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ABSTRACT

Flow micfgfluqrometry has been used to characterize the effeets'of serum
concentration and ce]T density on the'initiation-ot_cell cycle transit of
stationary phase (G ) human dip1oid'ffbrbb1asts'(sthatn WI-38) 'The concen-
tration of serum used to st1mu1ate these cultures had no effect on the t1mer
-cells began appear1ng in S (the DNA synthet1c per1od), nor on the synchrony
-w1th which they moved around the ce]] cycle. However,_as the serum concen-
tratlon 1ncreased, the-fract1on of the stationary phase‘popu]ation released
from G, increased. Cell density modu]atedvthe'abi1ityvof»serum to stimulate
cell Cyele traverse. Ffor examble, at a cell density-of 1.81 x 104 ce]]s/cmz,
78% of -the populatiqn was sensitive to serum stimulatﬁOn; whereas, when the
.density.was incfeased'to 7.25 x 104 ce]]s/cmz, on}y 27% of the population
~ could be stimulated This.etfect of cell density\on the serum response - is
not:} - simply the resu]t of changing the ratio of serum concentrat1on to
cell dens1ty, but appears to reflect a true modu]at1on of the population's
sens1t1v1ty to serum stimulation. These resu]ts are cons1stent with the
1nterpretat1on that the pr1mary action of serum is to determ1ne the proba-
: b111ty of "the trans1t10n of cells from a non- cyc11ng G state to a cycling
.state and that cel] dens1ty determines the proportion of the popu]at1on

capable of undergoing this transition.



INTRODUCTION

'Tﬁe.growth'of humaﬁAdip1oid fibroblaéts ih cu]ture‘is characterized by
a logarithmic grthh phase followed by a stationary phase in whi;h the cell
number per culture remains constant. The mechanism(é) Which_estab1ish this -
stationary phase are not known; however, it has beeh-demonstréted that most -
of the cells in a stationary phase population héveva'DNA contenf equiva]ént to
cells in‘the-G]'phase of the ce11 cycie‘(w1ebe1 and'Baéerga, ‘69; Macieika-Coé]hp
,and Berumen, '73). Sq far an adequate description of how statidnary phase cells
are d1;tributed throughout G] has not been possible because of a lack of
_suitab1e harkers for the various parts of G]. Prescott (1968) has proposed
that as a culture enters stationary phase, G]‘ekpands'such’that éven though
cells are still traversing the cell cycle they spehd:thé majority of their
cycle time in Gi.: Smith and Martin (1973), on the other hand, have divided Gy
into:two states,}é'"B-phase" in which the ce]ié are progréssing towards the
fnitiatidn of'DNA synthesis, and an "A-state" in‘which the cells can reside
~for an indeterminéte period of time without progressing towardé”DNA'Synthesis
or division. This "A-state" is éna]ogous to the'G0 state proposgd by other
invesiigators (Roveravand Baserga, '73; Baserga‘gg_gl.; '73; Sander and Pardee,
'72; Smets, '73; Augenlicht and Baserga, '74).

Whatever the nature of the stationary phase population, it has been observed
with'a number of’ée]l culturé systems thaf fhe additﬁon of fresh serum to the
- medium of stationary phase cultures stimulates cells fo'syhthesize DNA (wiebeT
and Baserga, '69; Todaro et al., '65; Griffiths, '72; Temin, 7). Wiebel and
Baserga (1969) obsérvéd_this phenomenon with wI-38 cells and showed that addition

of fresh serum to é stationary phase culture stimulated 11% of the populatjon to
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synthesize DNAhwithin 36 hr. This stimu]atidh of cell cycle traverse by serum
| addition suggeets_that the onset of stationary phase-may be due to a reduction
of the serum activity in the growing culture or a greater requirement for
serum as the cell density increases. In the experiments reported here we have
studied how Sekdm,and cell density.interact to modulate the release of cells
from stationary phase. The results of these experfments?suggest that serum
concentratioh'affects ehe phoportion of the popu]atioh’that can be stimu]ated
from stationary phase, and that 1ncrea51ng cell dens1ty decreases the ability

of serum to st1mu1ate cell cyc]e traverse

MATERIALS. AND METHODS

_.Cell Culture Techniques. The WI-38 cells used in this study’were'obtained

from Dr. Leonard.Hayf1ick of Stahford University. They were generally received
at pobu]ation d0ub1ing levels between 15 and 19. ‘The_ceT1SFWere carried in

100 mm pfastic dishes (Falcon, OXnard Calif.) and 1ncubated in a 10% CO2 in-
‘cubator at 37? The cells were grown in Vogt and Du]becco s modification of
Eegie's medium (Vogt and Dulbecco, '63) cohta1n1ng 10% newborn calf serum
(GIBCO, Grandilsiand; N.Y.). The cells were_transferredIWhen they reached

5 ce]]s/cmz) by removel from the dishes with

their saturation density (1.3 x 10
0. 05%‘trypsin (Difco 1:250; Detroit Mich.) in 25 mM Tris.buffer ’pH.7 4 con-
“taining 140 mM NaC] 5 'mM KC], and 0.7 mM NaZHPO4 (1soton1c Tris buffer) The
reseeding density was ]/4th the saturation density. The cells used in these
experiments were at passage level 20-25.

For stimu]ation of cell cycle transit, 10-day chjfures Qf'w1f38 cells were
trypanized as described above_and reseeded in fresh dishes at the eensity to
be tested and in media containihg the required serum ebhcentration.‘ In -

_previous experiments it was shown that this trypSinizétion‘procedure did not

affect the stimulation of cells.
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Flow Microf?uokometny{ The amount of DNA per individual cell was quantified

- by staining the cells with acriflavine (Trujillo andvvan Dilla, '72) and
'measuring‘the amount of fluorescence per cell by f]ow’microfluorometry (FMF).
Thus, cells in G, have 2C DNA content and those in G, plus M (G,*M) have a 4C DNA
content. Cells in S have a DNA content distribution between 2C and -4C. These
measurements were-done in co]]aboration with Drs. Joe Gray and Marvin Van Dilla
of the Lawrence Livermore Laboratory;' The FMF technique has been described,,
previously (Ho]m_and Cram, '73). Briefly, the stained cells were passed indivi-
| dually through'the'beam of an argon-ion laser (SpectraAPhysjcs, Mountain View,

| Ca11f ) tuned to 488 nm. The pulse of fluorescent 1ight‘Was filtered to reduce
scattered exc1t1ng 11ght and absorbed by a photomu1t1p11er tube positioned at
'rwghtiang1es to the lasen beam. The resu]tjng s1gna1-1sfamp11fjed electronically
~and recorded in the memory of a,pulse'height ana]yzerz(Northern Scientific,
Middletown, WiSConsin). The data in the forn of a DNA histogram was stored on
magnetic tape and phocessed by a program written for'a ngma 2 .computer (Xerox,
Rochester, N. Y'); The proportion of the popu]at1on in G], S, and GZ+M was
determ1ned by ana]yz1ng the data with a best fit computer program wh1ch assumes
a Gauss1an funct1on under the G] and G2+M peaks and a second order polynomial
comprising the S contlnuum (Dean and Jett, '74). In fact stain picked up by
the cytop]asm a]ters the apparent distribution of ce1ls 1n the G] and G2+M

from a true Gaussian peak. The magnitude of this effect was determ1ned by
measuring the peak shapes in popu]at1ons containing no cells in S as Jjudged by
‘3H-thymidine incorporation and autoradiography. ATl subsequent ca]cu]at1ons

- employed this corhection for non-Gaussian distrmbut1ons U51ng this procedure,
the determination ot.the percent.of the population in S by FMF agreed to within

10% of vaTues obtained by 3H—thymidine incorporation and_autoradiography.



RESULTS

Analysis of Cell Cycle Transit. The effect of serum concentration and cell

‘density on the stimulation of cé]] cycle transit was monitored by measuring the
incréase_in the amount of DNA per cell as a function pf time after stimulation.
Figufe~1 shows tﬁe'series of DNA histograms obtained when WI-38 cells at_a den-
sity of 1.81 x 104 cel]s/cmszere stimulated with differentlconcentrations of
serum. Previous exper1ments had indicated that not much movement of cells out -
of G] and into S occurred before 18 hr, regard]ess of the serum concentratwon
used} In add1t1qn, the exact time after st1mu1at1on that cells began entering
S depended to some extent on the prior history of thé-stationary phase popula-
tion. As reported by Augenlicht and Baserga (1974),'the 1cnger a culture was
maintained in the stationary.phase, the longer the lag time between stimulation
and the initiation of DNA synthesis. -

The DNA hiscogfams were-ana1yzed as described in MATERIALS-AND METHODS
to defermine the fraction-of the population in the vérioﬁs cell cycle phases.
As seen in_Figuré 2;fce11s began to svnthesize DNA betwceh 20 and 22 hr
 at a11ICOncentrations of serum'testéd. The time necessary for 50% of the stimu-
1ated'p6pu1ationc(ri)2) to move,ffom one cell cyc1e phase to the next was ‘com-
puted from this-data.and giveé a measure of howithe stimulated population moves
through the cell cyc]é. These values are'reported in Table 1. Reliable
values for T]/2 werevobtained for all serum concentrafions~except for 1%.
With this concentratxon of serum, the proport1on of the population st1mu1ated
was so small that reliable estimates for the T]/2 of the S to G,+M transit
could not be obtajned. The values obtained for the other serum concentrations
indicate that the concentration of serum used to stimulaté the cultures had

no effect on the time it took the stimulated popu]atidnfto move from Gy to S,



“or from S'tovGé+M. These éalués were alsonused tofcajcujate the length of'S
by sub'cr'acting‘T]S/2 from T]fz_(see Table 1). Serum concentration had ]itt]e
effect on the 1eﬁgth of S and the average value of‘6.731_0.2 hr reported in
Table 1. for S compares favorab]y with that théined'by Macieira—Coe]ho‘gg_gl,
(]966)5 |
To,ﬁéasure:fhe éffect of serumJOn the synchrony of the stimulated popula-
tion; the width Qf the peaks in Figqre 2 were calculated at T]/Z'- These “values
- represent the spread of a stimulated population in agparticular cell cyC]ev
phase;. When the peak'widths are compared from populations stimulated with
different coﬁcentrétions of serum (Table'l),_it is évfdent that serum does not
affect the synChrony of the stimulated population. The.average peak width

of the 'p0p01ation in GZ+M wés not signfficantly differeht from that of the

popuTation in S, Suggesting that there is no significaﬁt loss of synchrony as

~ the populétibns move through S and into G,+M.

FaCtors'Influencing the Proportion of G]‘Ce1ls Stimulated. By comparing

the areas undér_thevvarious curves in Figure 2, it waS obserVed that as the

serum coﬁtehtrétibnidecreased, sg did the proportion of the popu]ation‘stimu1éted.

To examiné this effect more thoroughly, stationary phase WI-38 cells were

seededvat 1.81 xv]voq_ceﬂs/cm2 in medium containing different,concéntrations of serum,
and the proportfon of the population stimulated to tréyerse‘the cell cycle was

" determined. The stimulated cells were trapged in mitosis by additign of |

colchicine (0.2 ug/ml), and after 36 hr the fraction of the population ﬁhat

had moved frova1 to G,*M was measured by FMF. ‘Under~these conditions, the

fraction of the population stimulated increased as a function of serum concen-
traction, reaching a‘maximum of 78% of the population stimu]ated with serum

concentrations of 8% and above (Figure 3). When the stimulqtion experimen; was

repeated at a 4-fold higher cell density (7.25 x 10t cé]]s/cmz), the proportion
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of the populatieh in GZ+M after 36 hr reached a maiimum'of only 27% of the
popu]at1on stimulated at serum concentrat1ons of 16% or greater Above 20%
serum, an apparent toxic effect was seen at both cell densities, resulting

in a decrease in the amount of st1mu1at1on (data not presented).

DISCUSSION

The events.leading to the oneet of stationary'pHASe in cultures of WI-38
v.human diploid fibrobTasts are not well understood. {Ryan et al. (1975) Have
shown thet the ¢e11 density at which this‘trénsftioh occurs can be regulated,
within limite, by‘the concentration of serum in the’growfh?mediﬁm. Presumably,
_the action of serum is to supp1y-some growth promoting activity (Holley and
Kiernan, '71; Temin, '68; Houck and Cheng, '73). S
A]though 1t has been demonstrated that the maJor1ty of stationary phase
ce]1s are in G] (W1ebe1 and Baserga, '69; Macieira-Coelho and Berumen, '73;
Todaro et al., '65; Griffiths, f72, Tem1n, 7, 11tt]e is known about how
the’population-isfdistr}buted in G,.. For example, it is not known whetherv
the popu]étioh’ie blocked at one pointin Gy (GO) or spread uniformly through-
out the phase. _The model proposed by Shith and.Marfih‘(1973) suggests that
cells can exist in two states, a VBAphase"~ih which,fhe cef] is committed to
, growth and.cell‘dfvidion end an "A-state" corrESpondj’ng.to-Go whicﬁ is inde-
terminate. Faetofs thet would affect the growth of a population would
primerily affect tﬁeiratio’of cells in the two states. According to this
mode] a popu]at1on in the stationary phase contains mostly cells that are in
- the "A state" and st1mu1at1on would s1mp1y 1nvo]ve 1ncreas1ng the probability
of transition from the‘"A-state" to the "B-phase". Sm1th and Martin (1974)

argue that the concentration of serum in the medium used to stimulate



stationary phase'cells determines the number”dt ce]ls making the transition
from the "A-state" to the "B-phase"vper udit time. Wetobserved that the con-
centration of serum had no effect on the time it todk the.stimuiated population
to reach or GZ+M’ nor on the synchrony of the hé]éasedvpdpulation. Thus,
within the 1imits of the concentrations tested, the effect ot serum on the
growth of'Wi-38 cells in culture cadnot'be explained en the basis of an effect
on the rate of ttansitioh'of cells from avnon-cyc]ingdto a cycling state:

The level of serum in"the medium does affect the'phoportioh'of the popula-
tion'df WI-38-ce11s that can be. released ftom GT‘ Tdis Sensitivity to serum
'st1mu1at1on is mddu]ated by the cell density at wh1ch ‘the cultures are st1mu1ated;

4 2

For example, as seen in Figure 3, at a dens1ty of 1. 8] X 107 cells/cm®, the

maximum percentage of the population stimulated was78%\~hereas, at a density

of 7.25 x 10%

ce]]s/cmz, the maximum percentage decreased such that only 27%
of the popu]at1on was st1mu1ated . _ : |

“The cell density had no effect on the time requifed‘for the stimulated
population to ehter'S or Gy+M (unpub]ished'data). HoweVer, because of the small
proportion of'tﬁe popU]ation'stimulated by serum at high cell densities, it wes
not possible to accurately measure the effect of serum concentration on the
synchrony of those popu]at1ons ‘The decreased st1mu1at1on of cell cycle transit
. seenrat high density is not due simply to a decrease in the ratio of serum con-
centration to cell density. If theiproportiqns of theﬁpobu]ation stimulated
| are compared at eqdjvajent ratios of serum concentfation.to cell density,.tﬁe
popdlqtions at.loWer dehsity are stimu]ated to a higher extent. For example,

as-seen in Figure 2 when a population at 1.81 x 104 ce‘]]s/cm2

was stimulated
with medium containfng 1% serum, 21.4% of the population moved from G] to G2+M.A
whereas, at an equiva]ent serum to ceIl density ratid'bqt‘a four-fold higher

cell density (7.25 X 104 ce]]s/cmz) and serum concentratfoh, only 8.7% of the
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population wés stimulated. Similar results are obtained if other ratios of
serum c0ncentrétion to cell density are compared }This observation indicates
that cell den51ty by itself can regulate the proport1on of the population
capable of be1ng st1mu1ated to traverse the cell cyc]e

In summary, our exper1ments indicate that the dens1ty of cultures of WI- 38
cei]s determ1nes-the proportion of the population sens1t1ve to serum stimulation
of cel] cyc]e tranSIt The concentration of serum-in'the medium can, within
11m1ts assoc1ated with cell density, regulate the proport1on of the population
stimulated. However, the synchrony of the released popu]at1on is not affected
.by serum.concenfration, suggesting that WI-38 cel]s d6 not régu]ate cell cycle
transit in a ménhér consistent with the model propoéé&-by Smith‘and Martin
- (1974) for regulation of cell cycle transit. |
}7 Our data‘is:mdre cohsistent with the mode] proposed by Prescott in which
stationary_phasé cé11§afe di§trfbuted throughout'GI, Stimulation of cells with
,serumvinYolves é_1ag time not affected by serum'concéhfrétion, and causes a
fraétionlof the‘pbpulation to move into S with a dis%ffbution which reflects

theyasynchrdny of the_popu]atipn in stationary phase;
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Table 1. Kinetic Parameters of Serum Stimulation of WI-38 Cells

6.

S ok
% Serum T]/-2 (hr) W

‘Peak™
idth (hr)

1 24.0
2 23.0
4 2.0

10 22f0

5.6
6.4

6.4

6.0

 Avg. 6.1 + 0.3

S 6, +M

G, Peak” S 6,
T2 WTdth (hr) N2 = T2
30.0 6.0 7.0
28.5 7.6 6.5
28.5 6.8 6.5

. Avg. 6.8 + 0.8 Avg. 6.7 + 0.2

1 refers to the time it takes 50% of the stimulated populstion to move

1/2

from one cell cycle phase to the next. The superscripts refer to the

phase the_populatfon,is entering.

* Width of the peak measured at T

1/2°



COow o 450031

FIGURE CAPTIONS

Fig. 1. DNA Histograms of Serum Stimulated WI-38..
i At 0 time WI-38 cells were seeded at 1.81 x_'104 ceHs/cm2 in
medium containing the'ihdicated serum ¢oﬁcehtratiohs. Samples
wéréFWithdrawn at the indicated times and_prepared for FMF.

From 30,000 to 100,000 cells were analyzed for each sample.

Fig. 2. Release of WI-38 Cells from Stationary Phase.
The DNA histograms from Fig. 1 were ana1yied asjdeScribéd}in '
MATERIALS AND METHODS. The symbols refer‘ﬁo the serum concen-
trétion:_ (0);.1%; {e), 2%; (o), 4%;~ (¢), 10%;’

Fig. 3. ~Effe;tlof serum on the stimulation of ce]lfcyéié'frénéﬁti .
At 0 time_w1—38 ceTls were seeded at 1.81 x 104 ceﬂ_s/cm2 (o)

4 ce]]s/cm2 (o) in medidm containing different

and 7.25 x 10
conéeﬁtratiohs of serum. Co]ghicihe (0.2 ﬁg/m]) waé added at
17 hr and the samp1es were harvested ét 36 hr and analyzed by
FMF.  From 30,000 to 100,000 cells were aha]yied for each

sample.



-16-

DNA HISTOGRAMS OFHSERUM STIMULATED WI-38
(0) 1% Serum - . (b) 2% “Serum

5000 '8 '20. 22 24 26 28 30 32 34 36 hrs. I8 22 24 26 28 30 32 34 36 hrs.
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EFFECT OF SERUM ON THE.STIMULATION
OF CELL CYCLE TRANSIT
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
.or usefulness of any information, ‘apparatus, product or- process
disclosed, or represents that its use would not infringe privately
owned rights.
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