal ~ The material obtained with the carrier (eluent) is the mobile phase
Elutriation and known as the eluate. In liquid column chromatography, the

eluent is a solvent (Fig. 1a). Elutriation is a technique to separate
small particles suspended in a fluidized bed into different size
groups by passing an increasing flow rate through the elutriation
chamber. In elutriation, particles are suspended in a moving fluid
which can be liquid or gas. In vertical elutriation, smaller particles
move upward with the fluid. Large particles will not be driven out
of the elutriation chamber and tend to settle out on the walls or at

Gaspar Banfalvi (ed.), Cell Cycle Synchronization: Methods and Protocols, Methods in Molecular Biology, vol. 1524,
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Fig. 1 Schematic views of elution, elutriation, and centrifugal elutriation. (a) For elution in column chromatog-
raphy, a liquid eluent is used. (b) Horizontal elutriation in a fluidized bed of particles with flux G. (¢) Fractionation
of cells by centrifugal elutriation. Cells are introduced with an initial lower flow rate which is opposed be the
centrifugal force. By increasing the flow rate, the floating cells in the elutriation chamber can be driven out and
separated into 10-30 distinct size fractions

1.2 Development
and Application

of Centrifugal
Elutriation

the bottom of the elutriator due to the higher gravity exerted on
their larger size. In horizontal position, the suspended particles are
passed through the elutriation chamber. By increasing stepwise the
fluid velocity, the particles can be separated into fractions (Fig. 1b).
The principle of centrifugal elutriation is similar to elutriation
except that the fluid is pumped into a rotating separation chamber
that converges into an outlet tube (Fig. 1c).

The first apparatus that exploited ditferences in velocity sedimenta-
tion for the separation of cells by counterstreaming centrifugation
was described by Lindahl in 1948 [1]. The Beckman Instrument
Company modified this instrument and named it elutriator and
termed the process centrifugal elutriation [2]. Further refinement
and a second chamber style know as the Sanderson chamber was
introduced giving a better resolution especially with small cells [ 3].
Centrifugal elutriation has been applied to separate hemopoietic
cells, mouse tumor cells, testicular cells, and a variety of other spe-
cialized cells from other cells and cells in particular phases of the
cell cycle reviewed first by Pretlow in 1979 [4]. Several further
applications have been described [5-9]. The construction of the
commercially available centrifugal elutriator resulted in a rapid
purchase of these instruments especially in the United States in the
second half of the 1970s, with high expectations and significantly
lower outcome than originally expected. The major reason of
insufficient or lacking data is the missing technical skill necessary
for the assembling and operation of these instruments and the use
of such heterogeneous batch cultures that made the separation
irreproducible. It is thus important to discuss first the
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Centrifugal force —» «+— Counter flow

Fig. 2 Cell synchronization by centrifugal elutriation based on different cell size. The centrifugal force and the
counter stream act in opposite directions in the elutriation chamber. (a) Early S phase cells enter the elutriation
chamber. (b) Size gradient is balanced by centrifugal force and counterflow of elutriation keeping cells floating
inside the chamber. (¢) Increasing flow rate elutes smaller cells first followed by larger ones. Reproduced with

permission of Banfalvi [11]

1.3 Principles
of Centrifugal
Elutriation

circumstances that may cause experimental failures during the cen-
trifugal elutriation.

Among the methods used to monitor cell cycle changes, two dis-
tinct strategies prevailed [10]. One is the chemical “arrest-and-
release” approach that arrests cells at a certain stage of the cell cycle
and then by the removal of the blocking agent synchronized cells
are released to the next phase. In the alternative approach, cells are
separated by physical means such as mitotic shake-up, gradient
centrifugation, cell sorting, and centrifugal elutriation. These
methods have been overviewed in Chapter 1.

Counterflow centrifugal elutriation separates subpopulations
of cells on the basis of cell volume and density. As there is only a
slight change in cell density during the cell cycle, the principle of
cell separation during elutriation is based on cell size (Fig. 2).

Before going to the point-by-point elutriation protocol, the
tollowing precautions are advised to avoid unnecessary mistakes
and problems during the execution of this cell synchronization
technique:

Culture medium. For test run and pilot experiments, saline can
be used to find out the right conditions (centrifugal force, flow
rate) for cell fractionation. Although any medium can be used for
clutriation, it is advised that the elutriation fluid should be the
physiological culture medium. To limit the cost of elutriation, the
tetal calf serum concentration can be reduced to 1%. Some investi-
gators use cost-efficient 1% bovine serum albumin. The protein
content prevents cells from clumping and the cellular debris from
adhering to the chamber wall. Cell aggregates normally accumulate
at the entrance of the elutriation chamber and may clog it. In such
case, the chamber has to be disassembled, whipped out with a soft
paper towel, cleaned with a mild detergent, and reassembled
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1.4 Components
of the Centrifugal
Elutriation System

taking care of the right position of the plastic insolation. High
protein concentration may cause foaming and cell lysis. The cul-
ture medium should contain only soluble materials, any particle
left in the medium may contribute to aggregation or will appear in
one of the elutriated fractions obscuring the cell cycle profile.

Cells. Most significant cell growth takes place in S phase; it is
thus not surprising that nearly 100% of G1 cells and more than
80% of S cells could be recovered by centrifugal elutriation [12].
Best separation can be achieved by using cell populations main-
tained in early S phase of growth for several generations. This will
reduce the number of aging and dying cells due to anoxia, the
formation of artifacts, cell debris, and will prevent clumpiness.
Early S phase cells contribute to the reproduction of the results
causing only small shift in the elutriation profile that can be attrib-
uted to minor differences in cell distribution.

Any suspension cell line can be used for centrifugal elutriation.
Cells that tend to stick together or attach to the culture substrate
(e.g., Chinese hamster ovary cells) need more attention. These
cells should be kept in suspension before synchronization by grow-
ing them in spinner flasks continuously stirred with a magnetic
stirrer at speed high enough to prevent sedimentation and low
enough to avoid cell breakage (Fig. 3). The resuspension of the
cell suspension is also recommended by passing it several times
through an 18-gauge needle right before loading in the elutriation
chamber to ensure monodispersion. Once cells are in the chamber,
the flotation of cells keeps them separated.

The counterflow elutriation system (earlier Beckman, now
Beckman-Coulter Inc.) consists of a centrifuge, elutriation rotor
containing the elutriation chamber, stroboscop, peristaltic pump,
manometer, sample mixing tube, and the flow system (gauge for
monitoring back pressure, injection and bypass valves, T-connector,
rubber stoppers, and silanistic tubing) (Fig. 4). Additionally, the
pump may be interfaced with a fraction collector. The cell separa-
tion is carried out in a specially designed centrifuge hosting either
the standard JE-6B rotor or the larger JE-5.0 rotor. The standard
elutriation chamber is available in two sizes. The small elutriation
chamber has a capacity of approximately 4.5 ml and is suitable for
the fractionation of 107-10? cells. The large chamber is able to
separate ten times more volume and cells. The geometry of the
Sanderson chamber gives a better resolution for the separation of
small cells in the range between 10°-108 cells. The peristaltic pump
is providing a gradually changing flow through the chamber with
flow rates between 2 and 400 ml/ml depending on the size of the
chamber and the cells. The elutriation system uses either a constant
centrifugal force and gradually increasing counterflow rate or con-
stant flow rate and reducing rotor speed to yield high resolution of
synchronization. As the fine control of rotor speed reduction is not
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1.5 Monitoring
the Efficiency
of Centrifugal
Elutriation
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Fig. 3 Spinner flasks for suspension cultures. Cell cultures (suspension or mono-
layer) are started in T-flasks containing 25 ml medium. After reaching confluency,
the cells of two flasks are combined in a smaller (200 ml) spinner flask that is
sitting in the CO, incubator. Cells in suspension are grown under constant stirring
in 100 ml medium starting at ~10° ml/ml density. Logarithmic growth is main-
tained by scaling up daily from 100 to 200 ml medium, then switching to a larger
spinner flask (2 L) and doubling the volume of the medium to 400, 800 and if
necessary 1600 ml. Up to 3—4 x 108 cells can be grown in one week before start-
ing elutriation

possible, constant speed and increasing flow rate are preferred. The
rotor speed may vary between 1800 and 3500 rpm (~550-1700 g
relative centrifugal force) depending on cell size. Although higher
speed gives a better resolution, the pump speed will also go up
increasing the shearing force and the amount of cell debris. The

relationship between cell size and centrifugal force is demonstrated
in Table 1.

Due to the close correlation between cell size and DNA content,
the effectiveness of the separation can be tested by monitoring
the results by cell number, cell size, and DNA content. The most
simple method is to count the cells and estimate their size in a
hemocytometer. This indispensible method visualizes cells and
distinguishes among small and large cells as well as cell aggregates.
Particle counters generally monitor changes in conductivity and
help to automatize the counting procedure. Most of these devices
provide information with respect to particle size and volume distri-
bution. However, size distributions do not exclude errors gener-
ated by aggregation, coincidence, and by nonspherical particles.
Coincidence can be taken into consideration by counting the same
cell population several times in a Biirker chamber and by the
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Fig. 4 Counterflow centrifugal elutriation system. The stroboscope is placed and fixed at the bottom of the centri-
fuge. The centrifuge is hosting the rotor that is running with constant speed. The pump is turned on and steriliza-
tion takes place by running 70 % ethanol through the system followed by physiological buffer to remove traces of
ethanol. The physiological buffer is then replaced by the elutriation fluid at an initial flow rate. The preliminary run
also serves to remove bubbles from the system. The loading chamber serves as a sample mixer and in its bypass
position traps small remaining bubbles and compensates pump pulsation. The bypass valve helps to remove
residual bubbles from the sample mixer chamber. Reproduced with permission of Banfalvi [11]

Table 1
Elutriation conditions for Drosophila and mammalian cells and murine preB nuclei

Centrifugal force of elutriation

Cell type Cell diameter (um) Flow rate (ml/min) Rpm Rcf average (g) Rcf maximum (g)
CHO 11.9 1249 2000 569 753
CHO 11.9 19-52 2200 575 683
Indian muntjac 11.4 12-50 2200 575 683
Murine preB 10.2 11-73 2200 688 911
Drosophila S2 8.1 13-53 2500 889 1176
PreB nuclei 5.0 14-77 3500 1742 2305

Temperature was 20 °C for each elutriation

Cell diameter refers to an average value of exponentially growing cells and average size of nuclei before synchronization,
measured by multiparametric particle size counting

Rotational speed is given as revolution per minute (Rpm), relative centrifugal force (Rcf) in 4. Reproduced with permis-

sion of Banfalvi [11]
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particle counter. The ratio of cell count obtained by the cell num-
ber counted by the Biirker chamber over the cell number obtained
by the particle counter serves then as a factor which is used to
multiply the counter number to get the real cell number.

Flow cytometry is used to asses the quality of synchronization
by monitoring size distribution with forward scatter analysis and
concomitantly the DNA content of each elutriated fraction after
staining with propidium iodide. Flow cytometry is also generally
accepted for the evaluation of cellular processes [ 13, 14 ] for calcu-
lating proliferative parameters [15] to identify apoptotic cells by
nuclear staining [ 16—18] or by the appearance of phosphatidylser-
ine on cell surface [19] and monitor other cellular changes
[20-22].

2 Materials

2.1 Disposables

2.2 Media
and Solutions

1. 1.5 ml microcentrifuge tubes.

2. 15 and 50 ml centrifuge tubes.

3. 15 and 50 ml conical centrifuge tubes.
4. Polystyrene test tubes.

5. 25 and 75 cm? flasks for cell culture.
6. 5 ml, 12x75 mm FACS tubes.

(-

. RPMI 1640 growth medium.
. Fetal bovine serum (FBS).

w N

. Ham’s medinm: Measure 10.64 g l-glutamine containing F12
powder for 1 L of 1x solution. Add 1.176 g/L of NaHCO;
powder. Adjust pH to 7.1-7.2; as it will rise to 0.2-0.3 pH
units during filtration. Filter-sterilize it immediately using a
membrane with a porosity of 0.22 pm. Aseptically dispense
into 100-ml sterile bottles. Store them in a cold room or in a
refrigerator under 5 °C until use. Before use, add 11 ml FBS
albumin to each 100-ml F12 medium. F12 can be ordered as
1-, 5-, 10-, and 50-L liquid medium containing l-glutamine,
without sodium hydrogen carbonate. Sterilized medium can
be stored at 5 °C for several weeks if unopened.

4. Elutriation medium (for 30 elutriation fractions): Prepare
fresh 3.5 L of F12 culture medium in a 4-L flask containing 1 %
FBS. Omit filter sterilization, as fractionated cells are processed
immediately after elutriation. Larger particles originating from
F12 medium or from cell aggregates can be removed by pass-
ing the medium and cell suspension through a 100-mesh stain-
less steel sieve.
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. Phosphate-buffered saline (PBS): Instead of culture medium

plus 1% FBS, Ca?*- and Mg?**-free PBS with 0.01% EDTA or
without EDTA is successfully used as elutriation buffer. PBS
contains 2.7 mM KCI, 4.3 mM sodium phosphate dibasic
(Na,HPO4), 1.8 mM potassium phosphate monobasic
(KH,PO4), 137 mM NaCl, pH 7.2. Sterilize in an autoclave.

. Saline: Dissolve 9 g of NaCl in 1 L of distilled water and steril-

ize in an autoclave.

. Trypsin/EDTA solution: Make up from 0.25% (wt/vol) tryp-

sin, 1| mM EDTA in phosphate-buffered saline (PBS). Filter-
sterilize. Stored at -20 °C.

. PI solution for flow cytometry: Dissolve 50 mg/ml of PI in

0.1 M ammonium citrate solution (not sterile).

3 Methods

3.1 Cell Growth

3.2 DNA Isolation

. Keep the epithelial-like CHO-K1 cells (ATCC, CCL61) in sus-

pension culture in spinner flasks using F12 Ham’s medium sup-
plemented with 10 % heat-inactivated FBS at 37 °C and 5% CO,.
Grow the murine pre-B cell line 70Z,/3-M8 [23] in suspension
culture at 37 °C in RPMI 1640 medium supplemented with 10%
FBS, 2 mg/ml mycophenolic acid, 150 mg,/ml xanthine and
15 mg,/ml hypoxanthine and 2x10-° M p-mercaptoethanol.

. Maintain CHO cells as either monolayers in 75 cm? tissue cul-

ture flasks when smaller quantities of cells (10°~107) are needed
or in suspension in 250 ml and in 1-L spinner flasks if many
cells are required, such as in elutriation (2-3 x 103%).

. Maintain cells in logarithmic growth and high viability by cul-

turing at densities between 1x10° and 4 x 10°.

. Replace media by splitting cells in the ratio of 1:2 daily. Grow

CHO cells in suspension culture in 1 L spinner flasks contain-
ing a final volume of 800 ml F12 Ham’s medium supplemented
with 10% FBS. The suspension culture should initially contain
1-2x10° cells/ml' at 37 °C in 5% CO,.

. Grow cells for 24 h to a final concentration of 2—4 x 10° cells /

ml for fractionation by centrifugal elutriation. Harvest cells by
centrifugation at 600xy4 for 5 min at 5 °C and resuspend in
10 ml of F12 medium containing 1% FBS. To avoid the pres-
ence of dead and fragmented cells in elutriated fractions, see
Note 1. Remove cell aggregates by passing the cell suspension
through a 100-mesh stainless steel sieve.

Isolate high molecular weight DNA from 10 cells of elutriated
fractions, determine the amount of DNA by a DyNA Quant fluo-
rimeter (Hofer Scientific Instruments) using Hoechst 33258 dye,
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which binds to the minor groove of double-stranded DNA. Excite
the bound dye with long UV light at 365 nm and measure its fluo-
rescence at 458 nm with calf thymus as DNA standard.

3.3 Determination 1. Isolate DNA from elutriated fractions by phenol extraction
of DNA Content from an equal number of cells (10°) from each elutriated
fraction.

2. Stain the DNA. The amount of DNA can be determined by
specific dyes (e.g., Hoechst 33258).

3. Excite the bond dye with UV light and measure DNA content.
Use calf thymus DNA as DNA standard.

3.4 Measurement Confirm the synchrony of elutriated fractions by measuring cell
of Cell Number and size in a Coulter Channelyzer or Coulter multisizer. The measure-
Cell Size ment of gradual and simultaneous increase both in cell size and cell

volume as well as the correlation between cell size and DNA con-
tent confirm that synchrony is maintained not only at low, but also
at increased and higher resolution.

3.5 Flow Cytometry 1. Stain cells with 50 mg/ml of PI in 0.1 M ammonium citrate
for 15 min at 0 °C.

2. Add an equal volume of 70 % ethanol.

3. Perform cell cycle analysis in a fluorescence-activated cell
sorter. Use the flow cytometric profiles of elutriated fractions
to calculate the nuclear DNA content expressed in average
C-values [24]. The C-value increases from 2C to 4C as the cell
progresses through the S phase, providing quantities measure
of cell growth. When many fractions (>20) have to be pro-
cessed within the same day, stained and fixed cells can be stored
overnight in refrigerator (4 °C) and flow cytometry can be per-
formed next day.

3.6 Conditions Used The elutriation system (earlier Beckman, now Beckman Coulter

for Centrifugal Inc.) is an advanced device that uses either a constant centrifugal

Elutriation force and gradually increasing counterflow rate or constant flow
rate and reducing rotor speed to yield high resolution of synchro-
nization. The cell separation is carried out in a specially designed
centrifuge and rotor. This elutriator system was designed exclu-
sively for research, not for diagnostic or therapeutic use.

3.6.1 Hardware The hardware of the JE-6 elutriator system (JE-6B Rotor, elutria-
tor, 6000 rpm, 5080 x g, recoverable cells per run 10%) consists of
the following subassemblies: centrifuge, rotor assembly, strobo-
scope, flow system, modified door for the Model J-21/J-21B or
J2-21 centrifuges as well as various tools and lubricants. In our
elutriation system, we used a J2-21 centrifuge and a JE-6B separa-
tion chamber (Beckman Coulter Inc.), in which the elutriation
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3.6.2 Calibration
of Peristaltic Pump

3.6.3 Particle Size
Counting

fluid was circulated at an initial flow rate of 16.5 ml/min using a
MasterFlex peristaltic pump (Cole-Parmer Instrument Inc.) pre-
sterilized with 70% ethanol. Elutriation was performed at a rotor
speed of 2200 rpm (683 x4) and temperature of 20 °C for 4-5 h.
Subpopulations of cells were eluted in F12 medium containing 1 %
FBS. We have also used the JE-5.0 elutriation system (JE-5.0
Rotor, Elutriator, 5000 rpm, 4704 x g, retrievable cells per run
10'%), including a Sanderson elutriation chamber (5 ml) and a J-6
MI centrifuge (Beckman Instruments Inc.) [23]. When the JE-5.0
elutriation chamber is used with the Avanti J-25 and Avanti J-26
XP series and with J6-MI centrifuges equipped with viewport door
and strobe assembly, accelerated throughput, shorter run times can
be achieved. The JE-6B low-volume elutriator rotor is excluded
from the JE-5.0 elutriation system.

The protocol presented here has been developed to enable cell
cycle studies in a variety of cell lines [25-27]. The elutriation of
1-2x 108 cells in a JE-6B rotor and a J2-21 centrifuge was used most
frequently in our experiments [28]. The small JE-6B elutriation sys-
tem was assembled according to the manufacturer’s instructions.
Only the flow system (gauge for monitoring back pressure, two
three-way valves, T-connector, rubber stoppers, and several feet of
Silanistic tubing) was regularly disassembled after elutriation and
reassembled before the next elutriation, as the centrifuge was nor-
mally used in several other experiments. For shaft, rotor, chamber,
pressure ring, stroboscope, and flow system assembly and disassem-
bly, see the instruction manual of the Beckman JE-6 or JE-5.0 elu-
triator rotor. The rotor speed and flow rate monogram in the manual
give the necessary preliminary information on rotor speed (rpm),
sedimentation rate, particle diameter (mm), and flow rate (ml/min).

Among the preliminary experiments, the relationship between
pump speed and flow rate has to be established. The calibration of
the peristaltic pump is done by measuring the flow rates at different
pump setting using elutriation buffer. It is recommended to do the
calibration before the day of elutriation to lighten the burden of
elutriation. The pump can be used within the linear range. In our
case, linearity was maintained up to 80 ml/min.

Particle size counters are recommended that produce a particulate
size profile and average particle diameter for a given culture. The
size limit is set for cells to count them above the limit and cell
debris below the limit. The unit is cleaned and first a sample of
solution (used for dilution) is analyzed, then the sample of the
culture is profiled. The solution profile is subtracted from the cul-
ture profile to eliminate solution debris. This yields a debris count
and a cell count. More sophisticated units include measurement of
the mean particle diameter, which, for cell cultures above the size
limit, equates to the average cell diameter.
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We have used different counters to determine the sizes of the
cells in each fraction. The counter is based on the principle of elec-
tronic particle counting, where the amplitude of a voltage pulse,
caused by a change in impedance when a particle suspended in an
electrolyte is drawn through an electrical field, is proportional to
the volumetric size of the particle [29]. From the change in imped-
ance, the diameter and surface area of the particle are calculated,
assuming that the particles are spherical.

3.7 Installation To operate the elutriation system, install the stroboscope first, as its
of Elutriation System chamber unit has to be placed at the bottom of the centrifuge.
Turn the stroboscope unit in such a way that the flashlight will be
under the observation port when the door of the centrifuge is
closed. Rotate the wheels on the casting to tighten the chamber of
the stroboscope. Run the cables of the stroboscope through the
ports of the centrifuge inside the chamber and secure them with
split rubber stoppers installed from outside. Connect the cables to
the control unit of the stroboscope outside the centrifuge. Turn on
the power switch and verify that the lamp of the photocell is lit (see
Note 2).

3.7.1 Installation
of Stroboscope

3.7.2 Installation Open the door of the centrifuge and install the assembled rotor
of Elutriator Rotor containing the installed chambers (elutriator and bypass cham-
bers). Place the rotor in the centrifuge (see Note 3).

3.7.3 Installation of Flow  In addition to the port for the strobe control unit, there are two

Harness more ports in the centrifuge chamber, one for the tubing coming
from the pump and the other for the outlet tubing. One can use
only centrifuges that have these ports. Make sure that the tubing
running from the pump to the rotor is placed in the upper (inlet)
fitting and the outlet tubing in the lower fitting of the elutriator
rotor (see Note 4). Connect the liquid lines. Secure tubings firmly
with split rubber stoppers outside the centrifuge.

3.7.4 Installation The preliminary run serves to test whether the control units are
of Control Units functioning properly and the centrifuge is running smoothly. For
the test run, check the control units of the centrifuge and set the
elutriation speed of the centrifuge. When the rotor is at speed,
reset the counter and push START button (see Notes 5 and 6).
The rotor speed will be displayed in tens of rpm on the counter.
Put the timer at “Hold” position to avoid untimely interruption of
elutriation, the brake at “Maximum” and set the temperature at
20 °C, and limit its change within +1-2 °C. On the stroboscope
control, turn the FLASH DELAY potentiometer counterclockwise
to 0 position and slowly turn it clockwise to bring the image of the
elutriation chamber into view, seen through the viewport door of
the centrifuge. If you have an old JE-6 rotor, the bypass chamber
will come into view first. Keep turning the potentiometer till the
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3.8 Synchronization
of CHO Cells

separation chamber is seen. The separation chamber has two screws
in it that make it distinguishable from the bypass chamber. Watch
the pressure gauge in the flow harness (see Notes 7 and 8). Rise in
pressure indicates the presence of air in the system (see Note 9).
Stop the pump and/or decelerate the rotor. Note that not all the
cables and ports are visualized in the scheme (Fig. 4). When the
pressure is zero, the rotor speed is set at elutriation speed.

1.

2.

Prepare 3500 ml of fresh F12 elutriation medium in a 4000-ml
flask.

Fill up a 3000-ml flask with elutriation medium to the rim. Use
this as the permanent medium reservoir. Cover it with alumi-
num foil until further use.

. Pour 400 ml of elutriation medium into a 500 ml beaker and

use it as a temporary medium reservoir.

. Set up your centrifugal system (Fig. 4). Pump 100 ml of 70%

ethanol through the system. Then pump through PBS solu-
tion (200 ml) to remove the 70 % ethanol used to provide ster-
ilization. Start the centrifugation to remove bubbles. Remove
PBS and the bubbles by pumping 100 ml of elutriation medium
through the elutriation system and discard this fraction (see
Note 9).

. Replace the temporary medium reservoir with the permanent

medium reservoir. Fill the cell reservoir (sample mixer) with
medium using a large (30 ml) syringe. To flush all the air from
the sample-mixing chamber, retract the short needle so that the
end is flushed with the inside of the rubber stopper. When the
sample chamber is full and no more air is seen leaving the exit
flow line, close the bypass valve to make sure that the liquid
does not enter the sample chamber. Set the initial flow rate of
the peristaltic pump at 16.5 ml/min. Keep the elutriation fluid
circulating until the cells are introduced into the sample reser-
voir. Make sure once more that the bypass valve is closed, the
speed of the centrifuge is correct (2200 rpm, 683 x4), the
refrigeration of the centrifuge is on and set at 20 °C and the
timer of the centrifuge is set at HOLD (endless) position. Turn
the flash delay potentiometer of the stroboscope clockwise
slowly from 0 position to bring the image of the separation
chamber into view. Number empty culture bottles (or tubes)
for collecting elutriation fractions (100 ml each) and stand in
ice. Use the scale on the culture bottle as the volume measure.

. Load the sample reservoir by passing the concentrated cell sus-

pension (1-2 x 108 cells in 10 ml of Ham’s medium containing
1% EBS in a 50-ml screw cap tube) through an 18-gauge nee-
dle three times just before loading to ensure monodispersion.
Use a 10-ml Luer-lock syringe for injecting cells into the load-
ing chamber. This also keeps the needle from jumping off the
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hypodermic syringe. The needle attaches to the body of the
syringe via a screw-type twist. Remove the needle from the
syringe. Close the bypass valve, as elution liquid is not allowed
to enter the sample reservoir during loading. Attach the syringe
directly to the Luer fitting on the injector valve for sample
injection. Open the injector valve and inject resuspended cells
into the sample reservoir. After injecting cells slowly into the
sample reservoir, close the injection valve. Air is not allowed to
enter the system. As cells cannot be completely removed from
the 50-ml tube and filled in the sample reservoir, those sus-
pended cells that are left in the tube (~0.5 ml) serve as nonelu-
triated control.

7. Load cells into the elutriation chamber. To load cells from the
sample reservoir to the elutriation chamber, turn the sample
chamber upside down and open the bypass valve. Start to col-
lect the first 100 ml fraction flushed from the centrifuge. About
100 ml of liquid is required to remove one subpopulation of
cells from the 4.5-ml separation chamber. View the loading of
cells through the observation window of the door of the cen-
trifuge. The appearance of a darkening cloud indicates the
introduction of cells into the elutriation chamber. After load-
ing, no more cells are allowed to enter the elutriation chamber.
Close the bypass valve and turn back the loading chamber to
its original position (see Note 10). The fraction collected dur-
ing loading is discarded. This fraction contains cell debris and
dead cells (see Notes 11 and 12).

8. To obtain the first elutriation fraction, increase the pump speed
from 16.5 ml/min to 19 ml/ml slowly by ~1 ml/min incre-
ments and collect the next 100 ml media. Gradually increase
the flow rate (or decrease rotor speed) to permit the elutriation
of further fractions. Collect consecutively 100 ml effluent vol-
umes from the centrifuge. Immediately after a fraction is col-
lected, take 2x1-ml samples and add 9 ml of saline to each
sample for Coulter counting and cell-size measurement. Keep
elutriated fractions in ice until further use and shake them gen-
tly from time to time to avoid cohesive sedimentation and loss
of cells (see Note 13). We have obtained reproducible experi-
ments by performing centrifugal elutriation at low, increased
and high resolution of elutriation and collecting 9, 16, and 30
elutriation fractions, respectively (Fig. 5). Only as many samples
should be collected as the small team (2-3 persons) carrying
out the elutriation can process on the same day (se¢ Note 14).

9. To finish elutriation, turn oft rotor speed and let the high flow
rate drive out residual particles from the elutriation chamber.
Let the system run and collect 100 ml more liquid to remove
all the remaining particles. Remove the medium at high flow
rate and rinse the system with 200 ml of distilled water to lyse
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Fig. 5 Centrifugal elutriation at low, medium, and high resolution. Exponentially growing CHO cells were syn-
chronized by counterflow centrifugal elutriation. (@) Flow cytometric profiles of DNA content at low (a), medium
(b), and high resolution of elutriation. The cell number is indicated in the ordinate and the DNA content on the
abscissa. The average C value (haploid genome content) of elutriated fractions at low resolution (9 fractions,
E1-E9) was calculated. For medium resolution 16 fractions (E2—E16) and at high resolution 30 elutriation frac-
tions (E2—E30) were collected. (b) DNA synthesis in elutriated fractions at low (d), medium (e), and high resolu-
tion (f). *H-thymidine incorporation is shown in the ordinate and fraction number on the abscissa. 2C- and
4C-values were calculated from the flow cytometric profiles of elutriated fractions [24]. Reproduced with the
permission of Banfalvi et al. [30, 31]; Szepessy et al. [32]

any cell left in the system. Cells left in the elutriator chamber
may cause pellet formation (see Note 11).

10. Although almost all parts of the elutriator rotor can be auto-
claved, we rinse the system with 70% ethanol to sterilize it.
Remove the ethanol by pumping and dry the passages with
clean compressed air and leave the rotor assembled. Disconnect
the liquid lines and remove the rotor and stroboscope chamber
from the chamber. In case of longer storage, remove the elu-
triation chamber and the bypass (balance) chamber, but store

11.

the rest of the rotor assembled.

Check the status of your elutriator system by a test run before
doing cell separation (se¢ Note 15).
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3.9 Synchronization
of Nuclei of Murine
Pre-B Cells
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Fig. 6 Centrifugal elutriation of nuclei isolated from murine pre-B cells. Nuclear
size is indicated on the abscissa, nuclear number or cell number is given on the
ordinate. Cells (1.15 x 108) were subjected to the isolation of nuclei. Elutriation of
6.86 x 107 nuclei was carried out in a JE-5.0 elutriation system equipped with a
5 ml Sandetson chamber and a MasterFlex (Cole-Parmer Instruments) peristaltic
pump and a J-6 M1 centrifuge (Beckman Instruments Inc.). Elutriation took place
at 20 °C and 3500 rpm (2305 x g). Eleven fractions (E1-E11) were collected,
100 ml each in RPMI medium 1640 supplemented with 1% FBS. After separa-
tion, nuclei were washed with PBS and counted by Coulter multisizer, and nuclear
size analysis was carried out. Control nuclei and control cells were not subjected
to elutriation. Reproduced with permission of Banfalvi [11]

1. For the synchronization of isolated murine pre-B nuclei (aver-
age diameter 6.8 pm), use higher centrifugal force (3500 rpm,
2305 xg).

2. Use a flow rate between 14 and 77 ml/min for murine pre-B
cells (average diameter 10.2 pm) and apply a similar flow rate
(11-73 ml/min), but a lower centrifugal force (2200 rpm,
683 x4) [23, 33]. The synchronization of murine preB nuclei
is demonstrated in Fig. 6.

Due to the closer correlation between nuclear size and DNA
content than between cell size and DNA content, it could be of
potential interest to elutriate subcellular particles to study the fine-
tuning of nuclear control. The synchronization of nuclei is expected
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3.10 Verification
of Synchronization

3.11 Synchronized
Apoptotic Cells
Detected by Forward
Scattering

to open new vistas for the synchronization of protoplast prepara-
tions. The synchronization is based on the nuclear size that is
increasing during DNA synthesis and nuclei can be separated by
centrifugal elutriation. The introduction of a density gradient dur-
ing elutriation is not recommended (see Note 16). To elutriate
smaller particles either the centrifugal force has to be increased, or
the flow rate decreased. A lower flow rate would limit the resolu-
tion, while maximal pump speed (~500 ml/min) should also be
avoided as the linearity between the pump speed and flow rate
could not be maintained. Turbulence can be minimized by increas-
ing the flow rate slowly from fraction to fraction (se¢ Note 17).

1. Assay the quality of synchronization after centrifugal elutria-
tion in each elutriated fraction. Among the methods used for
the isolation and detection of homogeneous populations of
cells, several flow cytometric methods are generally accepted.
As its introduction, the PI flow cytometric assay has been
widely used for the evaluation in different cellular processes in
animal models [ 14 ] and plant cells [34].

2. Determine the DNA content by fluorometry (see Subheading 3.3).

3. Measure simultaneously the cell number and the increasing
cell size. This option offers the fastest measurement and is rec-
ommended when many fractions are collected and several mea-
surements have to be carried out within a short period of time.
A reliable combination is to choose at least two of the three
options.

The estimation of cellular DNA degradation during programmed
cell death is closely related to the particle size that can be amplified
and shows more convincingly the decrease in the cell size of apop-
totic cells (Fig. 7a). The quasi 3D representation of forward light
scatter analysis in Fig. 7b shows the progression of gamma
irradiation-induced apoptosis during 24 h from elutriated fractions
1-9. By means of flow cytometric data, the DNA content of dis-
tinct apoptotic cell fractions was estimated and found to be
increased from ~0.05 to~1 C-value [ 35]. Flow cytometric forward
scatter was used to determine the proportion of apoptotic cells
relative to unirradiated ones after 24 h incubation. Apoptosis was
low in unirradiated cells (~1 %) and increased significantly in irradi-
ated cells from 5% to 13-14% (Fig. 7¢). To estimate the average
value of apoptosis, non-elutriated control populations were also
subjected to y-irradiation and grown in culture medium for 2 and
24 h, respectively. Not only the increase of apoptotic cells from
4.8% to 15.6% were seen in the sub-G; marker window, but also
the increase in G; /Gy and G,/M phase and the decrease of S phase
cells were observed (Fig. 7d). These changes also confirmed the
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Fig. 7 Apoptotic changes detected by the forward scattering during the cell cycle.
Gamma irradiated K562 human erythroleukemia cells subjected to elutriation
followed by propidium iodide staining and forward light scatter analysis and
found as shrinked cells in the sub-G; marker window. (a) To follow the apoptotic
cell size, a vertical line was placed on the main peak of the irradiated, non-
elutriated control. (b) After irradiation and incubation for 24 h, apoptotic cells
were detected by forward scatter analysis. (c) Percentage of apoptotic cells of
non-treated (open square) and of y-irradiated (filled square) cell fractions. (d)
Gamma-irradiated cells from non-elutriated populations were cultured at
37 °C. One aliquot of cells was incubated for 2 h, the other for 24 h, then stained
with Pl and was subjected to forward light scatter analysis. The C-values and
major phases of the cell cycle are indicated. Ap apoptotic cells. Reproduced with
permission of Banfalvi et al. [35]

radiation-induced cell cycle arrest near the G; /Gy and at the G,/M
checkpoints [35]. Cells representing different stages of apoptosis
can be collected by choosing a somewhat lower centrifugal force
for elutriation than for nuclei. By fine-scale elutriation, apoptotic
cells can be separated from undamaged healthy cells (se¢ Note 18).
Cold-shock-induced apoptosis has been used without the addition
of toxic compounds or antibodies, to synchronize homogeneous
apoptotic cell populations [36].
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4 Notes

1. Dead cells. Avoid the presence of dead and fragmented cells in

elutriated fractions. The cell culture has to be kept constantly
in logarithmic growth. Best results are obtained when cells are
recultivated every day.

. Installation of stroboscope. Make sure that the cables run close

to the wall of the centrifuge so that the rotor cannot touch
them. In case the photocell of the stroboscope does not work
replace the flash lamp.

. Placing rotor in the centrifuge. Be sure that the rotor is prop-

erly seated. If the pin of the rotor is improperly resting on one
of the castellations, it will lift off when the drive starts. The
centrifuge should be perfectly balanced and run smoothly. If
you notice any vibration, the balance is imperfect. When the
speed of the centrifuge is fluctuating, flow forces are not pre-
cisely balanced against centrifugal force to allow proper segre-
gation. Check speed constancy and find the balance between
centrifugal force and flow rate in preliminary test runs.

. Leaks. These usually occur when (a) the chamber gasket is put

backward; (b) the chamber screws are not tight; (c) tubings
and connectors are not properly fitted; (d) there are nicks,
scratches, irregularities on O-rings; and (e) permanently lubri-
cated sealed bearings are washed with detergents, which can
leach out the lubricant, resulting in a shortened bearing time.

—  Seal inspection. Clean the stained stationary seal housing
(made of alumina) with soap and water or mild detergent.
Abrasive materials should be used neither for cleaning nor
for elutriation. Reassemble the bearing assembly (note
that the seal mount has a left-handed thread). The seal
should be replaced when any damage is visible.

—  Cross leakage. The most common problem in centrifugal
elutriation is caused by defective or missing O-rings in the
shaft assembly. Frequent disassembling and assembling of
the elutriator system may result in defective O-rings and
leaks. Make sure that all O-rings on the seal screw and
transfer tube are in right place, lightly greased. Note, how-
ever, that overgreasing may clog the system. Once the
subassemblies, as well as the flow system have been assem-
bled and the system proved to be completely sealed with-
out any leakage in the preliminary run, it is not
recommended to disassemble it after each elutriation.

—  High back pressure. Insufficient spring pressure, which
holds the rotating seal against the stationary seal, can be
overcome by the back pressure, causing cross leakage. But
the most common causes of high back pressure are the
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10.

11.

12.

opening of liquid lines in the wrong direction and inade-
quate de-aeration.

. Rotor speed. As the flow rate relative to rotor speed can be

regulated on a much broader and finer scale, it is recommended
that during elutriation the rotor speed is held constant rather
than using decreasing rotor speed and constant flow rate.

. Oscillations in rotor speed. To avoid temporary changes in rotor

speed, constant electric voltage (110 or 220 V) can be secured
by plugging the centrifuge to a stabilizer.

. Manometer. Keep the manometer under constant observation

at the beginning of elutriation to avoid pressure formation. In
the elutriation system, the presence of bubbles is indicated by
the sharp increase of the pressure. In such cases, quickly turn
off the speed of the centrifuge, which will drive out the bub-
bles. Repeatedly lower the speed of the centrifuge to remove
all the bubbles before elutriation.

. Tightness of tubing. Do not make the connection between the

tubing and the rotor too tight; leave some movement for the
tubing. As the speed of the elutriation rotors is not high (maxi-
mum 6000 rpm, 5080x4), vacuum in the centrifuge is not
required and could not be maintained due to the liquid lines
and electric cables.

Removal of bubbles. Be sure to fill all parts of the flow harness
with liquid until all the bubbles have been removed. Preworm
the solutions and the centrifuge to the temperature where elu-
triation will be performed with the exception of the cells before
their loading and the collected fractions which are kept in ice.

Loading cells. During loading cells into the elutriation cham-
ber, one can line up cells exactly at the boundary inside the
elutriation chamber (Fig. 1a): (a) a small increase of the flow
rate will push forward the cell population to the boundary; (b)
a small decrease of the flow rate will bring the population back
to the boundary. Alternatively, the rotor speed could also be
changed, but has an opposite effect as changing the flow rate.
Such corrections during elutriation are recommended only for
advanced users of the system. Basic principle: Do not change
conditions during elutriation.

Pellet formation. Those particles that are not driven out from
the separation chamber by the pumping will be pelleted at the
entrance of the elutriation chamber as soon as the peristaltic
pump stops. The peristaltic pump should not be turned off
during elutriation. To remove the sticky pellet, the elutriation
chamber has to be disassembled and cleaned.

Damayed cells. These cells release DNA and tend to stick
together. Clumping of cells leads to nonhomogeneous cell
populations especially at the final stage of elutriation. Solution:
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13.

14.

15.

16.

17.

Avoid rapid pipetting and fast resuspension of pelleted cells,
which results in a significant loss of cell recovery, viability,
release of chromosomal DNA, and stickiness of damaged cells.
We have avoided DNase and EDTA treatment by the gentle
treatment and loading of cells.

Cell loss during elutriation. The possible reasons are as follows:
(a) cells are lysed (the system was not properly set up, check
solutions for hypotony); (b) cells were left in the mixing cham-
ber; (¢) overloading the elutriation chamber results in the loss
of smaller (G0/G1 and early S phase) cells; (d) the size gradi-
ent was not balanced and cells were not loaded in the elutria-
tion chamber; (¢) the centrifuge was stopped or decelerated.
The particles concentrate near the increased cross-sectional
area of the chamber. Flow velocity is greatest adjacent to the
entrance port, the particle concentration is reduced in this
area. This effect can be reduced by lowering the centrifugal
force and the correspondent flow rates.

High resolution of elutriation. The danger of collecting too
many elutriated fractions is that they cannot be processed.
High resolution of elutriation needs the processing of many
samples within the same day. Careful planning, the involvement
of 2-3 persons in this highly coordinated work, some technical
skill and experience are needed.

Unable to judge. This problem almost always arises when elu-
triation has not been done before. Consult the JE-6 or JE-5
instruction manual carefully before doing any or further instal-
lation. Carry out your first elutriation with an expert and/or
discuss the details. Clarify the condition of your rotor by call-
ing your nearest service office and ask for inspection.

Application of density gradient. Introduction of a density gra-
dient would require a second reservoir. It is not recommended
as a second reservoir would make the system too complex to
handle. Growth medium with minimum FBS (1 %) maintains
cell viability and is dense enough to avoid contamination.

Coriolis jetting effect. Turbulence of particles inside the elutria-
tion chamber can be minimized by increasing the flow rate
slowly from fraction to fraction. The collection of many frac-
tions (i.e., small increment in flow rate) also reduces turbu-
lence and contributes to the increased resolution power of
elutriation. A small shift (1-2 fractions) in the elutriation pro-
file can be attributed to minor differences in cell growth. This
difference can be reduced by strict cell culture conditions and
corrected by calculating the C-value (haploid genome con-
tent) of each elutriated fraction from the corresponding flow
cytometric profile [24].

banfalvi.gaspar@science.unideb.hu



Synchronization of Mammalian Cells and Nuclei by Centrifugal Elutriation 51

18. The fine-scale synchronization of apoptotic cells needs specific
elutriation conditions to be adapted to cell type and apoptotic

treatment.
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