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ABSTRACT Zetterberg and Larsson proposed that
the restriction point divides the G1 phase into two
parts. Cells before this point are able to leave the
division cycle and enter a G0 phase; cells past this
point are unaffected by a short period of low serum.
Additional results of Zetterberg and Larsson—1) cy-
cloheximide treatment affects cells in the same way
as low serum, and 2) a delay in the second division
after serum starvation in the cells not initially af-
fected in their first division—indicate that their
experiments are consistent with serum removal af-
fecting cells in all phases of the cell cycle equally.
Their experiments are consistent with the continuum
model of the mammalian division cycle. There is no
need to postulate a restriction point or a G0 phase to
explain the serum starvation results.—Cooper, S. On
the Proposal of a G0 phase and the restriction point.
FASEB J. 12, 367-373 (1998)
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ZETTERBERG AND LARSSON (1) have summarized a
large number of experiments proposing that the Gl
phase of the mammalian cell division cycle could be
subdivided into two phases. Cells from the early
phase could enter the GO phase, and those in the
later phase could not (2). The point of division be-
tween these two phases was associated with the re-
striction point (3). I will present a reinterpretation of
those experiments and provide an alternative expla-
nation for the concept of the GO phase and division
of the G1 phase into different parts at the restriction
point.

ALTERNATIVE VIEWS OF THE CELL CYCLE

There currently exist two diametrically opposed views
of the regulation of the division cycle within the Gl
phase. The dominant consensus or classical G1 reg-
ulatory model proposes that there are important reg-
ulatory functions, events, or stages in the G1 phase.
For example, the G1 regulatory model proposes that
cells choose, at some point in the G1 phase, whether
to proceed through the remainder of the division cy-
cle. Further, cells that differentiate decide to differ-
entiate in the Gl phase of the division cycle. Most
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important, various Gl-specific molecules are synthe-
sized specifically within the G1 phase of the division
cycle. Finally, genetic experiments indicate that there
are genes specifically associated with passage through
the G1 phase of the division cycle (4).

An alternative view of the division cycle questions
the proposal of Gl-specific events in mammalian
cells. This alternative view proposes that the G1 phase
exists when the time between the starts of the S
phases (i.e., the interinitiation time or the interdivi-
sion time) is greater than the sum of the S + G2 +
M phases. This view proposes that many experiments
leading to the proposal of G1 events have different
and equally valid interpretations. This alternative
view proposes that one can account for the myriad
results leading to the G1 event model by understand-
ing the way many experiments have been overinter-
preted. Previous publications have dealt with topics
such as variability in the length of the GI1 phase (5),
the nature of the hypothesized ‘G0 phase’ (6), GI-
specific gene expression (7, 8), variation of the G1
phase during embryogenesis (9), analysis of complex
results due to concanavalin A mitogenesis (10), and
the G1 phase explanation of cycle variability (11). A
complete analysis has been summarized in a book on
the division cycle (12). This model has been chris-
tened the ‘continuum’ model to distinguish it from
the ‘classical’ G1 control model of the mammalian
division cycle.

This paper deals with a series of experiments that
have been used to support the G1 model of the di-
vision cycle: the Zetterberg-Larsson experiments (1,
2). The appearance of this experiment in an impor-
tant book devoted to the cell cycle (13) necessitates
a clear and convincing reanalysis and reinterpreta-
tion. The experiments that will be analyzed here have
been summarized (1), although the original data can
be found in previously published articles (2, 14-16).
A summary of the relationship of the proposals of
Zetterberg and Larsson to other arrest points (restric-
tion point, W point, etc.) is provided in a review ar-
ticle (17).

The Zetterberg-Larsson experiments are put for-
ward as a precise experimental definition of the G0
phase of the cell cycle and strongly support the ex-
istence of a restriction point or decision point in the
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Figure 1. The basic Zetterberg-Larsson experiment. In panel
a, cells of all ages are illustrated in an unperturbed, exponen-
tially growing culture. Inasmuch as cell age is calculated from
the time since it was produced by division, one can predict
(disregarding statistical variation) the time of the next cell
division. A cell will divide in a number of hours equal to the
total interdivision time less the time since birth. At the start
of the experiment, all cells are subjected to a short period (1
h) of serum starvation (time zero). The division time of each
cell is determined. The results of serum starvation are illus-
trated in panel 5. The youngest cells in culture (those in the
proposed Glpm phase) have a delayed division, whereas all
cells past a particular cell age divide on schedule. G1 phase
cells delayed in division are proposed to be in a ‘postmitotic’
state (Glpm); those later in the G1 phase (in these experi-
ments, cells older than 3.5 h) are in a ‘presynthetic’ (Glps)
phase of the division cycle.

mammalian G1 phase. Because the GO phase is inti-
mately related to control during the G1 phase of the
cell cycle, the Zetterberg-Larsson experiments lend
important support to the Gl control model of the
cell cycle. As will be shown, these experiments are
fully consistent with, and support, the continuum
model.

THE ZETTERBERG-LARSSON EXPERIMENT

Cells growing exponentially in culture dishes were
studied using a time-lapse video system. Zetterberg
and Larsson observed cells growing and dividing over
many generations. By noting when a particular cell
arose by division, they knew the extant age of any cell
in the culture at any particular time.

At a specific time, serum is removed from the cells;
after 1 h, the serum is restored. Time-lapse observa-
tion of the cells continues. The time until each cell
will divide is determined, and changes from the nor-
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mal time of division are correlated with cell age at
the time of serum removal. The basic observation is
illustrated in Fig. 1. In a control condition (unper-
turbed culture with no serum removal; Fig. 1, upper
panel), cells will divide so that all cell interdivision
times are the same. Younger cells will take longer to
divide than older cells. (In this analysis, normal cycle
variability is not considered, and the results are pre-
sented in an idealized form.)

The effect of serum removal can be seen in the
lower panel of Fig. 1. The youngest cells in the cul-
ture, those within 3.5 h of birth (said to be in the
Glpm or ‘postmitotic’ phase),” have a delayed divi-
sion. Cells past this 3.5-h mark (G1 cells in this phase
are called Glps or presynthetic) have a normal, un-
delayed division. Cells in the S and G2 phases also
have a normal, undelayed division. (Experimental
determinations are summarized in Fig. 2a, b.)

The division delay observed in the Glpm cells is
approximately 8 h, significantly longer than the 1-h
serum removal. Zetterberg and Larsson proposed
that cells early in the G1 phase (Glpm) are different
from cells in the latter part of the G1 phase (Glps).
The Glpm cells can make a decision to leave the cell
cycle and enter the GO phase; G1ps cells cannot. The
serum-starved Glpm cells enter the postulated GO
phase, and 8 h is required for the cells to return to
the cell cycle. This proposal is illustrated in Fig. 3.
The Zetterberg-Larsson results lead to the proposal
that there is a particular point in the G1 phase at
which cells change from Glpm to Glps. Let us turn
to these two separate ideas and analyze what is pro-
posed.

GO

The GO explanation of the extended 8-h delay after
serum starvation is shown in Fig. 3. According to Zet-
terberg and Larsson, cells in a particular phase of the
cycle, the Glpm cells, are able to enter GO. Cells past
this phase are unable to enter GO. A detailed analysis
of the GO phase has been presented (12). The orig-
inal postulation of an out-of-cycle GO phase was made
for liver cells in normal tissue. An extension of the
GO phase proposal to cells in tissue culture has been
generally accepted without detailed proof that cul-
tured cells truly model cells in normal tissue. The
Zetterberg-Larsson experiment is thus a potentially
precise definition of an out-of-cycle GO phase. For
this reason, one must critically analyze the results to
see whether there is another explanation for the ex-
tended division delay observed in Glpm but not in
Glps cells.

* Abbreviations: Glpm, postmitotic phase; Glps, presyn-
thetic phase.
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Figure 2. A formal display of the Zetterberg-Larsson results.
The abscissa in each panel depicts the extant cell age at the
time of treatment. The ordinate is the total interdivision time
for cells of different extant ages. The numerals indicate
whether the division plotted is the first or second interdivision
time after treatment (1 for the first division cycle, 2 for the
second division cycle). If there is no treatment (&), these con-
trol cells all have the same interdivision time; cells divide at
the next division at the normal time. This is indicated by a 1
for the first division. A second division will occur by the su-
perposition of a 2 over the other numerals, as all subsequent
divisions will be of equal length. If there is a short period of
serum withdrawal (b), the cells of lower ages (left-most part of
the abscissa) have an extended first division cycle. This is
shown by the elevated numerals. Cells in the latter part of the
division cycle have a normal division. Panel « is a plotting of
the results in Fig. 1a4; panel b plots the results of Fig. 1b. Panel
¢) indicates the results obtained after a short treatment with
cycloheximide. Panel d shows the first and second interdivi-
sion times resulting from a short period of serum withdrawal.

THE RESTRICTION POINT

The Zetterberg-Larsson proposal also implies that
there is some decision point in the G1 phase of the
division cycle when cells leave one particular state—
those able to enter G0—and enter a different state.
According to this explanation, a G1 event occurs.
This event is then associated with a previously pro-
posed point in the division cycle, the restriction
point. Let us now turn to the restriction point and
analyze how this applies to the Zetterberg-Larsson ex-
periment.

Pardee (3, 18) proposed that the restriction point
exists in mammalian cells. Cells starved of amino ac-
ids were observed to come to rest with a G1 amount
of DNA. From experiments using different starvation
protocols, Pardee proposed that there was a unique
point within the G1 phase at which cells are arrested
when growth is inhibited. Cells past this restriction
point were able to initiate S phase and ultimately di-
vide. To be precise, there is no clear, convincing, and

GO AND THE RESTRICTION POINT

rigorous reason to associate the restriction point of
Pardee with Zetterberg and Larsson’s decision point
between the Glpm and Glps phases. That association
is purely conjecture. But it is just this coalescence of
ideas that makes the Zetterberg and Larsson experi-
ment so convincing as a support of the G1 regulatory
model of the cell cycle.

I will make this relationship more explicit. In Par-
dee’s restriction point experiment, some cells in the
G1 phase of the division cycle are able to initiate DNA
synthesis even though they are still in G1 phase when
an inhibitory condition is introduced (starvation for
an amino acid, for example). Cells past a particular
point can start S phase and are not delayed. In the
Zetterberg-Larsson experiment, there is a similar re-
sult, with cells past a particular G1 phase point able
to initiate S phase and ultimately divide. There is, on
the surface, a strong similarity between the two ex-
perimental results.

THE KEY QUESTION: DOES THE
ZETTERBERG-LARSSON EXPERIMENT
DEMONSTRATE THE EXISTENCE OF A
G1-SPECIFIC DECISION POINT?

The difference between the Zetterberg-Larsson anal-
ysis and the continuum model analysis of the
Zetterberg-Larsson experiments rests on whether
something specific happens during the G1 phase of
the division cycle. There is no disagreement about
the results, the observations, the methods, or even
what happens when serum is removed from growing
cells. The continuum model proposes that the results
observed can be explained without invoking any G1-
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Figure 3. The GO model of the Zetterberg-Larsson experi-
ment. Cells in the Glpm phase are induced to leave the cycle
and enter GO. Return from GO takes 8 h. (The ‘-gf’ indicates
removal of growth factors.) Cells past the decision point (or
restriction point) between the Glpm and G1ps phases are un-
able to enter the GO phase and thus do not have a delay.
Removal of growth factors during the Glps, S, G2, or M phases
has no effect on division.

369



specific controls, checkpoints, restriction points, or
related phenomena. To see how this can be so, we
have to look at two additional experiments per-
formed by Zetterberg and Larsson, because these ex-
periments indicate that the continuum model can
explain the results as well as, if not better than, the
GO/restriction point model.

The two experiments to be analyzed are the effect
of cycloheximide on cell division and the observation
of delay in the second division in the Glps cells.

CYCLOHEXIMIDE TREATMENT

A summary of what happens when cells are un-
treated, starved of serum, or treated with cyclohexi-
mide is presented in Fig. 2. When cells are treated
with cycloheximide, a delay in division of the young-
est cells in the population is observed (Fig. 2¢). This
can be seen by comparing Fig. 2¢ (cycloheximide
treatment) with Fig. 25 (serum removal). Cyclohexi-
mide is a chemical that inhibits protein synthesis in
mammalian cells. I am aware of no evidence that cy-
cloheximide acts in a cell cycle-specific manner. To
the contrary, there is every reason to believe that cy-
cloheximide affects protein synthesis in cells in all
phases of the division cycle.

If we view the cycloheximide experiment not as an
extension and elucidation of serum removal results,
but as a control experiment, then a completely differ-
ent interpretation arises. If the results of cyclohexi-
mide treatment were different from the serum
removal experiment, then we could conclude that se-
rum did something other than inhibit mass synthesis
or protein synthesis in all phases of the division cycle.
As a control experiment, however, one can conclude
that cycloheximide inhibition does exactly the same
thing as serum depletion. This means that serum
withdrawal affects cells in all phases of the division
cycle, but we get an observable effect only on the
youngest cells of the division cycle.

How can we explain the difference between cells
early and late in the G1 phase regarding either serum
withdrawal or cycloheximide treatment? The contin-
uum model explanation is presented in Fig. 4. This
explanation is not meant to be definitive, but merely
to show how an alternative explanation, without any
cell cycle-specific effects, can give the appearance of
a cell cycle-specific effect. The explanation proposed
here is one counterexample of many that can be pro-
posed. The continuum model postulates (in this hy-
pothetical example) that removal of serum for a short
period leads to an eventual delay of mass increase in
cells. The effect of serum removal is not immediately
seen, and mass increase continues for some period
before reaching a plateau. There is a period before
the effect of the 1-h starvation is felt by the cells. Cells
of all ages experience the same pattern of mass in-

370 Vol. 12 March 1998

The FASEB Journal

ipm G1ps
— S5 15 | —

%
ﬁ .

2 ,/;

2 ,;

s 7

=

= A

ﬁ

/g
7
0|7
517
S|
%
3|7
Ol 7
Z
7
%

S phase delay

Figure 4. Leakage and entry into S phase during serum star-
vation or cycloheximide treatment. The upper panel describes
what happens to cells past the G1pm phase (i.e., cells in the
Glps phase) when serum is removed for a short period of time
(narrow striped area). Normally, mass would increase expo-
nentially, as indicated by the straight-angled line. After a short
period of serum starvation, it is possible that mass continues
to increase in this exponential fashion. This soon stops. Then
synthesis reaches a plateau that continues for an extended
period of time. Cells that enter the S phase (indicated by the
shaded area) during this treatment are now defined as being
in the Glps phase. These cells divide normally at the next
division; no division delay is observed. In the lower panel, the
same effect of serum withdrawal or cycloheximide treatment
is observed on mass increase, but here we see that because the
cells are further from achieving the mass related to initiation
of S phase, they do not initiate S phase. Only at a later time,
when mass increase resumes, will these cells achieve the nor-
mal mass associated with initiation of DNA synthesis, and S
phase will begin.

crease when cells are treated with cycloheximide or
when serum is withdrawn. The only difference is that
cells can initiate S phase if they were close to starting
it when a treatment (serum removal, cycloheximide
addition) is applied. As shown in Fig. 4, cells close to
the start of S phase can leak through and start S
phase. Those cells requiring more mass increase—
cells earlier in the cell cycle and further from the start
of S phase—are inhibited from starting a new S
phase. Inhibited cells exhibit a delay in division due
to a delay in the initiation of DNA synthesis.

The explanation given in Fig. 4 should not be
taken as a precise ‘prediction’ of an experimental re-
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Extended first cycle (G1pm cells)

Normal second cycle (G1pm cells)

Figure 5. Analysis of two division cy-
cles after short-term removal of se-
rum. The results in Fig. 1 (lower
panel) are repeated at the left, and a
second cycle is examined at the right.
After the first delayed division of the
cells in the Glpm phase during se-
rum removal, the second division oc-
curs after a normal interval. In

contrast, cells that were not delayed

Normal first cycle
(G1ps, S, G2 cells)

sult. Any general explanation where all cells in the
culture are affected equally is acceptable. For exam-
ple, the same result is obtained if all cells have a
breakdown of some molecule and cells close to the
start of S phase leak through; hence, a delay in the
first division in the cells furthest from S phase. Figure
4 should be taken as a counterexample to indicate
that one can explain the Zetterberg-Larsson experi-
ments without invoking a cell cycle-specific mecha-
nism.

Many years ago, a similar restriction point was pro-
posed to exist in bacterial cells (19). Although it was
not called a restriction point, it had all the defining
properties of such a point. To make a long story
short, an experimental analysis of the restriction
point in bacteria (defined by chloramphenicol treat-
ment) indicated that there was no restriction point
(20, 21). The analysis presented here is strongly sim-
ilar to the analysis of the bacterial restriction point
presented more than 20 years ago. The only differ-
ence is that instead of bacteria and chloramphenicol,
we have animal cells, serum withdrawal, and cyclo-
heximide inhibition as the experimental elements.
Yet the ideas are the same, and in both cases we can
explain the phenomenon of the restriction point
without resorting to any Gl-specific phenomena.

THE SECOND DIVISION DELAY

After the original proposal of G1pm and Glps states
and the GO phase phenomenon by Zetterberg and
Larsson, subsequent experiments reported on the
pattern of division after the initial division. Zetter-
berg and Larsson continued to follow cells until a
second division occurred and determined the inter-
division times of the second cycle. If cells in the G1ps,
S, and G2/M phases were immune to a serum re-
moval effect (indicated by the initial normal divi-
sion), then we should expect no effect of serum on
these cells even after the first division. If the contin-
uum model is correct, then, in contrast, serum affects
all cells in all phases of the division cycle. The con-
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Extended second cycle
(G1ps, S, G2 cells)

in the first cycle now have an ex-
tended second cycle.

tinuum model predicts that the second cycle would
be delayed. Younger cells (in Gl1pm) that are affected
in their first division cycle differ from the other cells,
which are either in the S and G2/M phases of the
division cycle or close enough to the start of S phase
(in the Glps phase) to be able to leak through to
start S phase. Once S phase starts, the cell can divide.
Whatever effect serum has on the growth of the cell
will be exhibited in the second cycle.

This is evident in the results of Larsson, Zetterberg,
and Engstrom (16), as shown in Fig. 2d. The second
division is delayed in the same manner as the first
division of the presumed Glpm cells. After two divi-
sion cycles, all cells are back on track and no further
delays are expected to be observed. A more extensive
illustration of the delay phenomenon is presented in
Fig. 5, where the results of Fig. 1 are extended to a
second cycle. Figure 6 analyzes the experiment in
terms of the pattern of mass synthesis in all cells in
the culture that initially escape division delay and un-
dergo a second delay.

THE CONTINUUM MODEL EXPLANATION
OF THE ZETTERBERG-LARSSON
EXPERIMENT

Exponentially growing cells synthesize mass through-
out the division cycle. This mass may be made up of
specific trigger molecules related to the initiation of
S phase. These molecules, like total mass, are made
continuously throughout the division cycle. It is pro-
posed that such trigger molecules are a constant frac-
tion of cell mass. Stated another way, any specific
initiator of S phase can be considered a constant frac-
tion of cell mass, throughout the division cycle and
without any cycle-specific pattern of synthesis, to give
the observed results of the Zetterberg-Larsson exper-
iments.

The continuum explanation of such ‘leakage’ is il-
lustrated in Fig. 6. If there were no intervention (e.g.,
serum removal), then mass synthesis would continue
along the exponential line. The removal of serum,
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Figure 6. Explanation of second division delay in treated G1ps
cells; analysis of Fig. 4 is extended to a second division. The
pattern of deviation of mass increase is identical in both pan-
els. Cells in any phase of the division cycle have the same pat-
tern of continued synthesis: a plateau giving a delay in mass
increase and recovery to the original rate of mass synthesis.
Cells that escape the initial inhibition (cells past the Glpm
phase) have a second division delay.

the continuum model proposes, has a long-term ef-
fect on mass synthesis, although this effect occurs af-
ter a short period of continuing mass synthesis. The
long plateau would be expected to delay the increase
in mass synthesis by ~8 h. Cells early in the cycle
delay the first initiation of S phase, and cells that ini-
tiate DNA synthesis normally (by leakage through to
initiation mass) will delay the second cycle. No com-
plex explanations using a proposed GO, proposed re-
striction points, or proposed Gl-specific events are
required.

MOLECULAR BASIS OF INITIATION

The use of mass as an indicator of initiation potential
is merely a shorthand approach to the problem. If
one wished to substitute ‘‘a specific initiator molecule
that was made continuously during the division cycle
and was present as a constant proportion of cell
mass,”’ there would be no fundamental problem. The
notion of initiation mass, so well worked out in bac-
teria, is merely a convenient concept with which to
discuss the nature of the division cycle. What must be
recognized is that if mass is made continuously dur-
ing the division cycle and not restricted to a partic-

372 Vol. 12 March 1998

The FASEB Journal

ular phase of the division cycle, then the same can
be said for any initiator molecule.

PREDICTIONS OF THE CONTINUUM MODEL

The hallmark of a scientific model is that it makes
predictions that can be verified by experiment. Here
a prediction will be made that specifically applies to
the Zetterberg-Larsson experiment. The question is
whether the particular point defined as being 3.5 h
after division in the GI1 phase is really a biologically
significant cell cycle marker or merely an experimen-
tal artifact. The continuum model predicts that if the
cycloheximide concentration were varied around the
concentration used in the Zetterberg-Larsson exper-
iments and continuously increased and decreased,
the particular point of demarcation would vary. As
cycloheximide concentration increased, the Glpm
phase would increase (i.e., more cells would have a
delayed first division) and the Glps phase would thus
decrease. As cycloheximide concentration decreased,
the Glpm phase would decrease (i.e., fewer cells
would have a delayed first division) and the Glps
phase would increase. This is because the postulated
leakage would increase with decreasing cyclohexi-
mide and decrease with increasing cycloheximide. If
varying cycloheximide concentrations yielded the
predicted variation in the time when cells left the
Glpm phase, then to salvage the GO model one
would have to postulate that there exist an infinite
number of GO states. This is reminiscent of the earlier
postulation of deeper and deeper states of GO pro-
duced by different times of serum starvation (22).
Furthermore, these experiments are reminiscent of
much earlier bacterial experiments in which chlo-
ramphenicol was varied over a wide range such that
one had to choose between a leakage model and a
restriction point model with an infinite number of
restriction points. In the bacterial case, it was possible
to demonstrate experimentally that the leakage ex-
planation was clearly the correct one (20, 21).

The same prediction can be made for the serum
treatment, with different periods of starvation or star-
vation serum levels (i.e., different amounts of resid-
ual serum during the starvation period), leading to
different delay periods for Glpm cells, or with the
Glpm period being shorter or longer.

THE NATURE OF THE DIVISION CYCLE

The continuum model does not propose the exis-
tence of Gl-specific events, checkpoints, restriction
points, or decision points. No unique Gl-specific de-
cision points occur that are specific to Gl phase.
Things may happen elsewhere (S or G2/M phases)
that do not happen in GI1 phase, but not the reverse.
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The Gl phase exists merely because the time for S
and G2/M phase is less than the time between the
starts of S phases. There are Gl-less cells (23), and
such cells are completely consistent with the contin-
uum model. It should be understood that the contin-
uum model was developed to explain the absence of
G1 phase in some animal cells and the existence of
a Gl phase in bacterial cells (5).

Here we have taken a crucial set of experiments
that have been used to support the G1 model of the
cell cycle and have shown by analysis that there is no
need to postulate a Gl-specific decision point. The
treatments studied by Zetterberg and Larsson affect
all cells equally. For reasons that are easily under-
stood, we can say that the Zetterberg and Larsson
experiments are fully consistent with the postulates
of the continuum model. No support of the restric-
tion point or the GO phase is found in the ex-
periments of Zetterberg and Larsson. The ideas pre-
sented here are not completely new. They have been
said before, but have been forgotten. One early ex-
ample from a paper published in 1975 (24) putitvery
well:

“Up to 96% of the cells in postconfluent cultures
growing in conventional medium become labeled
upon continuous, prolonged exposure to *H-thymi-
dine. Seventy-eight percent of the cells in serum-de-
prived cultures growing at a very low rate become
labeled. These and other considerations suggest that
the inhibition of cell multiplication by high popula-
tion density or serum deprivation is caused by a
lengthening of the time cells remain in the pre-rep-
licative G1 period rather than by shifting cells into a
qualitatively distinct GO period.”

I'want to particularly thank Charles Helmstetter and Jay Kea-
sling, who were both extremely helpful with suggestions and
comments. Alexandra Cooper, as ever, is a devoted editor who
made this paper clearer, shorter, and much better than it
would have been otherwise. This paper is dedicated to Dr.
Harry Rubin, who was so clear and understanding in his cri-
tique of the GO proposal.
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