
mide should make the response of oocytes to
malE-Mos more like that seen in extracts. In
agreement with this prediction, a large pro-
portion of cycloheximide-treated, Mos-in-
jected oocytes had intermediate amounts of
MAPK phosphorylation (Fig. 2, C and D).
These results imply a Hill coefficient of
about 3, similar to that seen in extracts (22).

Thus, the MAPK cascade does exhibit some
ultrasensitivity even when positive feedback
is precluded, but protein synthesis allows a
more highly switchlike response.

The intrinsic ultrasensitivity of the
MAPK cascade and the protein synthesis–
dependent positive feedback loop together
should produce a more satisfactory switch

than either mechanism alone would. This
can be seen through quantitative modeling
(Fig. 3B) or simple graphical arguments (Fig.
3, C and D). If positive feedback operated
and the MAPK cascade exhibited a Michae-
lian response to Mos, then the system would
have a stable on state and an unstable off
state (Fig. 3, B and C). Any nonzero level of
Mos phosphorylation, added malE-Mos, or
MAPK activity would trigger the feedback
loop and drive the system to its on state.
However, if the MAPK cascade exhibited an
ultrasensitive response to Mos, then the sys-
tem would have both a stable off state and a
stable on state separated by a threshold (Fig.
3, B and D) (23). The ultrasensitivity of the
MAPK cascade essentially filters small stim-
uli out of the feedback loop.

In summary, the MAPK cascade is acti-
vated in a highly ultrasensitive—essentially
all-or-none—fashion during Xenopus oo-
cyte maturation. This behavior is proposed
to arise from two known properties of the
oocyte’s MAPK cascade: positive feedback,
which ensures that the occyte cannot rest
in a state with intermediate MAPK phos-
phorylation, and the cascade’s intrinsic ul-
trasensitivity, which establishes a threshold
for activation of the positive feedback loop.
Positive feedback does not appear to be
uncommon, and there are many mecha-
nisms that can give rise to ultrasensitivity
(8, 9, 11, 24). Thus, other biological
switches may be constructed from compo-
nents that are similar or analogous to those
used by the oocyte.
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Fig. 2. Responses of oocytes to
microinjected malE-Mos in the
presence and absence of pro-
tein synthesis. The responses of
pools of 10 to 20 oocytes to mi-
croinjection of malE-Mos in the
absence (A) and presence (B) of
cycloheximide (10 !g/ml). Error
bars denote two standard er-
rors of the mean. (C) MAPK im-
munoblots for individual oo-
cytes microinjected with malE-
Mos. The first two lanes of each
blot represent oocytes injected with water (–) or 200 nM malE-Mos ("). (D) Cumulative data from 202
individual oocytes.

Fig. 3. Ultrasensitivity as a means of providing a
positive feedback system with both a stable off
state and a stable on state. (A) Mos synthesis,
destruction, and stabilization reactions. The
feedback from MAPK to Mos could be direct
(18), as shown here, or indirect (20). (B) Calcu-
latedstimulus-responsecurves forMAPKphos-
phorylation assuming no ultrasensitivity or feed-
back (denoted “neither”), ultrasensitivity but no
feedback, feedback but no ultrasensitivity, or
feedback plus ultrasensitivity (denoted “both”).
Curves were calculated as described (21) with
values of nH, nH#, EC50, and EC50# estimated
from studies in extracts (8) and the present
studies (nH $ 5, nH# $ 3, EC50 $ 27 nM, and
EC50# $ 20 nM), and taking k1k2/k%1k%2 to be 0.5. The curves shown assume the system was initially in
its off state. Graphical depiction of the expected steady-state level of Mos-P with positive feedback and
either (C) a Michaelian response from the MAPK cascade or (D) an ultrasensitive response from the MAPK
cascade. Stable steady states are denoted ss. Unstable steady states are denoted by asterisks. The
arrows show in which direction the system would be driven if perturbed from a steady state.
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malE-Mos more like that seen in extracts. In
agreement with this prediction, a large pro-
portion of cycloheximide-treated, Mos-in-
jected oocytes had intermediate amounts of
MAPK phosphorylation (Fig. 2, C and D).
These results imply a Hill coefficient of
about 3, similar to that seen in extracts (22).

Thus, the MAPK cascade does exhibit some
ultrasensitivity even when positive feedback
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more highly switchlike response.

The intrinsic ultrasensitivity of the
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than either mechanism alone would. This
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and the MAPK cascade exhibited a Michae-
lian response to Mos, then the system would
have a stable on state and an unstable off
state (Fig. 3, B and C). Any nonzero level of
Mos phosphorylation, added malE-Mos, or
MAPK activity would trigger the feedback
loop and drive the system to its on state.
However, if the MAPK cascade exhibited an
ultrasensitive response to Mos, then the sys-
tem would have both a stable off state and a
stable on state separated by a threshold (Fig.
3, B and D) (23). The ultrasensitivity of the
MAPK cascade essentially filters small stim-
uli out of the feedback loop.

In summary, the MAPK cascade is acti-
vated in a highly ultrasensitive—essentially
all-or-none—fashion during Xenopus oo-
cyte maturation. This behavior is proposed
to arise from two known properties of the
oocyte’s MAPK cascade: positive feedback,
which ensures that the occyte cannot rest
in a state with intermediate MAPK phos-
phorylation, and the cascade’s intrinsic ul-
trasensitivity, which establishes a threshold
for activation of the positive feedback loop.
Positive feedback does not appear to be
uncommon, and there are many mecha-
nisms that can give rise to ultrasensitivity
(8, 9, 11, 24). Thus, other biological
switches may be constructed from compo-
nents that are similar or analogous to those
used by the oocyte.
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cross-linking the material makes it possible
to assemble composite structures that differ
by as little as a single monolayer (one
monomer thick). In addition to uses as
models of superabsorbing polymer networks
(8) and in bioadsorption studies (9), these
materials should be ideal for the flexible
hydrophilic spacing layers needed between
supported bilayers and solid substrates for
biologically relevant studies of the physical
properties of membranes (22).
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Tippmann-Krayer, H. Möhwald, Yu. M. L’vov, Lang-
muir 7, 2298 (1991)]. A more detailed analysis ob-
tained by directly fitting the experimental profiles with
theoretical curves also yields the roughness of both
the film and the substrate. For this study, we applied
the latter technique using the methods and experi-
mental set-up described in M. Schaub et al., Macro-
molecules 28, 1221 (1995).

16. D. W. van Krevelen and P. J. Hoftyzer, Properties of
Polymers: Their Estimation and Correlation with
Chemical Structure (Elsevier, Amsterdam, 1976).

17. IR spectroscopy was carried out on a Nicolet Magna
850 Fourier-transform with LB films (80 to 100 layers)
deposited on Si hydrophobized with 1,1,1,3,3,3-
hexamethyldisilazane.

18. S. Iida, M. Schaub, M. Schulze, G. Wegner, Adv.
Mater. 5, 564 (1993); P. L. Egerton, E. Pitts, A. Rei-
ser, Macromolecules 14, 95 (1981).

19. An easy and reliable test of whether a network forms
is to take the cross-linked LB film and immerse it in a
good solvent [M. Seufert, M. Schaub, G. Wenz, G.
Wegner, Angew. Chem. Int. Ed. Engl. 34, 340
(1995)]. When the film is not a network, the film is
soluble and leaves the substrate.

20. G. Decher, Science 277, 1232 (1997)
21. M. L. Bruening et al., Langmuir 13, 770 (1997); Y.

Zhou, M. L. Bruening, Y. Liu, R. M. Crooks, D. E.
Bergbreiter, ibid. 12, 5519 (1996); Y. Zhou, M. L.
Bruening, D. E. Bergbreiter, R. M. Crooks, M. Wells,
J. Am. Chem. Soc. 118, 3773 (1996).

22. H. Sigl et al., Eur. Biophys. J. 25, 249 (1997); E.
Sackmann, Science 271, 43 (1996).

23. Financial support was provided by the Stockhausen
GmbH & Co. KG.

16 December 1997; accepted 12 March 1998

The Biochemical Basis of an All-or-None Cell
Fate Switch in Xenopus Oocytes
James E. Ferrell Jr.* and Eric M. Machleder

Xenopus oocytes convert a continuously variable stimulus, the concentration of the
maturation-inducing hormone progesterone, into an all-or-none biological response—
oocyte maturation. Here evidence is presented that the all-or-none character of the
response is generated by the mitogen-activated protein kinase (MAPK) cascade. Anal-
ysis of individual oocytes showed that the response of MAPK to progesterone or Mos
was equivalent to that of a cooperative enzyme with a Hill coefficient of at least 35, more
than 10 times the Hill coefficient for the binding of oxygen to hemoglobin. The response
can be accounted for by the intrinsic ultrasensitivity of the oocyte’s MAPK cascade and
a positive feedback loop in which the cascade is embedded. These findings provide a
biochemical rationale for the all-or-none character of this cell fate switch.

Fully grown Xenopus laevis oocytes are ar-
rested in a state that resembles the G2 phase
of the cell division cycle with inactive cy-
clin-dependent kinase Cdc2 and an intact
germinal vesicle. Exposure to the hormone
progesterone induces oocytes to undergo
maturation, during which they activate
Cdc2, undergo germinal vesicle breakdown,
complete the first meiotic division, and fi-
nally arrest in metaphase of meiosis 2 (1).
Oocyte maturation is an example of a true
cell fate switch; oocytes can reside in either
the G2 arrest or the metaphase arrest state
for extended periods of time, but can be in
intermediate states only transiently.

Progesterone-induced maturation is
thought to be triggered by activation of a
cascade of protein kinases—Mos, Mek-1,
and p42 or Erk2 MAP kinase (MAPK).
Progesterone causes the accumulation of

Mos, which phosphorylates and activates
Mek-1. Active Mek-1 in turn phospho-
rylates and activates p42 MAPK, which
brings about activation of the Cdc2–cyclin
B complex. Interfering with the accumula-
tion of Mos (2) or the activation of Mek-1
(3) or p42 MAPK (4) inhibits progester-
one-induced activation of Cdc2 and matu-
ration, and microinjection of nondegrad-
able Mos (5), constitutively active Mek-1
(4, 6), or thiophosphorylated p42 MAPK
(7) brings about Cdc2 activation and mat-
uration in the absence of progesterone. At
some point in this chain of events, a con-
tinuously variable stimulus—the progester-
one concentration—is converted into an
all-or-none biological response.

Studies of the steady-state responses of
the MAPK cascade in Xenopus oocyte ex-
tracts indicate that the cascade might con-
tribute to the all-or-none character of oo-
cyte maturation. In extracts, the response of
MAPK to recombinant malE-Mos (a mal-
tose-binding protein Mos fusion protein) is
highly ultrasensitive (8), meaning it resem-
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positive feedback

Positive feedback is also present and is required for 
bistable, or “all-or-none”, behaviour

With cycloheximide, which inhibits 
translation, bistability, but not 
ultrasensitivity, is lost.  

Positive feedback requires the 
synthesis of new proteins.
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practical purposes can be considered to be in G2-phase—transcrip-
tion is taking place and the M-phase cyclins are present but locked
in inactive complexes with CDK1—and its default fate is to remain
arrested indefinitely in this state, with all its various opposing pro-
cesses (protein synthesis/degradation, phosphorylation/dephos-
phorylation, anabolism/catabolism, etc.) in balance.

In response to gonadotropins released from the frog pituitary,
the ovarian epithelial cells surrounding the oocyte release matura-
tion-promoting hormones, which cause the immature oocyte to re-
sume the process of meiosis. The classical maturation-inducing
hormone is progesterone, and Xenopus oocytes possess both classi-
cal progesterone receptors [2–5] and seven-transmembrane G-pro-
tein-coupled progesterone receptors [6]. However, progesterone
undergoes metabolism in the oocyte, and there is evidence that
androgens and androgen receptors may ultimately mediate pro-
gesterone’s effects [7]. Regardless of whether a progestin or an
androgen is the ultimate trigger, the effects of progesterone on
immature oocytes are striking. The oocyte leaves its G2-arrest
state, carries out the first asymmetrical meiotic division, enters
meiosis 2, and then arrests in metaphase of meiosis 2. This pro-
gression from the G2-arrest state to the meiosis 2-arrest state is
termed maturation. After maturation the oocyte is ovulated, ac-
quires a jelly coat, and is laid by the frog. It then drifts in the pond
in this arrested state until either it is fertilized, which allows it to
complete meiosis and commence embryogenesis, or it undergoes
apoptosis.

In some respects oocyte maturation is an unusual example of a
cell fate switch. Transcription is not absolutely required, and at
least some aspects of maturation can even proceed in an enucle-
ated oocyte [8]. However, in other respects it is absolutely typical:
the cell responds to an external trigger by undergoing an all-or-
none, irreversible change in its appearance, its biochemical state,
and its developmental potential.

2.2. Mos, p42 MAPK, and CDK1 activation

Although many details remain to be worked out, in broad
outline the signaling network that mediates progesterone-induced
oocyte maturation is well-understood (Fig. 2). Progesterone stimu-
lates the translation of the Mos oncoprotein, a MAP kinase kinase
kinase (MAPKKK). Active Mos phosphorylates and activates the
MAPKK MEK1, which then phosphorylates and activates ERK2
(which in Xenopus is often called p42 MAPK). Inhibitors of these
MAPK cascade proteins inhibit oocyte maturation, and activated
forms of the proteins can initiate maturation in the absence of pro-
gesterone.1 p42 MAPK activation then brings about the dephos-
phorylation and activation of cyclin B-CDK1 complexes
(sometimes termed ‘‘latent MPF”, for latent maturation-promoting

factor, or ‘‘pre-MPF”). Activated cyclin B-CDK1 complexes then
cause the oocyte to re-enter meiotic M-phase.

Cyclin–CDK complexes are thought to function as near perfect
switches at the level of the individual complex: for example, a fully
activated cyclin A-CDK2 complex is approximately 109-fold more
active than an ‘‘inactive” CDK2 monomer [9]. But an oocyte pos-
sesses !1010 cyclin B-CDK1 complexes, meaning that even if an
individual complex is perfectly all-or-none in its activity state,
the population of cyclin B-CDK1 complexes could, in principle, set-
tle into a nearly continuous range of graded activities. This raises
the question of how the all-or-none character of oocyte maturation
arises. Is the process all-or-none at the level of p42 MAPK activa-
tion and/or CDK1 activation? And how do these reversible activa-
tion processes culminate in an irreversible cell fate change?

2.3. The all-or-none, irreversible response depends upon positive
feedback

Analysis of individual oocytes treated with various concentra-
tions of progesterone demonstrated that the steady-state response
of the oocyte’s MAPK cascade is essentially all-or-none (Fig. 3). At
intermediate concentrations of progesterone, individual oocytes
were found to have either all of their p42 MAPK non-phosphory-
lated or all of it phosphorylated. Thus, somewhere between the
progesterone receptor and the bottom of the MAPK cascade, a
graded ‘‘analog” progesterone stimulus is converted to a ‘‘digital”
MAPK response. Moreover, the steady-state response of MAPK to
microinjected Mos is also all-or-none [10]. This demonstrates that
the MAPK cascade can generate an all-or-none response, not sim-
ply propagate one. A plausible mechanism for the generation of
the all-or-none response was suggested by the discovery that, in
oocytes, p42 MAPK and CDK1 are organized in positive feedback

Fig. 1. Xenopus oocyte maturation as a switch between two cell fates.

Fig. 2. Signal transduction pathways involved in Xenopus oocyte maturation.

1 There is some disagreement on whether the Mos/MEK/MAPK cascade is required
or dispensable for progesterone-induced oocyte maturation. See for example, Refs.
[9–11].
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practical purposes can be considered to be in G2-phase—transcrip-
tion is taking place and the M-phase cyclins are present but locked
in inactive complexes with CDK1—and its default fate is to remain
arrested indefinitely in this state, with all its various opposing pro-
cesses (protein synthesis/degradation, phosphorylation/dephos-
phorylation, anabolism/catabolism, etc.) in balance.

In response to gonadotropins released from the frog pituitary,
the ovarian epithelial cells surrounding the oocyte release matura-
tion-promoting hormones, which cause the immature oocyte to re-
sume the process of meiosis. The classical maturation-inducing
hormone is progesterone, and Xenopus oocytes possess both classi-
cal progesterone receptors [2–5] and seven-transmembrane G-pro-
tein-coupled progesterone receptors [6]. However, progesterone
undergoes metabolism in the oocyte, and there is evidence that
androgens and androgen receptors may ultimately mediate pro-
gesterone’s effects [7]. Regardless of whether a progestin or an
androgen is the ultimate trigger, the effects of progesterone on
immature oocytes are striking. The oocyte leaves its G2-arrest
state, carries out the first asymmetrical meiotic division, enters
meiosis 2, and then arrests in metaphase of meiosis 2. This pro-
gression from the G2-arrest state to the meiosis 2-arrest state is
termed maturation. After maturation the oocyte is ovulated, ac-
quires a jelly coat, and is laid by the frog. It then drifts in the pond
in this arrested state until either it is fertilized, which allows it to
complete meiosis and commence embryogenesis, or it undergoes
apoptosis.

In some respects oocyte maturation is an unusual example of a
cell fate switch. Transcription is not absolutely required, and at
least some aspects of maturation can even proceed in an enucle-
ated oocyte [8]. However, in other respects it is absolutely typical:
the cell responds to an external trigger by undergoing an all-or-
none, irreversible change in its appearance, its biochemical state,
and its developmental potential.

2.2. Mos, p42 MAPK, and CDK1 activation

Although many details remain to be worked out, in broad
outline the signaling network that mediates progesterone-induced
oocyte maturation is well-understood (Fig. 2). Progesterone stimu-
lates the translation of the Mos oncoprotein, a MAP kinase kinase
kinase (MAPKKK). Active Mos phosphorylates and activates the
MAPKK MEK1, which then phosphorylates and activates ERK2
(which in Xenopus is often called p42 MAPK). Inhibitors of these
MAPK cascade proteins inhibit oocyte maturation, and activated
forms of the proteins can initiate maturation in the absence of pro-
gesterone.1 p42 MAPK activation then brings about the dephos-
phorylation and activation of cyclin B-CDK1 complexes
(sometimes termed ‘‘latent MPF”, for latent maturation-promoting

factor, or ‘‘pre-MPF”). Activated cyclin B-CDK1 complexes then
cause the oocyte to re-enter meiotic M-phase.

Cyclin–CDK complexes are thought to function as near perfect
switches at the level of the individual complex: for example, a fully
activated cyclin A-CDK2 complex is approximately 109-fold more
active than an ‘‘inactive” CDK2 monomer [9]. But an oocyte pos-
sesses !1010 cyclin B-CDK1 complexes, meaning that even if an
individual complex is perfectly all-or-none in its activity state,
the population of cyclin B-CDK1 complexes could, in principle, set-
tle into a nearly continuous range of graded activities. This raises
the question of how the all-or-none character of oocyte maturation
arises. Is the process all-or-none at the level of p42 MAPK activa-
tion and/or CDK1 activation? And how do these reversible activa-
tion processes culminate in an irreversible cell fate change?

2.3. The all-or-none, irreversible response depends upon positive
feedback

Analysis of individual oocytes treated with various concentra-
tions of progesterone demonstrated that the steady-state response
of the oocyte’s MAPK cascade is essentially all-or-none (Fig. 3). At
intermediate concentrations of progesterone, individual oocytes
were found to have either all of their p42 MAPK non-phosphory-
lated or all of it phosphorylated. Thus, somewhere between the
progesterone receptor and the bottom of the MAPK cascade, a
graded ‘‘analog” progesterone stimulus is converted to a ‘‘digital”
MAPK response. Moreover, the steady-state response of MAPK to
microinjected Mos is also all-or-none [10]. This demonstrates that
the MAPK cascade can generate an all-or-none response, not sim-
ply propagate one. A plausible mechanism for the generation of
the all-or-none response was suggested by the discovery that, in
oocytes, p42 MAPK and CDK1 are organized in positive feedback

Fig. 1. Xenopus oocyte maturation as a switch between two cell fates.

Fig. 2. Signal transduction pathways involved in Xenopus oocyte maturation.

1 There is some disagreement on whether the Mos/MEK/MAPK cascade is required
or dispensable for progesterone-induced oocyte maturation. See for example, Refs.
[9–11].
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The p42 MAP kinase becomes more active as levels of progesterone increase.
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practical purposes can be considered to be in G2-phase—transcrip-
tion is taking place and the M-phase cyclins are present but locked
in inactive complexes with CDK1—and its default fate is to remain
arrested indefinitely in this state, with all its various opposing pro-
cesses (protein synthesis/degradation, phosphorylation/dephos-
phorylation, anabolism/catabolism, etc.) in balance.

In response to gonadotropins released from the frog pituitary,
the ovarian epithelial cells surrounding the oocyte release matura-
tion-promoting hormones, which cause the immature oocyte to re-
sume the process of meiosis. The classical maturation-inducing
hormone is progesterone, and Xenopus oocytes possess both classi-
cal progesterone receptors [2–5] and seven-transmembrane G-pro-
tein-coupled progesterone receptors [6]. However, progesterone
undergoes metabolism in the oocyte, and there is evidence that
androgens and androgen receptors may ultimately mediate pro-
gesterone’s effects [7]. Regardless of whether a progestin or an
androgen is the ultimate trigger, the effects of progesterone on
immature oocytes are striking. The oocyte leaves its G2-arrest
state, carries out the first asymmetrical meiotic division, enters
meiosis 2, and then arrests in metaphase of meiosis 2. This pro-
gression from the G2-arrest state to the meiosis 2-arrest state is
termed maturation. After maturation the oocyte is ovulated, ac-
quires a jelly coat, and is laid by the frog. It then drifts in the pond
in this arrested state until either it is fertilized, which allows it to
complete meiosis and commence embryogenesis, or it undergoes
apoptosis.

In some respects oocyte maturation is an unusual example of a
cell fate switch. Transcription is not absolutely required, and at
least some aspects of maturation can even proceed in an enucle-
ated oocyte [8]. However, in other respects it is absolutely typical:
the cell responds to an external trigger by undergoing an all-or-
none, irreversible change in its appearance, its biochemical state,
and its developmental potential.

2.2. Mos, p42 MAPK, and CDK1 activation

Although many details remain to be worked out, in broad
outline the signaling network that mediates progesterone-induced
oocyte maturation is well-understood (Fig. 2). Progesterone stimu-
lates the translation of the Mos oncoprotein, a MAP kinase kinase
kinase (MAPKKK). Active Mos phosphorylates and activates the
MAPKK MEK1, which then phosphorylates and activates ERK2
(which in Xenopus is often called p42 MAPK). Inhibitors of these
MAPK cascade proteins inhibit oocyte maturation, and activated
forms of the proteins can initiate maturation in the absence of pro-
gesterone.1 p42 MAPK activation then brings about the dephos-
phorylation and activation of cyclin B-CDK1 complexes
(sometimes termed ‘‘latent MPF”, for latent maturation-promoting

factor, or ‘‘pre-MPF”). Activated cyclin B-CDK1 complexes then
cause the oocyte to re-enter meiotic M-phase.

Cyclin–CDK complexes are thought to function as near perfect
switches at the level of the individual complex: for example, a fully
activated cyclin A-CDK2 complex is approximately 109-fold more
active than an ‘‘inactive” CDK2 monomer [9]. But an oocyte pos-
sesses !1010 cyclin B-CDK1 complexes, meaning that even if an
individual complex is perfectly all-or-none in its activity state,
the population of cyclin B-CDK1 complexes could, in principle, set-
tle into a nearly continuous range of graded activities. This raises
the question of how the all-or-none character of oocyte maturation
arises. Is the process all-or-none at the level of p42 MAPK activa-
tion and/or CDK1 activation? And how do these reversible activa-
tion processes culminate in an irreversible cell fate change?

2.3. The all-or-none, irreversible response depends upon positive
feedback

Analysis of individual oocytes treated with various concentra-
tions of progesterone demonstrated that the steady-state response
of the oocyte’s MAPK cascade is essentially all-or-none (Fig. 3). At
intermediate concentrations of progesterone, individual oocytes
were found to have either all of their p42 MAPK non-phosphory-
lated or all of it phosphorylated. Thus, somewhere between the
progesterone receptor and the bottom of the MAPK cascade, a
graded ‘‘analog” progesterone stimulus is converted to a ‘‘digital”
MAPK response. Moreover, the steady-state response of MAPK to
microinjected Mos is also all-or-none [10]. This demonstrates that
the MAPK cascade can generate an all-or-none response, not sim-
ply propagate one. A plausible mechanism for the generation of
the all-or-none response was suggested by the discovery that, in
oocytes, p42 MAPK and CDK1 are organized in positive feedback

Fig. 1. Xenopus oocyte maturation as a switch between two cell fates.

Fig. 2. Signal transduction pathways involved in Xenopus oocyte maturation.

1 There is some disagreement on whether the Mos/MEK/MAPK cascade is required
or dispensable for progesterone-induced oocyte maturation. See for example, Refs.
[9–11].
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practical purposes can be considered to be in G2-phase—transcrip-
tion is taking place and the M-phase cyclins are present but locked
in inactive complexes with CDK1—and its default fate is to remain
arrested indefinitely in this state, with all its various opposing pro-
cesses (protein synthesis/degradation, phosphorylation/dephos-
phorylation, anabolism/catabolism, etc.) in balance.

In response to gonadotropins released from the frog pituitary,
the ovarian epithelial cells surrounding the oocyte release matura-
tion-promoting hormones, which cause the immature oocyte to re-
sume the process of meiosis. The classical maturation-inducing
hormone is progesterone, and Xenopus oocytes possess both classi-
cal progesterone receptors [2–5] and seven-transmembrane G-pro-
tein-coupled progesterone receptors [6]. However, progesterone
undergoes metabolism in the oocyte, and there is evidence that
androgens and androgen receptors may ultimately mediate pro-
gesterone’s effects [7]. Regardless of whether a progestin or an
androgen is the ultimate trigger, the effects of progesterone on
immature oocytes are striking. The oocyte leaves its G2-arrest
state, carries out the first asymmetrical meiotic division, enters
meiosis 2, and then arrests in metaphase of meiosis 2. This pro-
gression from the G2-arrest state to the meiosis 2-arrest state is
termed maturation. After maturation the oocyte is ovulated, ac-
quires a jelly coat, and is laid by the frog. It then drifts in the pond
in this arrested state until either it is fertilized, which allows it to
complete meiosis and commence embryogenesis, or it undergoes
apoptosis.

In some respects oocyte maturation is an unusual example of a
cell fate switch. Transcription is not absolutely required, and at
least some aspects of maturation can even proceed in an enucle-
ated oocyte [8]. However, in other respects it is absolutely typical:
the cell responds to an external trigger by undergoing an all-or-
none, irreversible change in its appearance, its biochemical state,
and its developmental potential.

2.2. Mos, p42 MAPK, and CDK1 activation

Although many details remain to be worked out, in broad
outline the signaling network that mediates progesterone-induced
oocyte maturation is well-understood (Fig. 2). Progesterone stimu-
lates the translation of the Mos oncoprotein, a MAP kinase kinase
kinase (MAPKKK). Active Mos phosphorylates and activates the
MAPKK MEK1, which then phosphorylates and activates ERK2
(which in Xenopus is often called p42 MAPK). Inhibitors of these
MAPK cascade proteins inhibit oocyte maturation, and activated
forms of the proteins can initiate maturation in the absence of pro-
gesterone.1 p42 MAPK activation then brings about the dephos-
phorylation and activation of cyclin B-CDK1 complexes
(sometimes termed ‘‘latent MPF”, for latent maturation-promoting

factor, or ‘‘pre-MPF”). Activated cyclin B-CDK1 complexes then
cause the oocyte to re-enter meiotic M-phase.

Cyclin–CDK complexes are thought to function as near perfect
switches at the level of the individual complex: for example, a fully
activated cyclin A-CDK2 complex is approximately 109-fold more
active than an ‘‘inactive” CDK2 monomer [9]. But an oocyte pos-
sesses !1010 cyclin B-CDK1 complexes, meaning that even if an
individual complex is perfectly all-or-none in its activity state,
the population of cyclin B-CDK1 complexes could, in principle, set-
tle into a nearly continuous range of graded activities. This raises
the question of how the all-or-none character of oocyte maturation
arises. Is the process all-or-none at the level of p42 MAPK activa-
tion and/or CDK1 activation? And how do these reversible activa-
tion processes culminate in an irreversible cell fate change?

2.3. The all-or-none, irreversible response depends upon positive
feedback

Analysis of individual oocytes treated with various concentra-
tions of progesterone demonstrated that the steady-state response
of the oocyte’s MAPK cascade is essentially all-or-none (Fig. 3). At
intermediate concentrations of progesterone, individual oocytes
were found to have either all of their p42 MAPK non-phosphory-
lated or all of it phosphorylated. Thus, somewhere between the
progesterone receptor and the bottom of the MAPK cascade, a
graded ‘‘analog” progesterone stimulus is converted to a ‘‘digital”
MAPK response. Moreover, the steady-state response of MAPK to
microinjected Mos is also all-or-none [10]. This demonstrates that
the MAPK cascade can generate an all-or-none response, not sim-
ply propagate one. A plausible mechanism for the generation of
the all-or-none response was suggested by the discovery that, in
oocytes, p42 MAPK and CDK1 are organized in positive feedback

Fig. 1. Xenopus oocyte maturation as a switch between two cell fates.

Fig. 2. Signal transduction pathways involved in Xenopus oocyte maturation.

1 There is some disagreement on whether the Mos/MEK/MAPK cascade is required
or dispensable for progesterone-induced oocyte maturation. See for example, Refs.
[9–11].
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practical purposes can be considered to be in G2-phase—transcrip-
tion is taking place and the M-phase cyclins are present but locked
in inactive complexes with CDK1—and its default fate is to remain
arrested indefinitely in this state, with all its various opposing pro-
cesses (protein synthesis/degradation, phosphorylation/dephos-
phorylation, anabolism/catabolism, etc.) in balance.

In response to gonadotropins released from the frog pituitary,
the ovarian epithelial cells surrounding the oocyte release matura-
tion-promoting hormones, which cause the immature oocyte to re-
sume the process of meiosis. The classical maturation-inducing
hormone is progesterone, and Xenopus oocytes possess both classi-
cal progesterone receptors [2–5] and seven-transmembrane G-pro-
tein-coupled progesterone receptors [6]. However, progesterone
undergoes metabolism in the oocyte, and there is evidence that
androgens and androgen receptors may ultimately mediate pro-
gesterone’s effects [7]. Regardless of whether a progestin or an
androgen is the ultimate trigger, the effects of progesterone on
immature oocytes are striking. The oocyte leaves its G2-arrest
state, carries out the first asymmetrical meiotic division, enters
meiosis 2, and then arrests in metaphase of meiosis 2. This pro-
gression from the G2-arrest state to the meiosis 2-arrest state is
termed maturation. After maturation the oocyte is ovulated, ac-
quires a jelly coat, and is laid by the frog. It then drifts in the pond
in this arrested state until either it is fertilized, which allows it to
complete meiosis and commence embryogenesis, or it undergoes
apoptosis.

In some respects oocyte maturation is an unusual example of a
cell fate switch. Transcription is not absolutely required, and at
least some aspects of maturation can even proceed in an enucle-
ated oocyte [8]. However, in other respects it is absolutely typical:
the cell responds to an external trigger by undergoing an all-or-
none, irreversible change in its appearance, its biochemical state,
and its developmental potential.

2.2. Mos, p42 MAPK, and CDK1 activation

Although many details remain to be worked out, in broad
outline the signaling network that mediates progesterone-induced
oocyte maturation is well-understood (Fig. 2). Progesterone stimu-
lates the translation of the Mos oncoprotein, a MAP kinase kinase
kinase (MAPKKK). Active Mos phosphorylates and activates the
MAPKK MEK1, which then phosphorylates and activates ERK2
(which in Xenopus is often called p42 MAPK). Inhibitors of these
MAPK cascade proteins inhibit oocyte maturation, and activated
forms of the proteins can initiate maturation in the absence of pro-
gesterone.1 p42 MAPK activation then brings about the dephos-
phorylation and activation of cyclin B-CDK1 complexes
(sometimes termed ‘‘latent MPF”, for latent maturation-promoting

factor, or ‘‘pre-MPF”). Activated cyclin B-CDK1 complexes then
cause the oocyte to re-enter meiotic M-phase.

Cyclin–CDK complexes are thought to function as near perfect
switches at the level of the individual complex: for example, a fully
activated cyclin A-CDK2 complex is approximately 109-fold more
active than an ‘‘inactive” CDK2 monomer [9]. But an oocyte pos-
sesses !1010 cyclin B-CDK1 complexes, meaning that even if an
individual complex is perfectly all-or-none in its activity state,
the population of cyclin B-CDK1 complexes could, in principle, set-
tle into a nearly continuous range of graded activities. This raises
the question of how the all-or-none character of oocyte maturation
arises. Is the process all-or-none at the level of p42 MAPK activa-
tion and/or CDK1 activation? And how do these reversible activa-
tion processes culminate in an irreversible cell fate change?

2.3. The all-or-none, irreversible response depends upon positive
feedback

Analysis of individual oocytes treated with various concentra-
tions of progesterone demonstrated that the steady-state response
of the oocyte’s MAPK cascade is essentially all-or-none (Fig. 3). At
intermediate concentrations of progesterone, individual oocytes
were found to have either all of their p42 MAPK non-phosphory-
lated or all of it phosphorylated. Thus, somewhere between the
progesterone receptor and the bottom of the MAPK cascade, a
graded ‘‘analog” progesterone stimulus is converted to a ‘‘digital”
MAPK response. Moreover, the steady-state response of MAPK to
microinjected Mos is also all-or-none [10]. This demonstrates that
the MAPK cascade can generate an all-or-none response, not sim-
ply propagate one. A plausible mechanism for the generation of
the all-or-none response was suggested by the discovery that, in
oocytes, p42 MAPK and CDK1 are organized in positive feedback

Fig. 1. Xenopus oocyte maturation as a switch between two cell fates.

Fig. 2. Signal transduction pathways involved in Xenopus oocyte maturation.

1 There is some disagreement on whether the Mos/MEK/MAPK cascade is required
or dispensable for progesterone-induced oocyte maturation. See for example, Refs.
[9–11].
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practical purposes can be considered to be in G2-phase—transcrip-
tion is taking place and the M-phase cyclins are present but locked
in inactive complexes with CDK1—and its default fate is to remain
arrested indefinitely in this state, with all its various opposing pro-
cesses (protein synthesis/degradation, phosphorylation/dephos-
phorylation, anabolism/catabolism, etc.) in balance.

In response to gonadotropins released from the frog pituitary,
the ovarian epithelial cells surrounding the oocyte release matura-
tion-promoting hormones, which cause the immature oocyte to re-
sume the process of meiosis. The classical maturation-inducing
hormone is progesterone, and Xenopus oocytes possess both classi-
cal progesterone receptors [2–5] and seven-transmembrane G-pro-
tein-coupled progesterone receptors [6]. However, progesterone
undergoes metabolism in the oocyte, and there is evidence that
androgens and androgen receptors may ultimately mediate pro-
gesterone’s effects [7]. Regardless of whether a progestin or an
androgen is the ultimate trigger, the effects of progesterone on
immature oocytes are striking. The oocyte leaves its G2-arrest
state, carries out the first asymmetrical meiotic division, enters
meiosis 2, and then arrests in metaphase of meiosis 2. This pro-
gression from the G2-arrest state to the meiosis 2-arrest state is
termed maturation. After maturation the oocyte is ovulated, ac-
quires a jelly coat, and is laid by the frog. It then drifts in the pond
in this arrested state until either it is fertilized, which allows it to
complete meiosis and commence embryogenesis, or it undergoes
apoptosis.

In some respects oocyte maturation is an unusual example of a
cell fate switch. Transcription is not absolutely required, and at
least some aspects of maturation can even proceed in an enucle-
ated oocyte [8]. However, in other respects it is absolutely typical:
the cell responds to an external trigger by undergoing an all-or-
none, irreversible change in its appearance, its biochemical state,
and its developmental potential.

2.2. Mos, p42 MAPK, and CDK1 activation

Although many details remain to be worked out, in broad
outline the signaling network that mediates progesterone-induced
oocyte maturation is well-understood (Fig. 2). Progesterone stimu-
lates the translation of the Mos oncoprotein, a MAP kinase kinase
kinase (MAPKKK). Active Mos phosphorylates and activates the
MAPKK MEK1, which then phosphorylates and activates ERK2
(which in Xenopus is often called p42 MAPK). Inhibitors of these
MAPK cascade proteins inhibit oocyte maturation, and activated
forms of the proteins can initiate maturation in the absence of pro-
gesterone.1 p42 MAPK activation then brings about the dephos-
phorylation and activation of cyclin B-CDK1 complexes
(sometimes termed ‘‘latent MPF”, for latent maturation-promoting

factor, or ‘‘pre-MPF”). Activated cyclin B-CDK1 complexes then
cause the oocyte to re-enter meiotic M-phase.

Cyclin–CDK complexes are thought to function as near perfect
switches at the level of the individual complex: for example, a fully
activated cyclin A-CDK2 complex is approximately 109-fold more
active than an ‘‘inactive” CDK2 monomer [9]. But an oocyte pos-
sesses !1010 cyclin B-CDK1 complexes, meaning that even if an
individual complex is perfectly all-or-none in its activity state,
the population of cyclin B-CDK1 complexes could, in principle, set-
tle into a nearly continuous range of graded activities. This raises
the question of how the all-or-none character of oocyte maturation
arises. Is the process all-or-none at the level of p42 MAPK activa-
tion and/or CDK1 activation? And how do these reversible activa-
tion processes culminate in an irreversible cell fate change?

2.3. The all-or-none, irreversible response depends upon positive
feedback

Analysis of individual oocytes treated with various concentra-
tions of progesterone demonstrated that the steady-state response
of the oocyte’s MAPK cascade is essentially all-or-none (Fig. 3). At
intermediate concentrations of progesterone, individual oocytes
were found to have either all of their p42 MAPK non-phosphory-
lated or all of it phosphorylated. Thus, somewhere between the
progesterone receptor and the bottom of the MAPK cascade, a
graded ‘‘analog” progesterone stimulus is converted to a ‘‘digital”
MAPK response. Moreover, the steady-state response of MAPK to
microinjected Mos is also all-or-none [10]. This demonstrates that
the MAPK cascade can generate an all-or-none response, not sim-
ply propagate one. A plausible mechanism for the generation of
the all-or-none response was suggested by the discovery that, in
oocytes, p42 MAPK and CDK1 are organized in positive feedback

Fig. 1. Xenopus oocyte maturation as a switch between two cell fates.

Fig. 2. Signal transduction pathways involved in Xenopus oocyte maturation.

1 There is some disagreement on whether the Mos/MEK/MAPK cascade is required
or dispensable for progesterone-induced oocyte maturation. See for example, Refs.
[9–11].
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practical purposes can be considered to be in G2-phase—transcrip-
tion is taking place and the M-phase cyclins are present but locked
in inactive complexes with CDK1—and its default fate is to remain
arrested indefinitely in this state, with all its various opposing pro-
cesses (protein synthesis/degradation, phosphorylation/dephos-
phorylation, anabolism/catabolism, etc.) in balance.

In response to gonadotropins released from the frog pituitary,
the ovarian epithelial cells surrounding the oocyte release matura-
tion-promoting hormones, which cause the immature oocyte to re-
sume the process of meiosis. The classical maturation-inducing
hormone is progesterone, and Xenopus oocytes possess both classi-
cal progesterone receptors [2–5] and seven-transmembrane G-pro-
tein-coupled progesterone receptors [6]. However, progesterone
undergoes metabolism in the oocyte, and there is evidence that
androgens and androgen receptors may ultimately mediate pro-
gesterone’s effects [7]. Regardless of whether a progestin or an
androgen is the ultimate trigger, the effects of progesterone on
immature oocytes are striking. The oocyte leaves its G2-arrest
state, carries out the first asymmetrical meiotic division, enters
meiosis 2, and then arrests in metaphase of meiosis 2. This pro-
gression from the G2-arrest state to the meiosis 2-arrest state is
termed maturation. After maturation the oocyte is ovulated, ac-
quires a jelly coat, and is laid by the frog. It then drifts in the pond
in this arrested state until either it is fertilized, which allows it to
complete meiosis and commence embryogenesis, or it undergoes
apoptosis.

In some respects oocyte maturation is an unusual example of a
cell fate switch. Transcription is not absolutely required, and at
least some aspects of maturation can even proceed in an enucle-
ated oocyte [8]. However, in other respects it is absolutely typical:
the cell responds to an external trigger by undergoing an all-or-
none, irreversible change in its appearance, its biochemical state,
and its developmental potential.

2.2. Mos, p42 MAPK, and CDK1 activation

Although many details remain to be worked out, in broad
outline the signaling network that mediates progesterone-induced
oocyte maturation is well-understood (Fig. 2). Progesterone stimu-
lates the translation of the Mos oncoprotein, a MAP kinase kinase
kinase (MAPKKK). Active Mos phosphorylates and activates the
MAPKK MEK1, which then phosphorylates and activates ERK2
(which in Xenopus is often called p42 MAPK). Inhibitors of these
MAPK cascade proteins inhibit oocyte maturation, and activated
forms of the proteins can initiate maturation in the absence of pro-
gesterone.1 p42 MAPK activation then brings about the dephos-
phorylation and activation of cyclin B-CDK1 complexes
(sometimes termed ‘‘latent MPF”, for latent maturation-promoting

factor, or ‘‘pre-MPF”). Activated cyclin B-CDK1 complexes then
cause the oocyte to re-enter meiotic M-phase.

Cyclin–CDK complexes are thought to function as near perfect
switches at the level of the individual complex: for example, a fully
activated cyclin A-CDK2 complex is approximately 109-fold more
active than an ‘‘inactive” CDK2 monomer [9]. But an oocyte pos-
sesses !1010 cyclin B-CDK1 complexes, meaning that even if an
individual complex is perfectly all-or-none in its activity state,
the population of cyclin B-CDK1 complexes could, in principle, set-
tle into a nearly continuous range of graded activities. This raises
the question of how the all-or-none character of oocyte maturation
arises. Is the process all-or-none at the level of p42 MAPK activa-
tion and/or CDK1 activation? And how do these reversible activa-
tion processes culminate in an irreversible cell fate change?

2.3. The all-or-none, irreversible response depends upon positive
feedback

Analysis of individual oocytes treated with various concentra-
tions of progesterone demonstrated that the steady-state response
of the oocyte’s MAPK cascade is essentially all-or-none (Fig. 3). At
intermediate concentrations of progesterone, individual oocytes
were found to have either all of their p42 MAPK non-phosphory-
lated or all of it phosphorylated. Thus, somewhere between the
progesterone receptor and the bottom of the MAPK cascade, a
graded ‘‘analog” progesterone stimulus is converted to a ‘‘digital”
MAPK response. Moreover, the steady-state response of MAPK to
microinjected Mos is also all-or-none [10]. This demonstrates that
the MAPK cascade can generate an all-or-none response, not sim-
ply propagate one. A plausible mechanism for the generation of
the all-or-none response was suggested by the discovery that, in
oocytes, p42 MAPK and CDK1 are organized in positive feedback

Fig. 1. Xenopus oocyte maturation as a switch between two cell fates.

Fig. 2. Signal transduction pathways involved in Xenopus oocyte maturation.

1 There is some disagreement on whether the Mos/MEK/MAPK cascade is required
or dispensable for progesterone-induced oocyte maturation. See for example, Refs.
[9–11].
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practical purposes can be considered to be in G2-phase—transcrip-
tion is taking place and the M-phase cyclins are present but locked
in inactive complexes with CDK1—and its default fate is to remain
arrested indefinitely in this state, with all its various opposing pro-
cesses (protein synthesis/degradation, phosphorylation/dephos-
phorylation, anabolism/catabolism, etc.) in balance.

In response to gonadotropins released from the frog pituitary,
the ovarian epithelial cells surrounding the oocyte release matura-
tion-promoting hormones, which cause the immature oocyte to re-
sume the process of meiosis. The classical maturation-inducing
hormone is progesterone, and Xenopus oocytes possess both classi-
cal progesterone receptors [2–5] and seven-transmembrane G-pro-
tein-coupled progesterone receptors [6]. However, progesterone
undergoes metabolism in the oocyte, and there is evidence that
androgens and androgen receptors may ultimately mediate pro-
gesterone’s effects [7]. Regardless of whether a progestin or an
androgen is the ultimate trigger, the effects of progesterone on
immature oocytes are striking. The oocyte leaves its G2-arrest
state, carries out the first asymmetrical meiotic division, enters
meiosis 2, and then arrests in metaphase of meiosis 2. This pro-
gression from the G2-arrest state to the meiosis 2-arrest state is
termed maturation. After maturation the oocyte is ovulated, ac-
quires a jelly coat, and is laid by the frog. It then drifts in the pond
in this arrested state until either it is fertilized, which allows it to
complete meiosis and commence embryogenesis, or it undergoes
apoptosis.

In some respects oocyte maturation is an unusual example of a
cell fate switch. Transcription is not absolutely required, and at
least some aspects of maturation can even proceed in an enucle-
ated oocyte [8]. However, in other respects it is absolutely typical:
the cell responds to an external trigger by undergoing an all-or-
none, irreversible change in its appearance, its biochemical state,
and its developmental potential.

2.2. Mos, p42 MAPK, and CDK1 activation

Although many details remain to be worked out, in broad
outline the signaling network that mediates progesterone-induced
oocyte maturation is well-understood (Fig. 2). Progesterone stimu-
lates the translation of the Mos oncoprotein, a MAP kinase kinase
kinase (MAPKKK). Active Mos phosphorylates and activates the
MAPKK MEK1, which then phosphorylates and activates ERK2
(which in Xenopus is often called p42 MAPK). Inhibitors of these
MAPK cascade proteins inhibit oocyte maturation, and activated
forms of the proteins can initiate maturation in the absence of pro-
gesterone.1 p42 MAPK activation then brings about the dephos-
phorylation and activation of cyclin B-CDK1 complexes
(sometimes termed ‘‘latent MPF”, for latent maturation-promoting

factor, or ‘‘pre-MPF”). Activated cyclin B-CDK1 complexes then
cause the oocyte to re-enter meiotic M-phase.

Cyclin–CDK complexes are thought to function as near perfect
switches at the level of the individual complex: for example, a fully
activated cyclin A-CDK2 complex is approximately 109-fold more
active than an ‘‘inactive” CDK2 monomer [9]. But an oocyte pos-
sesses !1010 cyclin B-CDK1 complexes, meaning that even if an
individual complex is perfectly all-or-none in its activity state,
the population of cyclin B-CDK1 complexes could, in principle, set-
tle into a nearly continuous range of graded activities. This raises
the question of how the all-or-none character of oocyte maturation
arises. Is the process all-or-none at the level of p42 MAPK activa-
tion and/or CDK1 activation? And how do these reversible activa-
tion processes culminate in an irreversible cell fate change?

2.3. The all-or-none, irreversible response depends upon positive
feedback

Analysis of individual oocytes treated with various concentra-
tions of progesterone demonstrated that the steady-state response
of the oocyte’s MAPK cascade is essentially all-or-none (Fig. 3). At
intermediate concentrations of progesterone, individual oocytes
were found to have either all of their p42 MAPK non-phosphory-
lated or all of it phosphorylated. Thus, somewhere between the
progesterone receptor and the bottom of the MAPK cascade, a
graded ‘‘analog” progesterone stimulus is converted to a ‘‘digital”
MAPK response. Moreover, the steady-state response of MAPK to
microinjected Mos is also all-or-none [10]. This demonstrates that
the MAPK cascade can generate an all-or-none response, not sim-
ply propagate one. A plausible mechanism for the generation of
the all-or-none response was suggested by the discovery that, in
oocytes, p42 MAPK and CDK1 are organized in positive feedback

Fig. 1. Xenopus oocyte maturation as a switch between two cell fates.

Fig. 2. Signal transduction pathways involved in Xenopus oocyte maturation.

1 There is some disagreement on whether the Mos/MEK/MAPK cascade is required
or dispensable for progesterone-induced oocyte maturation. See for example, Refs.
[9–11].
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By modelling Mos only, we are able to describe the 
bistability

4 Positive feedback and bistability

Positive feedback, where an increase in the output of a system causes the output of the system
to increase further, can generate a bistable response. For certain parameter values, a bistable
system has two stable steady-states. If the system starts from one set of initial conditions (the
initial values of all the concentrations) and evolves with time, it will always eventually reach
one particular steady-state set of concentrations; if the same system starts from a di↵erent set
of initial conditions, it will always eventually reach the other steady-state set of concentrations.
Each steady-state has its own basin of attraction defined as all initial concentrations that evolve
to that steady-state, and each set of initial concentrations must lie in one of the two basins of
attraction. Intuitively, if the level of output does not get su�ciently high then the system tends
to one steady-state; if the output gets high enough for the positive feedback to ‘run away’ and
generate yet more output, then the system tends to the other steady-state.

4.1 MAP kinase cascades: a one dimensional example

Understanding how positive feedback generates multiple steady-states is best understood graph-
ically. Consider the MAP kinase cascade in frog oocytes: activation of the last kinase of the
cascade (indirectly through adding the hormone progesterone) causes new synthesis of the MAP
kinase kinase kinase, Mos. There is thus positive feedback on activation of the entire cascade: in-
creased activation of Mos increases activation of MAP kinase, which in turn increases activation
of Mos by causing the synthesis of more Mos molecules.

Following Ferrell et al. [10], we consider three processes that control levels of Mos. First,
there is a basal rate of synthesis that depends on progesterone:

basal synthesis = kb[p] (4.1)

where kb is the basal rate and [p] is the concentration of progesterone. Second, positive feedback
occurs because synthesis of Mos is proportional to the concentration of activated MAP kinase.
If we assume that the concentration of MAP kinase is a Hill function of the concentration of
Mos, then this term is:

positive feedback = f
[Mos]n

Kn + [Mos]n
(4.2)

where f measures the strength of the feedback. Finally, Mos is degraded intracellularly, which
we model as a first order process:

degradation = �[Mos] (4.3)

measuring units of time in units of the lifetime of Mos.
Consequently, the rate of change of the concentration of Mos is

d[Mos]

dt
= kb[p] + f

[Mos]n

Kn + [Mos]n
� [Mos] (4.4)

and typical parameter values are K = 20 nM, n = 5, kb = 0.2, and f = 40 [10].
At steady-state, the rate of synthesis of Mos equals the rate of degradation of Mos. Therefore

to find steady-state values, we can plot the total synthesis rate as a function of the concentration
of Mos and the total degradation rate as a function of Mos with any intersections between these

33

basal 
synthesis

positive 
feedback degradation

The positive feedback is described with a Hill function.

progesterone



We use a graphical construction to find the steady-
state solutions

two curves determining a steady-state concentration of Mos (Fig. 4A). Notice that if the rate
of synthesis of Mos was not ultrasensitive but hyperbolic, then the system would have only one
stable steady-state and no switch-like behaviour (Fig. 4B).
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dt
= kb[p] + f
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Kn + [Mos]n

d[Mos]

dt
= kb[p] + f

[Mos]

K + [Mos]

A
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d[Mos]

dt
= [Mos]

Figure 4: Steady-state solutions of Eq 4.4 can be found using a graphical construction: the intersection

of a curve describing the production rate of [Mos] as a function of [Mos] with a curve describing the

degradation rate of [Mos] as a function of [Mos] gives the steady-state concentration. A: With a

sigmoidal production rate, three steady-states exist of which two are stable. B: With a hyperbolic

production rate there is only one steady-state.

Depending on the initial conditions, the system will tend to one of the two steady-states. It
will avoid the unstable steady-state. Even if the system is initiated at the concentrations of the
unstable steady-state, any perturbation, no matter how small, will cause the system to tend to
one of the two steady-states (Fig. 5).
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The system is at steady state when the rate of production of Mos equals 
its rate of degradation.
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The long-term behaviour will depend on the initial 
conditions
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Depending on the initial conditions, the system will tend to one of the two steady-states. It
will avoid the unstable steady-state. Even if the system is initiated at the concentrations of the
unstable steady-state, any perturbation, no matter how small, will cause the system to tend to
one of the two steady-states (Fig. 5).
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A phase diagram summarises the possible dynamics.

' 18 nM' 5 nM ' 45 nM

Figure 5: The phase portrait when [p] = 20 nM (see Fig. 6). If the initial [Mos] is above the value

at the unstable steady-state, then [Mos] tends to the upper stable steady-state. If the initial [Mos] is

below the value at the unstable steady-state, then [Mos] tends to the lower stable steady-state.

A bifurcation is a qualitative change in the dynamics of a system [11]. As we change the
concentration of pheromone from, for example, low to high values, the number of steady-state
concentrations of Mos changes from three to one (Fig. 6). This change in pheromone qualitatively
changes the system’s dynamics, and a bifurcation has occurred. When the system has one steady-
state then this steady-state is stable (for example, when [p] = 60 nM), and the evolution of the
system from any initial condition will ultimately lead to that steady-state. When the system
has three steady-states (for example, when [p] = 20 nM), two steady-states are stable and the
steady-state between these two steady-states is unstable.

d[Mos]

dt
= kb[p] + f

[Mos]
n

Kn + [Mos]n

d[Mos]

dt
= [Mos]

Figure 6: The number of stable steady-states (denoted in red) changes as the concentration of

pheromone, which sets the intercept with the y-axis, changes.

As the concentration of pheromone is increased from zero, one stable and the unstable steady-
state approach each other. At the bifurcation point, they annihilate each other and both disap-

35

' 18 nM' 5 nM ' 45 nM

Figure 5: The phase portrait when [p] = 20 nM (see Fig. 6). If the initial [Mos] is above the value

at the unstable steady-state, then [Mos] tends to the upper stable steady-state. If the initial [Mos] is

below the value at the unstable steady-state, then [Mos] tends to the lower stable steady-state.

A bifurcation is a qualitative change in the dynamics of a system [11]. As we change the
concentration of pheromone from, for example, low to high values, the number of steady-state
concentrations of Mos changes from three to one (Fig. 6). This change in pheromone qualitatively
changes the system’s dynamics, and a bifurcation has occurred. When the system has one steady-
state then this steady-state is stable (for example, when [p] = 60 nM), and the evolution of the
system from any initial condition will ultimately lead to that steady-state. When the system
has three steady-states (for example, when [p] = 20 nM), two steady-states are stable and the
steady-state between these two steady-states is unstable.

d[Mos]

dt
= kb[p] + f

[Mos]
n

Kn + [Mos]n

d[Mos]

dt
= [Mos]

Figure 6: The number of stable steady-states (denoted in red) changes as the concentration of

pheromone, which sets the intercept with the y-axis, changes.

As the concentration of pheromone is increased from zero, one stable and the unstable steady-
state approach each other. At the bifurcation point, they annihilate each other and both disap-

35



Ultrasensitivity in the positive feedback is necessary 
for bistability

two curves determining a steady-state concentration of Mos (Fig. 4A). Notice that if the rate
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Depending on the initial conditions, the system will tend to one of the two steady-states. It
will avoid the unstable steady-state. Even if the system is initiated at the concentrations of the
unstable steady-state, any perturbation, no matter how small, will cause the system to tend to
one of the two steady-states (Fig. 5).
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By changing the concentration of pheromone, the 
system undergoes a bifurcation

' 18 nM' 5 nM ' 45 nM

Figure 5: The phase portrait when [p] = 20 nM (see Fig. 6). If the initial [Mos] is above the value

at the unstable steady-state, then [Mos] tends to the upper stable steady-state. If the initial [Mos] is

below the value at the unstable steady-state, then [Mos] tends to the lower stable steady-state.

A bifurcation is a qualitative change in the dynamics of a system [11]. As we change the
concentration of pheromone from, for example, low to high values, the number of steady-state
concentrations of Mos changes from three to one (Fig. 6). This change in pheromone qualitatively
changes the system’s dynamics, and a bifurcation has occurred. When the system has one steady-
state then this steady-state is stable (for example, when [p] = 60 nM), and the evolution of the
system from any initial condition will ultimately lead to that steady-state. When the system
has three steady-states (for example, when [p] = 20 nM), two steady-states are stable and the
steady-state between these two steady-states is unstable.

d[Mos]

dt
= kb[p] + f

[Mos]
n

Kn + [Mos]n

d[Mos]

dt
= [Mos]

Figure 6: The number of stable steady-states (denoted in red) changes as the concentration of

pheromone, which sets the intercept with the y-axis, changes.

As the concentration of pheromone is increased from zero, one stable and the unstable steady-
state approach each other. At the bifurcation point, they annihilate each other and both disap-

35

<latexit sha1_base64="gxUCCHMYodjzoafdGF1LwchdnZU=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mIoCcpePFYwX7AdinZNNvGZpMlyQpl6X/w4kFBvPp7vPlvTNs9aOuDgcd7M8zMi1LBjfX9b6+0tr6xuVXeruzs7u0fVA+P2kZlmrIWVULpbkQME1yyluVWsG6qGUkiwTrR+Hbmd56YNlzJBztJWZiQoeQxp8Q6qT3uR0Ea9qs1v+7PgVYJLkgNCjT71a/eQNEsYdJSQYwJsJ/aMCfacirYtNLLDEsJHZMhCxyVJGEmzOfXTtGZUwYoVtqVtGiu/p7ISWLMJIlcZ0LsyCx7M/E/L8hsfB3mXKaZZZIuFsWZQFah2etowDWjVkwcIVRzdyuiI6IJtS6gigsBL7+8SjoXdXxZx/j+sta4KfIowwmcwjlguIIG3EETWkDhEZ7hFd485b14797HorXkFTPH8Afe5w8NGY8/</latexit>

kb[p]

<latexit sha1_base64="gxUCCHMYodjzoafdGF1LwchdnZU=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mIoCcpePFYwX7AdinZNNvGZpMlyQpl6X/w4kFBvPp7vPlvTNs9aOuDgcd7M8zMi1LBjfX9b6+0tr6xuVXeruzs7u0fVA+P2kZlmrIWVULpbkQME1yyluVWsG6qGUkiwTrR+Hbmd56YNlzJBztJWZiQoeQxp8Q6qT3uR0Ea9qs1v+7PgVYJLkgNCjT71a/eQNEsYdJSQYwJsJ/aMCfacirYtNLLDEsJHZMhCxyVJGEmzOfXTtGZUwYoVtqVtGiu/p7ISWLMJIlcZ0LsyCx7M/E/L8hsfB3mXKaZZZIuFsWZQFah2etowDWjVkwcIVRzdyuiI6IJtS6gigsBL7+8SjoXdXxZx/j+sta4KfIowwmcwjlguIIG3EETWkDhEZ7hFd485b14797HorXkFTPH8Afe5w8NGY8/</latexit>

kb[p]



' 18 nM' 5 nM ' 45 nM

Figure 5: The phase portrait when [p] = 20 nM (see Fig. 6). If the initial [Mos] is above the value

at the unstable steady-state, then [Mos] tends to the upper stable steady-state. If the initial [Mos] is

below the value at the unstable steady-state, then [Mos] tends to the lower stable steady-state.
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concentration of pheromone from, for example, low to high values, the number of steady-state
concentrations of Mos changes from three to one (Fig. 6). This change in pheromone qualitatively
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A bifurcation diagram shows the steady states as a 
function of the bifurcation parameter

pear (at [p] ' 47 nM). The system as a whole therefore is left with only one steady state. This
disappearance of a stable and an unstable steady state is called a saddle-node bifurcation [11].
Such a bifurcation can also create a stable and an unstable node if, for example, pheromone is
now decreased.

4.2 Bifurcation diagrams and hysteresis

A bifurcation diagram shows qualitative changes in the long-term behaviour of the output of
a system as a function of a parameter in the system. For the MAPK system, we can plot the
steady-state values of protein as a function of the progesterone concentration [p] (Fig. 7). For
low [p], there are two stable steady states for Mos (Fig. 6); for high [p] there is one high steady
state (Fig. 6). Usually, stable steady states are marked on bifurcation diagrams with solid lines
and unstable steady states are marked with dashed lines. The signalling system can therefore
act as a switch with the steady-state level of Mos jumping from a low to a high value as the
bifurcation parameter, here [p], changes.

Figure 7: A bifurcation diagram showing the steady-state concentrations of Mos as a function of the

concentration of pheromone. Stable steady states are in either blue or red; unstable steady states are

in black. A saddle-node bifurcation occurs at [p] ' 47 nM. The stable steady states in Fig. 6 are shown

in red.

Bistable systems typically show history-dependent, or hysteretic, behaviour. As [p] is in-
creased from low to high values, the steady-state level of [Mos] jumps from a low to a high
value at a particular threshold value of [p] (when the system goes through a saddle-node bifurca-
tion). Decreasing [p] will, in this example, cause no jump back to the low state of Mos, and the
system has a permanent memory, always remembering the exposure to the high progesterone
concentration.
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The system has hysteresis and the positive feedback is 
so strong that there is permanent memory
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means that for a given slice of time, there is a single steady-
state value for x, the x coordinate of the bottom of the
valley. As time goes on, the landscape acquires additional
valleys, always separated from each other by ridges. Thus,
the system goes from being monostable — one valley —
to bistable and then multistable (Figure 1). The idea that
alternative cell fates may correspond to alternative stable
steady states predates Waddington [5] and continues
to be an important guiding principle for understanding
differentiation. For a system to be bistable or multistable,
it must include positive or double-negative feedback
loops [16–18].

The relevance of bistability or multistability to biology
received experimental support from studies of b-galactosi-
dase induction in bacteria [19] and of the lysis–lysogeny
decision in bacteriophage l [20]. More recent experimental
work has established bistability as the basis of the all-or-
none, irreversible maturation of Xenopus oocytes [21–23].
Bistability appears to be at the heart of decisive, irreversible
biological phenomena beyond cell differentiation as well,
such as the transitions between phases of the cell division
cycle [24–28].

Creating and Eliminating Valleys through Bifurcations
Waddington’s landscape not only features multistability, but
also specifies how valleys are created at the time of critical
developmental transitions. The process of producing a new
valley is termed a bifurcation, and the type of bifurcation
seen in Waddington’s landscape, where one valley turns
into two valleys plus an intervening ridge, is called a pitchfork
bifurcation (Figure 1). Note that the complete name for Wad-
dington’s bifurcation is a supercritical pitchfork; a pitchfork
can also have a ridge splitting into two ridges plus a valley,
which is termed a subcritical pitchfork. Here we will only
encounter supercritical pitchforks, and so for economy’s
sake the term ‘supercritical’ is omitted.

A pitchfork bifurcation is not the only way of creating or
eliminating valleys from a landscape. A new valley can arise
somewhere far from the existing valleys, and an old valley
can cease to exist by dead-ending rather than merging
with another valley. These processes are termed saddle-
node bifurcations, and although there are no saddle-node
bifurcations on Waddington’s landscape, we will encounter
them soon.
In summary, Waddington’s epigenetic landscape begins

with a monostable system — one valley, corresponding to
one possible stable steady state for the undifferentiated
cell. As time goes on, the landscape goes through a succes-
sion of pitchfork bifurcations, giving rise to new valleys and
new possible cell fates. With this in mind I formulate models
of developmental processes, generate potential surfaces,
and see how the surfaces compare with Waddington’s
picture — something that Waddington’s classic 1957 book
stopped short of doing. I begin with a model of cell-fate
induction.

Cell-Fate Induction
In cell-fate induction, a cell or a group of cells produces an
inductive stimulus that causes another cell to adopt a new
phenotype. A schematic view is shown in Figure 2A. Well-
studied examples include mesoderm induction in the early
Xenopus laevis embryo [29], progesterone-induced matura-
tion in Xenopus oocytes [30], R7 photoreceptor induction in
theDrosophila melanogaster eye [31], and vulval induction in
Caenorhabditis elegans larvae [32].
One key feature of cell-fate induction is that the inductive

stimulus need not be maintained indefinitely; after some
commitment point, the stimulus may be withdrawn and the
cell will continue with its induced developmental program.
Another is that induction results in an all-or-none switch
between qualitatively distinct cell fates. Intermediate fates
are seen only transiently. Both of these features suggest
that positive feedback and multistability are involved in the
process.

Modeling Cell-Fate Induction
To keep things simple and consistent with Waddington’s
use of a single variable for phenotype, I start with a
single-variable model of cell-fate induction where some
differentiation regulator, denoted x, promotes its own
synthesis via a positive feedback loop (Figure 2B). The
model is similar to one proposed for progesterone-induced
Xenopus oocyte maturation [22,23,33], but for present
purposes can be considered a generic model of cell-fate
induction.
I assume that there is some basal rate of x synthesis, de-

noted by a0, plus a feedback-dependent component of x
synthesis. Because nonlinearity is important for the genera-
tion of bistability [34,35], and biological response functions
are often well-approximated by Hill functions, I assume
that the feedback-dependent rate of x synthesis is propor-
tional to a Hill function with a high Hill coefficient (n = 5).
Taken together:

Synthesis rate =a0 +a1
x5

K5 + x5
[Equation 1]

where a1 is the maximum rate of feedback-dependent
synthesis of x and K is the concentration of x where the

Figure 1. Waddington’s epigenetic landscape (adapted from [1]).

Differentiating cells are represented by a ball rolling through a changing
potential surface. At the outset of development, the ball can also repre-
sent a region of cytoplasm in a fertilized egg. New valleys represent
alternative cell fates, and ridges keep cells from switching fates. At
the back of the landscape, the potential surface is monostable — there
is a single valley. When the valley splits the landscape becomes bista-
ble and then multistable. The solid black lines represent stable steady
states, the dashed lines represent unstable steady states, and the red
circles represent pitchfork bifurcations (J).
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Waddington’s epigenetic landscape illustrates how an 
undifferentiated cell progresses to one of several possible 
differentiated states 



Cell-Fate Induction Eliminates Valleys Rather Than
Creating New Valleys
If nothing changes about the equation that describes the
synthesis and destruction of x (Equation 3), then nothing
will change about the landscape; it will continue to have
two valleys and a ridge, in perpetuity.

But suppose the cell becomes exposed to an inductive
stimulus, an input to the regulatory system (Figure 2A). In
terms of Equation 3, the input could be taken as an increase
in the basal rate of x synthesis, a0. As the input increases,
the shape of the landscape changes. If, for the sake of
simplicity, I assume that the input increases relatively
slowly, the resulting two-dimensional potential landscape
can be considered to be a succession of one-dimensional
slices. The result is shown in Figure 2E. The landscape
begins with two valleys, with the left-hand valley being
deeper than the right-hand valley. As the stimulus begins
to increase, the landscape tilts, with the right side
becoming progressively lower with respect to the left. As
a result, the bottom of the left-hand valley begins to shift
to the right and the ridge top that separates the valleys
begins to shift to the left. Eventually the left-hand valley
and the ridge meet and disappear at a saddle-node bifurca-
tion (Figure 2E, labeled SN). Once the left-hand valley is no
longer a valley, a cell that starts out in the left-hand (unin-
duced) valley is forced to roll downhill, to the right, settling
at the bottom of the right-hand valley. Thus, the cell leaves
the uninduced cell fate and adopts the induced cell fate,
because the valley corresponding to the uninduced cell
fate no longer exists.

Why does the inductive stimulus a0 tilt the landscape to
the right (Figure 2E), making the left-hand valley disappear?
Consider again the expression for the potential function F
(Equation 4). The stimulus a0 enters the integral only in the
first term; integrating this term yields 2a0x. This is a flat
line when a0 = 0, and as a0 increases, it acquires an increas-
ingly large negative slope. In this way the stimulus progres-
sively tilts the potential surface, dumping the cell out of the
left-hand potential well.
Although it was natural to assume that the induction stim-

ulus acts by increasing the value of a0, I could have alterna-
tively made the stimulus act through any of the other
parameters of Equation 4 — for example, by decreasing
the value of the degradation constant b in the face of a small
(but non-zero) constant value for a0. Would this alter the
conclusion that cell-fate commitment occurs as a result of
the disappearance of a valley at a saddle-node bifurcation?
The answer is no. No matter how I choose to have the induc-
tive stimulus affect the model, the result is the same. The cell
commits to the induced fate because the valley correspond-
ing to the uninduced fate disappears through a saddle-node
bifurcation.
Finally, I should note that just as valleys can be eliminated

from a landscape through a saddle-node bifurcation, they
can also be created through a reverse of the process de-
picted in Figure 2E. But this reverse process still does not
resemble the type of bifurcation depicted in Waddington’s
landscape. The new valley does not split off from the initial
valley — it is born somewhere else in state space. And
a cell will not be able to move into the newly created valley

Figure 2. Cell-fate induction.

(A) Schematic view of a cell-fate induction
process. (B) A simple mathematical model of
a positive feedback system that could trigger
and maintain differentiation, where some
differentiation regulator, denoted x, promotes
its own synthesis via a positive feedback loop.
(C) Rate–balance analysis. The blue line
depicts the rate of the back reaction as a func-
tion of x. The red curve depicts the rate of the
forward reaction. The intersections of the two
define where the forward and back reaction
rates are balanced and the system is in
a steady state. The filled circles are stable
steady states (SSS) and the open circle is an
unstable steady state (USS). (D) The potential
function. The stable steady states lie at the
bottoms of valleys and the unstable steady
state sits at the top of a ridge. Values were
chosen for the parameters in Equation 3 as
follows. I initially assumed the input a0 = 0. I
assumed K = 1, which is equivalent to
choosing units for the x-axis so that 1 unit of
x produces a half-maximal forward reaction
rate when the input is 0. I assumed a1 = 1,
which is equivalent to choosing units for the
y-axis so that the maximal rate of the forward
reaction when the input is 0 is 1. Finally, I
assumed a1 = 0:55, which makes the curves
interact three times and makes the system bi-
stable. (E) A saddle-node epigenetic land-
scape. The input (a0) increases from 0 to 0.9
as time increases, and the potential is calcu-
lated according to Equation 4. Solid lines
denote stable steady states (valley bottoms), and the dashed line represents the unstable steady state (the top of the ridge between the two
valleys). Cell-fate commitment occurs when the left-hand valley and the ridge meet each other and disappear at a saddle-node bifurcation (SN).
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Differentiation is more likely to occur through saddle-node 
bifurcations, which cause a valley and a ridge to disappear
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terms of Equation 3, the input could be taken as an increase
in the basal rate of x synthesis, a0. As the input increases,
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Consider again the expression for the potential function F
(Equation 4). The stimulus a0 enters the integral only in the
first term; integrating this term yields 2a0x. This is a flat
line when a0 = 0, and as a0 increases, it acquires an increas-
ingly large negative slope. In this way the stimulus progres-
sively tilts the potential surface, dumping the cell out of the
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tively made the stimulus act through any of the other
parameters of Equation 4 — for example, by decreasing
the value of the degradation constant b in the face of a small
(but non-zero) constant value for a0. Would this alter the
conclusion that cell-fate commitment occurs as a result of
the disappearance of a valley at a saddle-node bifurcation?
The answer is no. No matter how I choose to have the induc-
tive stimulus affect the model, the result is the same. The cell
commits to the induced fate because the valley correspond-
ing to the uninduced fate disappears through a saddle-node
bifurcation.
Finally, I should note that just as valleys can be eliminated

from a landscape through a saddle-node bifurcation, they
can also be created through a reverse of the process de-
picted in Figure 2E. But this reverse process still does not
resemble the type of bifurcation depicted in Waddington’s
landscape. The new valley does not split off from the initial
valley — it is born somewhere else in state space. And
a cell will not be able to move into the newly created valley
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(A) Schematic view of a cell-fate induction
process. (B) A simple mathematical model of
a positive feedback system that could trigger
and maintain differentiation, where some
differentiation regulator, denoted x, promotes
its own synthesis via a positive feedback loop.
(C) Rate–balance analysis. The blue line
depicts the rate of the back reaction as a func-
tion of x. The red curve depicts the rate of the
forward reaction. The intersections of the two
define where the forward and back reaction
rates are balanced and the system is in
a steady state. The filled circles are stable
steady states (SSS) and the open circle is an
unstable steady state (USS). (D) The potential
function. The stable steady states lie at the
bottoms of valleys and the unstable steady
state sits at the top of a ridge. Values were
chosen for the parameters in Equation 3 as
follows. I initially assumed the input a0 = 0. I
assumed K = 1, which is equivalent to
choosing units for the x-axis so that 1 unit of
x produces a half-maximal forward reaction
rate when the input is 0. I assumed a1 = 1,
which is equivalent to choosing units for the
y-axis so that the maximal rate of the forward
reaction when the input is 0 is 1. Finally, I
assumed a1 = 0:55, which makes the curves
interact three times and makes the system bi-
stable. (E) A saddle-node epigenetic land-
scape. The input (a0) increases from 0 to 0.9
as time increases, and the potential is calcu-
lated according to Equation 4. Solid lines
denote stable steady states (valley bottoms), and the dashed line represents the unstable steady state (the top of the ridge between the two
valleys). Cell-fate commitment occurs when the left-hand valley and the ridge meet each other and disappear at a saddle-node bifurcation (SN).
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