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ABSTRACT

Petailed methods are described for the sorting and cell
cycle synchronization by means of centrifugal elutriation of
an established wouse liver epithelial cell line(NMulLi}. In
a comparison between three‘differena elutriation media and
between two different temperatures(ée and 20° CY, the NMuli
cells were found to be most rveproduclibly sorted in the cell
cycle when rvun in growth medlium in the absence of serum and
at the lower temperatuvre. Under these couditions, and using
decrements of rotor speed calculated from an émpiiically
derived algorithm as described 4in the text, an initially
asynchronous population{38% G 3642 S5, and 26% GZM) was
sorted dnto fractiens enriched to 607 Gls 75% 5, and 50%
GZMa 0f the cells leoaded into the. votor, 307 were lost in
the elutrlation process, and about 20% recovered as aggre-
gates. The rewainder appeared in the various synchronilzed
fractions. Epithelial «c¢ells sorted in this manner demon-
strated no loss of viability, and upon rveplating showed sig-
nificant movement dn the cell c¢ycle by 6 hrs post elutria-
tdon. The degree of synchronous movement through the cell
chle achieved by elutriation depended on thevpart of the
cell cycle from which the original elutriated fraction came.
Cells collected as late 5§ and G_ M moved through the cell

2

cycle with the tightest sychrony.
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INTRODUCTION

[

The witotde eycle of cells is the focus for a great
variety of studies in cell bilology, vanging from the contyvol
of cellulay proliferation te nmutation and heredity{(Mitchiscon

(197

s

S

o
@

In wany cases, the abllity to synchronlze large
cell populaticns in various cell eycle phases 15 wvital to
the study, as has been anply discussed by previous
avthors{Meistvich, Yevn, and Barlogie {(1977); Mitehell and
Tupper (1977))- Ia our @tudigg of the action of chemical
carcinogens upon the wmitotic c¢ycle of the m&usé livey
epithelial ¢ell line, NMuLi, we have socught a way to obifain
synchronous or cell cycle phase enviched populations of 0.5

8 .

. £
x 10° <« 1.0 x 10°

mde

cells for various biochemical stud
(Beckey and Bartholowmew(1979}). Meistrich et al. {(1977) and
Mitehell and Tupper (1977) showed that elutviatiocn centyrifu-

per-=

&

gation provides rveasonably good synchrony with minimal
turbation of c¢eliular functions in the process, and fox
these reasons we have chosen to implement an improved eluy-
triation centrifugation system for ouy NMuli cells. To our
kunowledge this is the first adaptation of elutriation ceune

trifugation to epithelial cells.
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METHODS

1 Cell Culture Technique

Monolayer cultures of the established epithelial cell
line NMuli, derived from the livers of Namru mice by Oweuns
et al.(1974), were seeded in 100 wnm culture dishes(Falcon
Plastics, Oxuvard, Calif.) in Fagle’s Minimal Mediun{(GIBCO,
Grand Island, M. Y.), demgt@d here as MEM, with 10%Z donor
calf serunm (Flow Laboratories, Rockville, MDY, and allowed
to veach satuyation densdity{(l.3 x 165 cells per cmz)s At 60
hrs prior to elutriation, the cells were transferred at a |
to 10 dilution into roller bottles (Falcon Plastics, Oxnard,
Calif.). Transfer of cells from the dishes was done by
washing the monolayers once with saline GM(1.53 mM NaZHPoés

1.1 mM KHZPO49 1.1 wM glucose, and 0.14 M NaCl, at pH 7.4)

®© ¢ with

followed by trypsinization for 3 mnin at 37
DISPO(saline OGM <containing 0.5 mM EDTA and 0.1 mg/nml cry-
stalline trypsin(GIBCO, Grand Island, N. ¥.). Trypsinized
cells were removed from the surface of the dishes into NEUT

{saline CM containing 6.3 nM MgS0,, 1.1 mM CacCl 0.2 ng/ml

29
sovbean trypsin inhibitoxr (GIBCO), 0.01 mg/ml

DNase{(Worthington, Freehold, N. Jo.), and 0.1% bovine serum

albunin(Sigma, 5t. Louis, Mo.).

For elutrdation, medium was aspirated from & roller
bottles and the ,cells were washed once with saline GM and

8

trypsinized as desecrvibed above to yield 6.0 u 10 cells in

40 ml of suspension medium for loadirng into the elugriator.
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Prior to loading the cells, the elucriation systenm was
flushed with 70% ethanol, feollowed by rinsing with sterile

suspension medium.

20 Elutriation

The Beckman JE«6 elutriatoy rotor and associated J-21

formed the heart of the system 1llustrated in

The caﬁézifugg vrotation speed control was wmodi-
fied to use a ten~turn potentiometer foy greater preclsioun,
as we chose to use decrements of rotor speed as the means of
removing sub-populaticons frowm the separation chamber. Cell
suspension nmedium was continucusly driven through the systen
by peristaltic punp{Cole Parmer lasterflex, with 7014 head),
and the sawnple was loaded through a postepunmp wvalve at 10
ml/min wvia a syringe drive{Orion Instruments, Cambridge,
Mass.3}. Fluid from the puwp passed through a bubble trap
prior to tyvaversing a triflat flow meter (5-60 ml/min range,
Manostat, New York, W. Y.}, from which it passed directly
into the elutriator rotor. The bubble trap also served to

damp out the peristaltic pressure vaviations.

g

Upon exit from the rotor, fluid passed through a Bech-
man DB Spectrophotometer equipped with a custom=-buillt 4 cu
pathlength flow cell capable of sustaining flow rates in
excess of 500 ml/min (for flusing purposes). At an 1llumie
nation wavelength of 600 nm, the optical detection systen

easily seunsed cells emevging from the rotor in concentrar

. ~ 3 .
tdons of 2.0 x 19 cells/ml oy rreater. A walve then
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enabled either collection or disposal of the effluent, the
desired subpopulation being aseptically collected via a spe-

cially designed sterile transfer assembly(Figure 2).

Cells were voutinely loaded with rotor speed set suffi-
ciently bhigh {(typically 3500-4000 revolutions per nminute for
a counterflow vate of 25 ml/ﬁin) to minimize the washing out
of whole cells. Speed decrements began from this initial
loading condition, and the spectrophotoneter was adusted to
100% transmittance under thgsa conditions. -The set of speed
decrements for obtaining the desired cycle phase énriéhments
in the fractions was determined by a modeling voutisde,
described below, calculated during the experiment by means

of a programmable calculator.

3. DNA Histograms

Cell cycle distributions of all cell populations, both
before and after elutriation, were obtained by staining the
cells using the propidium 3iodide technique described by
Crissman and Steinkamp (1973) and analyzed in a flow cytome-
ter (Holm and Cram (1973)). A Spectra Physics HModel 171
argon ion laser provided a 2.0 watt excitation beam at 488
nm.wavelengths Individual  histograms were normalized to
constant total cell count, and gain~shifted to place the Gl

peak mode in channel 100, to facilitate visual conparison.
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Muleiple tests on NMull cells showed that good cell
eycle envichment vequived that the cells be suspeunded in
R
cold{(4” C) growth medium without serum. Poor vyesults were
‘ . . 8 .
obtained for samples of less than 1.5 x 10 oy more than 8.0

Q

3 P (3 £ gu e
x 107 cells, s0 this range was used in our expeviments.

0f the cells loaded into the votor, we were able to
account  fovr only 70-80%, including some 10-20% that showed

up as aggregates in the last fraction collected.  Reconsti-

o~

~uted expeviments, 1n which equal volumes of each fraction
weye pooled to reconstruct the initial pre—elutriated popu=
lation, vrevealed no cycle selectivity in loss of cells duy-

ing the elutriation process.

Examination of elutviated fractions by microscope
showed them to be wvirtually free of cell aggregates and
debris, indicating another advantage of the eluifiation
technique; di.e., "clean-up” of the sample populations. DHNA
histograms of collected fractions consistently showed favy
less Jlow-channel noise {debris) than their pre-elutviation
parent populations, and much less evidence of aggregates was
appavent in the vespective histograms. Cellular debris was
easily detected by the spectrophotoneter when 260 nm illumi-
nation was wused, and the effluence of debris consistently
occurred at rotor speeds far too high to perwit the exit of
whole <cells, and subsided within 10 to 15 win aftery all the

sample cells had been loaded into the chamber. Microscopic
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examination of thils collected effluent revealed a large
assorvtment of cellular {fragments, which g0 virtually
undetected at 600 nm because the suspended particles are too

small to significantly scatter light at these wavelengths.

From one trial to the next, Gl cells {(the first signi-
ficant fraction detected) eluted from the rotor at varying
sedimentation rates equivalent to 5-9 mm/hr at unit gravity,
veflecting volunetric or density variations which we found
difficult to control experimentally. However, the ratio of
GZM cell sedimentation rate to that of G1 cells érsvéd suf-
ficiently constant to be used to obtain reproducible frac-

M, and G, M

tions enriched in Glg leearly S, 8, late 5-G 2

2

phases, respectively.

Speed decrements were calculated by expressing the
relationship between rotor speed (W), counterflow rate (F)

and relative sedimentation rate (RS) as

WHk(F/RS)ljZ

where k has been determined empirically to be 1.93 for NHuli
cells, W is in units of thousands of revolutions per minute
(KRPM), ¥ is in ml/min, and RS is in mm/hr equivalent at
unit gravity. To apply the model, the sedimentation rate of
the G1 cells was determined for a fixed £flow rate at the
highest rotor speed at which the optical transmittance
dropped below 0.6 at 600 nam, corresponding to about 3,000
cglls/mla These cells were assigned a relative sedinmenta-

tion rate (RS) of 1.0, and subsequent vrotor speed settings
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weve oealoulated from the wmodel by dnseviing the RS values
covering a given desired range, typically 1.0 - 1.2, 1.9 =
21, and 2:5 = 2.7 fov envichment of Gig S, and G.,M frace
tdons, respectivaly. These values werse found to work best
when 600«800 willion cells wevre loaded, and to regulye

£z

adjustment for different sample sizes.

DNA bistograms of the pavent and elutrdated populations

collecte

it

d 4in a typiecal rvuo ave shown in Figuvre 3. These
¢

cells were veplated upon collsction, aund each of the dif-

fe

e

ent  cell cycle phase enriched fractions showed mpvamenﬁ
in the cell cycle within 6 hrs post seceding {sece below).
Population doubling times for the veplated cells were about
the same as for noun~elutvriated NMulLi cells in these culture
conditions: 14-16 hrs. The particular replate experiment
for which this elutriation was done required a very large G

i

senrich

o]

d sample population, and we consequently chose to
sacrifice some synchrony in order to collect encugh cells.

Other ruus have yielded virtually pure Gl NMuLi cells from

[N

initially asynchronous populations.

I'n a test of the stabllity of this method, parallel
batches from the same parent cell population were vun at two
different counterflow vates (15 nl/min and ‘25 ml/mind.
Fractions were collected at the same relative gedimentation
rates din each case, and thelr DNA histograms showed them to

be virtually identical in cyecle phase enrichment, indicating

that the method is independent of flow vate for this «cell
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Sygtema

When elutriated cells were reseeded 1n fresh medium
containing fresh serum the «cells moved through the cell
cycle as demonstrated 1n Figure 4. The DNA  histograms of
cells harvested at various times after reseeding showed com~
plex kinetles. The cells in . the 81 fraction (containing
mostly Gl cells) wmoved through § with biphasic kinetics.
Inditially cells moved into S with a broad distribution fol-
lowed at 10 hr by a wave of cells moving out of Gie Elutri-
ated fractions 854, 85, and 56 contained fewer Gi gellg than
S1; and cells from these fractions did not exhibit biphasic
kinetics. Cells from the S1 fraction had become asynch%0m
nous in their growth by 23 to 28 hrs? whereas, cells from
the other fractions maintained some degree of syuchrony even

after 2 generationse.
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DISCUSSION

If biological cells were spherical in shape, they would
g P J

obey Stokes’ Law, i.e.,

svg(Z!Q}x(g/n)x(densdif)fz
where sv = gsedimentation velocity {absolute), g = gravita-
tional or centrifugal force, n = viscosity o©f the nediun,
densdif = (parvrticle density = medium density), and v = par-
ticle 7rvadlus. By this relation, omne would predict that
cells possessing a gilven volume {at the same density) would
sediment at about 1.6 times the rvate of cellg'pOSSessing
half that volume. In our system the GZM cells are sediment-
ing at‘ZQS to Z».7 times the rate of Si cells. The fact that

we find GZM cells sedimenting at vrates far greater than

4 b

Stokes Law would allow can be accounted for by any or all

of the followlng reasons:

1) Shape, surface roughness and deformabilizy of
cells, and hence their hydrodycamics, differx

greatly frowm those of rigid spheres.

2} Short=term aggregation of cells within the chamber
may result in different hydrodynanmic drag forces
acting upon them.

33 Viscosity of the medium in the separation chanber
is a function of the number of cells/ml in the
chamber, among other factorse.

The most 1likely explanation for our results is that
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biological «wcells do not behave as rigid sphevres.

The persistent presence of Gl cells in all cell frac-
tions dimplies that there is a wide variation in sedimenta-
tion rate among Gl cells. This phenomenon can probably be
extrapolated to cells in all phases of the cell cyecle. Very
little is known about the hydrodynamic properties of mam~
malian cells and essentially nothing 1s known about how
these prgperties vary thr@ughoht the cell cycle. Scanning
electron mnmicroscopy studies have indicated that the surface
of cells 1s very complex and that structures such .as micro-
villi and blebs do appear and disappear throughout the cgll
cycle{Porter, Prescott, aund Frye (1976)). 1In view of these
complexdities it 1s not surprising that such complex cells as
mouse liver epithelial cells have not been sorted into
discrete cell cycle phases by elutriation. Our observation
that greater synchrony can be achieved by elutriating in the
cold probably relates to the reduced dependence of the
hydrodynamic nature of the cells on the surface architec-

turee.

Cell kinetics after reseeding the elutriated fractions
indicated wvery little damage caused by the proceéss A come
parison of the data from fractions containing mostly Gl
cells with the fractions from later in the cell cycle allows
us to speculate on how cycle progression is rvegulated. The

biphasic mnature of the movement of the fraction enriched in

Cl'suggests that these cells obey the transition probability
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model for cell cycle regulation{Smith and Martin (1973); and
Brooks, Bennett, and Swmith (1930)). The §1 ffactian con~
tained c¢cells with Gi DNA content that were progressing
through Gl te 8§ as well as Ceilé that were din a non-
proliferative state-. As has been describéd by Brooks et al.
{1980), these non-proliferative cells when reseeded into
medium containing high serum would begin to proliferate with
a long lag for entrance into 8. Thus, the biphasic kinetics
would be created by the immediate movement of proliferating

cells toward and through § followed by the later movement of

gstinulated cells.

The lack of such complex kinetics in. populations con=
talning few Gl cells probably reflects the lack of a randon
transition step in the §, GZ’ or 3 phases of the cell cycle
for these «c¢ells. 1t 1is also of interest that cells sorted
into S, st or ¥ maintain synchrony longexr than G1 soried
cells. Lven though all of these populations have passed
through Gl which contains the random transition step (Brooks
et al. (1980)). The high serum level used in the reseeding
can not explain totally the xelative decay dn synchrony
since the 81 fraction was also seeded in high seruis. The
faster decay in synchrony for cells 1in this elutriated frac~
tion may be due to such things as a faster utilization of
serum components by cells stinmulated from non-proliferation,
or a "memory"™ by cells such that cells recently stiunulated
from non=proliferation are wmore likely to re-enter the non~

proliferative state (GQ)e
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Several dimprovewments 1n the instrumentation would
gr@atly facilitate the wuse o0f elutriation in cell cycle
kinetic studies. We used a high (25 wml/min) counterflow
rate to allow a correspondingly higher rotor speeds. For
NMuLi cells the rotor speeds were typically 1.4 to 1.7 KRPM.
We prefered these higher votor speeds because at lower rotor
speeds reproducibility and stability of the Beckman J=21
centrifuge speed ‘contrgl drops counsiderably resulting in
“hunting™ by the servo speed control with consequent
improper vremoval of cell populations from the separation
chamber. Also, better servo rvegulation of counﬁerflﬁw rate
would stabilize against flow variations aue to resistance
differences along the "dispose" versus the "ecollect™
branches of the system (see Figure 1) and those arising dur-
ing the separation due to removal of cells from the chanmber
(and consequent viscosity change). The present method is
insensiltive to the total loaded.sample size because of the
arbltrary setting of dts detection threshold -to 0.6
transmission through the spectrophotometer. This has some
draw backs:

7 cells) are

When large sample populations (>5 x 10
loaded, some level of leakage of cells from the rotor
is always present, thus making ambiguous the iddentifi-
cation of the rotor speed which corresponds to the
first Gi cellss Some of this ambiguity would be elin-

inated by the use of an estimate of the total size of

the loaded population, and by defining Gl cells to be
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step,

decre

- 15 -

those , which began to exit after the first n?% of the

total have been removed: n could be determined enpiri-

cally for each cell line.

Also, since veplating is often involved as a subsequent
it would be highly desirable to know what rvotor-speed

ment will result in a given desired nuwmber of cells

emanating from the rotor, so that plating density require=

ments

based

can counveuniently be met. The method could perhaps be

on the spectrophotometer veading, with sone form of

predictor=-corrector scheme used to start decreasing vrotorx

speed, and cease decrementing when the appropriate number of

cells has exited.

K
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CONCLUSIONS

We have developed a reproducible scheme for selecting
partially synchronous subpopulations of the wmouse liver
epithelial cell line, NMuLi, using centrifugal elutriation
in conjunction with a model relating relative sedimentation
rate to cell cyecle phase. The method produced population
fractions enviched din distinect cycle phases frowm an ini-
tially asynchronous pre-elutriated population, and the frac-
tions show neither loss of viabdlity nor major perturbation
in their progression through the cell cycles Improvenents
are to be expected in operational technique and in predic-
tive modeling of the relation between cell cycle phase and
absolute or relative sedimentation velocity for the cells in

question.
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FIGURE LEGENDS
Schematie Diagram of Elutriation Centrifugation System.

Sterile Transfer Device. To transfer c¢ells fron the
slutriator {sterile system I} to a collection vessel
{sterile system 11}, the two serum capped units are
forced together and the needle driven through both caps
by downward pressure on the ianner tube of the sliding

barrel unit. Aspirating uneedles mwmaintain constant
pressure duving the transfer procedure-. After

transfer, the dinner tube is withdrawn while the caps
are still pressed together so that no contact occurs at
any time between the needle and the atmosphere (patent
applied for).

Cell Cycle Distributions After Elutriation of a Growlng

Populatione. Original population (upper left) was
sorted into 8 collected fractions at the relative sedi-
mentation {RS) rates dindicated. RS = 1.0 was assigned

to the first cells leaving the rotor (details given 1a
text).

Kinetics of Cell Cycle Transit of Elutriated Fractions.
NMuLli cells after elutriation were sceded in fresh MEY

containing 20% donor calf serxuwn. Samples were Thar-

vested beginning 6 hrs after seeding and prepaved for
analysis of cell cycle distyibution by flow cytouwetry.
The nunbers dn the upper right corner denote the tine
in hours after seeding that the sample was harvested.
81, S84, 585, and 86 are the same as in Figure 3 and
refer to the elutriation fraction. All DNA histrograms
are normalized to the same area and Gi peak positions
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SCHEMATIC DIAGRAM OF LCB ELUTRIATION CENTRIFUGATION SYSTEM
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Figure 3

Elutriation fractions from NMuli epithelial celis
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Figure 4 °
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