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In cellular signal transduction, the information in an external stimulus is encoded in temporal patterns in
the activities of signaling molecules; for example, pulses of a stimulus may produce an increasing re-
sponse or may produce pulsatile responses in the signaling molecules. Here, we show how the Akt
pathway, which is involved in cell growth, specifically transmits temporal information contained in
upstream signals to downstream effectors. We modeled the epidermal growth factor (EGF)–dependent
Akt pathway in PC12 cells on the basis of experimental results. We obtained counterintuitive results in-
dicating that the sizes of the peak amplitudes of receptor and downstream effector phosphorylation were
decoupled; weak, sustained EGF receptor (EGFR) phosphorylation, rather than strong, transient phos-
phorylation, strongly induced phosphorylation of the ribosomal protein S6, a molecule downstream of
Akt. Using frequency response analysis, we found that a three-component Akt pathway exhibited the
property of a low-pass filter and that this property could explain decoupling of the peak amplitudes of
receptor phosphorylation and that of downstream effectors. Furthermore, we found that lapatinib, an
EGFR inhibitor used as an anticancer drug, converted strong, transient Akt phosphorylation into weak,
sustained Akt phosphorylation, and, because of the low-pass filter characteristics of the Akt pathway,
this led to stronger S6 phosphorylation than occurred in the absence of the inhibitor. Thus, an EGFR
inhibitor can potentially act as a downstream activator of some effectors.
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INTRODUCTION

In communication systems, information is often encoded as temporal pat-
terns of signals, and signals are selectively transmitted and decoded by the
characteristics of signal processingmodules (1). In cellular signal transduc-
tion, information is also encoded as temporal patterns of the activities of
signaling molecules and is selectively transmitted and decoded by charac-
teristics of the signal transduction pathways, leading to specific cellular re-
sponses (2–6). The characteristics of these signal transduction pathways
have been analyzed in an effort to elucidate the frequency responses of var-
ious cellular processes (7–9). Although periodic stimuli are generally used
for frequency response analyses, producing periodic stimuli can be techni-
cally difficult. Therefore, instead of using periodic stimuli, we decomposed
the time courses of the phosphorylation of signaling molecules into fre-
quency waves with a Fourier transform and examined the signal transfer
efficiency from receptors to downstream molecules.

The activity ofAkt [also known as protein kinaseB (PKB)] is stimulated
by various growth factors, and this serine-threonine kinase plays evolution-
arily conserved roles in many cellular functions, such as protein synthesis
and cell growth (10, 11). In the rat pheochromocytoma cell line PC12, Akt
signaling regulates cell growth in response to growth factors, including ep-
idermal growth factor (EGF) (12–15). The binding of growth factors to
their receptors leads to the activation of phosphatidylinositol 3-kinase
1Department of Computational Biology, Graduate School of Frontier Sciences,
University of Tokyo, Kshiwanoha 5-1-5, Kashiwa, Chiba 277-8568, Japan. 2De-
partment of Biophysics and Biochemistry, Graduate School of Science, CREST,
Japan Science and Technology Agency, University of Tokyo, Hongo 7-3-1,
Bunkyo-ku,Tokyo 113-0033, Japan.
*To whom correspondence should be addressed. E-mail: skuroda@bi.s.u-
tokyo.ac.jp
(PI3K) and the subsequent phosphorylation and activation ofAkt. Akt stim-
ulates downstream molecules, such as S6 kinase, through the mammalian
target of rapamycin (mTOR) complex 1, and activated S6 kinase phospho-
rylates ribosomal protein S6 (16–20), which is consistent with the role of
S6 regulating cell size (21, 22). Despite knowledge of the outcomes of Akt
signaling, the temporal coding in theAkt pathway remains to be elucidated.

Here, we found a counterintuitive decoupling of peak amplitudes be-
tween receptor phosphorylation and phosphorylation of downstream ef-
fectors; a weak sustained phosphorylation of the EGF receptor (EGFR),
rather than a strong transient phosphorylation, strongly induced the phos-
phorylation of S6. Thus, the signal transfer efficiency in the Akt pathway
depends on the temporal pattern of receptor phosphorylation. With a fre-
quency response analysis of a three-component Akt pathway model, we
identified a low-pass filter characteristic of this Akt pathway. Because the
higher-frequency waves were not efficiently transferred downstream com-
pared with the lower-frequency waves, the Akt pathway can decouple the
peak amplitudes of receptor phosphorylation and downstream effector
phosphorylation. Furthermore, we found that through this decoupling ef-
fect, lapatinib, an EGFR inhibitor used as an anticancer drug, acted as a
downstream activator of one effector.

RESULTS

Decoupling in the Akt pathway activated by EGF
in PC12 cells
We measured the time courses of phosphorylated EGFR (pEGFR), phos-
phorylated Akt (pAkt), and phosphorylated S6 (pS6) in response to step
stimulation of PC12 cells with EGF (Fig. 1, A and B, left columns, and fig.
S1). We then developed a simple schematic simulation model of this three-
www.SCIENCESIGNALING.org 27 July 2010 Vol 3 Issue 132 ra56 1
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component (EGFR, Akt, S6) EGF-dependent Akt pathway (Fig. 2) and
fitted the parameters of the model with the experimental data from cells
responding to step stimulation (Fig. 1, B and C, and fig. S2). Hereafter,
this simple schematic model is referred to as the “Akt pathway model.”
To test the validity of this model, we predicted the responses of this three-
component Akt pathway to pulse and ramp stimulation with EGF (Fig. 1,
A and C, center and right columns) and validated the predicted responses
experimentally (Fig. 1B and fig. S3). The Akt pathway model quantita-
tively characterized the time courses of pEGFR, pAkt, and pS6 in response
to step, pulse, and ramp stimulation with EGF (Fig. 1, B and C), indicating
that the Akt pathway model is valid. The responses in this Akt pathway to
step, pulse, and ramp stimulations were distinct. Hereafter, a transient time
course refers to a rapid response in which the peak occurred within 5 min
of stimulation, and a sustained time course refers to a slow response in
which the peak occurred after 5 min.

Step stimulation with EGF produced strong transient and weak sus-
tained time courses of pEGFR and pAkt (Fig. 1B). Pulse stimulation with
EGF produced only strong transient time courses of pEGFR and pAkt.
Ramp stimulation with EGF produced mainly a sustained time course of
pEGFR and pAkt. The peak amplitudes of pEGFR and pAkt produced by
step and pulse stimulations were similar and larger than those produced by
ramp stimulation. In all stimulation paradigms, the time course of pS6 was
different from the time courses of pEGFR and pAkt; pS6 exhibited a sus-
tained time course. The peak amplitude of pS6 by step stimulation was
larger than that produced by pulse stimulation, despite the similar peak
amplitudes of pAkt observed in response to either step or pulse stimula-
tion. The peak amplitude of pS6 produced by ramp stimulation with EGF
was similar to that produced by step stimulation. Here, we denote dose re-
sponse as the amount of phosphorylation produced by EGF concentrations
at the indicated time. The dose response of pS6 at 30 min produced by step
stimulation was convex and reached a maximum at an EGF concentration
of 1 ng/ml, whereas that by pulse stimulation was monotonic, steadily
increasing with increasing concentrations of EGF (fig. S3). The time
course of phosphorylated S6 kinase, an intermediate molecule between
Akt and S6, showed an intermediate time course pattern between that of
pAkt and that of pS6 (fig. S4).

The Akt pathway model reproduced the above features of the experi-
mental results (Fig. 1C), indicating that the Akt pathwaymodel can capture
the systems-level dynamics of this Akt pathway in PC12 cells. We had ini-
tially tried to develop a complex signaling pathway model that included
cross talk and feedback, but found that even the simple Akt pathway
model sufficiently reproduced the experimental results. Moreover, phos-
phorylation of S6 is mainly dependent on the Akt pathway in PC12 cells
(23), and we confirmed that the addition of LY294002 and rapamycin,
inhibitors of PI3K andmTOR, respectively, completely inhibited S6 phos-
phorylation in PC12 cells (fig. S5). Together, these results indicate that, at
least in PC12 cells, S6 phosphorylation is mainly dependent on the Akt
pathway. Therefore, we used the Akt pathway model to elucidate the tem-
poral coding mechanisms at the systems level. Note that the Akt pathway
model was built by lumping molecular species and reactions together into
abstracted variables to distill the essential characteristics of signal trans-
duction dynamics and was not intended to describe the detailed molecular
reactions (24).

Intuitively, one may think that peak amplitudes of upstream and down-
stream molecules would correlate; however, we obtained counterintuitive
phosphorylation kinetics by immunoblotting (Fig. 1D). Despite a much
larger peak amplitude of pEGFR in response to pulse stimulation than that
produced by ramp stimulation, the peak amplitude of pS6 by ramp stimu-
lation was much larger than that by pulse stimulation (Fig. 1D). Further-
more, despite the similar peak amplitudes of pEGFR produced by step and
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Fig. 1. EGF-dependent dynamics of the Akt pathway. (A) Step, pulse, and
ramp stimulation with EGF performed in the experiments and simulations.

The concentrations of EGF used for the step and pulse stimulations were
the same and are indicated in the key; the pulse stimulation was 1 min in
duration. The rate of increase for the ramp stimulation is indicated in the
key. (B) EGF-induced time courses of pEGFR, pAkt, and pS6 in PC12 cells
by step (left column), pulse (middle column), and ramp (right column) stimu-
lation. ThemeansandSEMof three independent experimentsare shown. The
doses and time courses of EGF are shown in (A). Images of the original im-
munoblot gels and S6 kinase phosphorylation are shown in fig. S1. AU, arbi-
trary unit. (C) EGF-induced pEGFR, pAkt, and pS6 in the Akt pathway model
by step (left column), pulse (middle column), and ramp (right column) stimu-
lation. (D) Images of original immunoblots of pEGFR, pAkt, and pS6 by step
(10 ng/ml), pulse (10 ng/ml for 1min), and ramp (3 ng/ml per hour) stimulation.
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pulse stimulations, the peak amplitude of pS6 by pulse stimulation was
much lower than that produced by step stimulation (Fig. 1D). Thus, even
a strong, transient time course of pEGFR poorly induced pS6, whereas a
weak sustained time course of pEGFR strongly induced pS6. These counter-
intuitive characteristicswere conserved throughout all the temporal patterns
of stimulation that were tested (Fig. 1B). We refer to this phenomenon, in
which the relationship of the magnitude of the peak amplitudes of the time
courses of upstream molecules is opposite to that of downstream mole-
cules, as “decoupling.” The phenomenon in which the relationship of the
magnitude of the peak amplitudes of the time courses of upstream mole-
cules is the same as that of downstream molecules is referred to as “cou-
pling.” Thus, the peak amplitudes of transient and sustained time courses
between upstream and downstreammolecules can be decoupled in the Akt
pathway (Fig. 1D).

If only the responses to pulse stimulation are considered, one may
think that the relationship of the peak amplitudes between pAkt and
pS6 is always coupled, because the appearance of pS6 looks like a de-
layed and decayed pAkt response. Furthermore, in response to pulse
stimulation, the dose responses of both pAkt at 1 min and pS6 at 30
min were monotonic (fig. S3). By step stimulation, however, the dose
response of pAkt at 1 min was monotonic (fig. S3), whereas that of
pS6 at 30 min was convex (Fig. 1, B and C, and fig. S3). This observation
indicates that the conversion of the time course of pAkt to that of pS6 is not
a simple delay and decay response. By step stimulation, the dose re-
sponse of pAkt at 30 min was convex, similar to the pS6 response (fig.
S3), suggesting that this sustained time course of pAkt, rather than the tran-
sient time course, was responsible for the convex dose response of pS6.
Thus, as the signal descends from pAkt to pS6, the transient time course
seems to be relatively decayed compared with the sustained time course,
 on O
ctober 26, 2010 
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resulting in the convex dose response of pS6 (fig. S3). Consistently, the
sustained time course of pAkt was relatively enhanced by ramp stimulation
(Fig. 1, B and C). These results suggest that the signal transfer efficiency
from the upstreammolecule to the downstreammolecule differs depending
on the shapes of the time courses.

Frequency response analysis of the Akt pathway
To examine the signal transfer efficiency of transient and sustained time
courses, we used a frequency response analysis, which is often used in
fields such as analog communication systems (1). An outline and an expla-
nation of the concepts involved in the frequency response analysis used in
this study are summarized in Fig. 3 and fig. S6A, respectively. Periodic
stimuli are generally used for frequency response analyses. Because of
the technical difficulties in producing periodic stimuli, we decomposed
the time courses of the phosphorylation of the signalingmolecules into fre-
quency waves with a Fourier transform and examined the signal transfer
efficiency from receptors to downstream molecules by dividing the ampli-
tudes of the frequency waves of the downstream molecules by those of the
upstream molecules (Fig. 3 and fig. S6A; see Materials and Methods).

To examine the signal transfer efficiencies of typical transient and sus-
tained time courses of pEGFR induced by pulse (10 ng/ml for 1 min) or
ramp (3 ng/ml per hour) stimulation, respectively, we obtained amplitude
spectra (Fig. 4 and fig. S7A) of the time courses of pEGFR, pAkt, and pS6
in the Akt pathway model by performing a Fourier transform. We used the
simulated time courses for the frequency response analysis instead of the
experimental time courses because of the experimental difficulty in obtain-
ing the short interval (1 s) required for a Fourier transform. The amplitude
spectrum of a time course consists of the amplitudes of the frequencywaves
that constitute the time course and can be obtained by decomposing the
time course into frequency waves with a Fourier transform (fig. S6, B
and C). From the experimental and simulation data, it is clear that as the
signal descended frompEGFR to pS6, the signal of the transient time course
decayed compared with that of the sustained time course (Fig. 4A). The
peak amplitude of the transient time course of pEGFRwas higher than that
of the sustained time course. Similarly, the peak amplitude of the transient
time course of pAkt was higher than that of the sustained time course. In
contrast, the peak amplitude of the sustained time course of pS6was higher
than that of the transient time course. Thus, the relationship between the
peak amplitudes of the transient and sustained time courses of pEGFR
and pAkt was coupled, whereas that between the peak amplitudes of pAkt
and pS6 was decoupled.

When these data are converted by Fourier transform, at higher fre-
quencies (about >2 × 10−3), the amplitudes of the amplitude spectrum of
the transient time course of pEGFR were larger than the amplitudes of the
sustained time course, whereas at lower frequencies (about <2 × 10−3), the
amplitudes of the sustained time coursewere larger than those of the tran-
sient time course (Fig. 4B). The amplitude spectra for pAkt and pS6
showed a relationship between the sustained and transient time courses sim-
ilar to that of pEGFR.The amplitudes of pEGFRat higher frequencieswere
larger than those of pAkt, and those of pAkt were larger than those of pS6.
The amplitudes of pEGFR at lower frequencies were smaller than those of
pAkt, and those of pAkt were smaller than those of pS6. This indicates that
amplitudes at higher frequencies became smaller, whereas those at lower
frequencies became larger, as the signal descended from pEGFR to pS6.
This suggests that as the signal descends downstream, the transient time
course becomes relatively decayed compared with the sustained time
course because the amplitudes of the transient time course of pEGFR at
a higher frequency are larger than those of the sustained time course. This
phenomenon may decouple the peak amplitudes of pEGFR from those of
downstream molecules. We examined the amplitude spectra of pEGFR,
re1
re2

re3

re4

re5

re6

re6

re7
re8

re8

re9

EGF_EGFR

Fig. 2. Schematic of the simple simulation model of the EGF-dependent
Akt pathway. The schematic was created with CellDesigner (43). Arrows

indicate biochemical reaction. The circle with a line through it represents
degradation, a box on an edge represents a direction of chemical reac-
tion, and a circle connecting an edge to a box on an edge represents an
enzymatic reaction.
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pAkt, and pS6 (Fig. 1) and obtained similar results; that is, the amplitudes
at higher frequencies were relatively decayed downstream, compared with
those at lower frequencies, regardless of the stimulation patterns (fig. S7A).
These results raised the possibility that the Akt pathway exhibited the prop-
erties of a low-pass filter.

Signal transfer efficiency of the Akt pathway
To examine the low-pass filter properties of the Akt pathway, we divided
the amplitude spectrum of the downstream molecule by that of the up-
streammolecule. This ratio corresponds to the frequency-dependent signal
transfer efficiency from the upstream molecule to the downstream mole-
cule (see Materials and Methods and fig. S6D). This ratio was defined as
the “frequency-dependent gain.” Although the frequency-dependent gains
frompEGFR topAkt differed slightly depending on the doses of EGF, over-
all, the frequency-dependent gains of both pEGFR-to-pAkt and pAkt-to-pS6
pathways became constant at lower frequencies and began to attenuate at
higher frequencies (Fig. 5A). This outcome means that the signal transfer
efficiency at lower frequencies is better than that at higher frequencies.
Thus, this frequency-dependent gain resembles that of a low-pass filter,
which means that the system will transmit slowly occurring changes in
upstream signals to produce a downstream response, but cannot efficiently
transmit rapidly occurring changes in upstream signals. Moreover, similar
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1. Time course 2. Amplitude spectra 3. Frequency-dependent gain

Fourier transform
(fig. S6, B and C)

Cutoff frequency was obtained by fitting 
a simple consecutive reaction. (Fig. 4 and fig. S6)
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Amplitude spectra were separated
according to the cutoff frequencies

 (Fig. 5 and fig. S7)

Fig. 3. Procedures of frequency response analysis used in this study. The
workflow from the time course of the Akt pathwaymodel (Fig. 1) to the recon-

ciency, was obtained (Fig. 5 and fig. S7). The cutoff frequencies, above
which a gain rapidly attenuates, were obtained by fitting the frequency-
stituted time courses composed of the low-, middle-, and high-frequency
waves (Fig. 6 and fig. S6) is summarized. The time courses of the signaling
molecules in the Akt pathway model were decomposed into frequency
waveswith a Fourier transform, and the amplitude spectra of each signaling
molecule were obtained (Fig. 4 and fig. S7). The amplitude spectra of the
downstream molecules were divided by those of the upstream molecules,
and the frequency-dependent gain, which reflects the signal transfer effi-
dependent gain as a simple consecutive reaction (Fig. 5). On the basis of
the cutoff frequency of the pEGFR→pAkt step and the pAkt→pS6 step in
the pathway, the amplitude spectra were separated into low-, middle-, and
high-frequency bands (Fig. 4 and fig. S7). The time course composed of the
low-, middle-, and high-frequency waves was reconstituted with an inverse
Fourier transform of the separated amplitude spectra (Fig. 6 and fig. S11). A
corresponding detailed description of each procedure can be found in fig. S6.
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frequency-dependent gains for both pEGFR to pAkt and from pAkt to
pS6 were obtained regardless of the temporal patterns of the stimulation
(fig. S7B).

One of the indices of the characteristics of a low-pass filter is a cutoff
frequency, which is the inverse of a time constant. Frequency waves higher
than the cutoff frequency are less efficiently transferred downstream than
frequency waves lower than the cutoff frequency. A simple consecutive re-
action, one of the simplest biochemical reactions and linear time-invariant
systems, is a typical low-pass filter (fig. S6, A and D). Therefore, we fitted
pEGFR→pAkt and pAkt→pS6 in the Akt pathway model as simple con-
secutive reactions (Fig. 5A, black lines, and figs. S7B and S8) and found
that the overall responses of pEGFR, pAkt, and pS6 to step, pulse, and
ramp stimulationswith EGFwere reasonably fitted (fig. S8). This indicates
that the Akt pathway can be regarded as a linear time-invariant system
under the above conditions. By fitting the Akt pathwaymodelswith simple
consecutive reactions, we obtained the apparent cutoff frequency of the
pathways (Fig. 5A, dotted and dashed lines). The cutoff frequencies of
the fitted consecutive reactions for pEGFR to pAkt and pAkt to pS6 were
1/3.27 and 1/33.3 rads/min, respectively.

Toverify the low-pass filter characteristic of theAkt pathway in another
context, we alsomodeled a simple three-component Akt pathway activated
by nerve growth factor (NGF) in PC12 cells (figs. S9 and S10).We observed
characteristics similar to those of low-pass filters in thisNGF-activatedAkt
pathway despite differences between the temporal patterns of phospho-
rylated TrkA (pTrkA), one of the subunits of NGF receptors, and those
of pEGFR (fig. S9). The time courses of pTrkA were transient and sus-
tained, and the amplitude of the sustained time course was much larger
than that of pEGFR (fig. S9A). The cutoff frequencies of the fitted con-
secutive reactions of pTrkA to pAkt and pAkt to pS6 in response to NGF
were 1/0.849 and 1/55.4 rads/min, respectively (fig. S10). This result indi-
cates that theAkt pathway similarly functions as a low-pass filter regardless
of the distinct temporal patterns of the phosphorylated EGF and NGF re-
ceptors in PC12 cells. However, the Akt pathway may not function as a
on O
ctober 26, 2010 
low-pass filter in other cell lines or downstream of other types of receptors
where one or more additional signaling pathways or cross talk regulates
the Akt pathway.

For the EGF-activated Akt pathway, we separated the frequency do-
main into high- and middle-frequency bands according to the cutoff fre-
quencies of pEGFR to pAkt and into middle- and low-frequency bands
according to the cutoff frequency of pAkt to pS6 (Fig. 5B). The waves of
pEGFR within the low-frequency (Fig. 5B, blue) and middle-frequency
bands (Fig. 5B, green), both of which were below the cutoff frequency of
pEGFR to pAkt, were efficiently transferred to pAkt. However, the waves
within the high-frequency band (Fig. 5B, red) were not efficiently trans-
ferred to pAkt because of the nature of the low-pass filter. Similarly, the
waves of pAkt within the low-frequency band, which was below the cutoff
frequency of pAkt to pS6, were efficiently transferred to pS6, and the
waves of pAkt within the middle- and high-frequency bands were not
(Fig. 5B). Thus, the waves of pEGFR within the low-frequency band,
which was below the cutoff frequencies of both pEGFR to pAkt and pAkt
to pS6, were most efficiently transferred to pS6. We set the amplitude of
each frequency wave of pEGFR at 1 so that the y axes of pAkt and pS6
directly reflect the gain of each step. The gains of pAkt and pS6 for the
low-frequency waves were 2.59 and 8.31, respectively, indicating signal
amplification. The gains reflect the value of pEGFR, pAkt, and pS6, whose
peak intensities were normalized at 1 in Fig. 1. Therefore, the values of the
gains were arbitrary and did not indicate the physiologically meaningful
amplification or attenuation of the signals (Fig. 5B).

Frequency filtration in the Akt pathway
To understand why theweak sustained time course of pEGFR induced pS6
more strongly than did the strong transient time course (Fig. 4), we
separated the original time courses of pEGFR, pAkt, and pS6 according
to the corresponding frequency bands and examined the transfer efficien-
cies of these time courses (Fig. 6).Using an inverse Fourier transformof the
corresponding spectra, we reconstituted the time courses into low-,middle-
and high-frequency waves (figs. S6E and S7A). The sum of the time
courses of the low-, middle-, and high-frequency waves equaled that of
the original time course.

In the transient time course of pEGFR, the time course of the high-
frequency waves was dominant compared with the time courses for the
other frequencywaves (Fig. 6, upper row, red). In the sustained time course
of pEGFR, the time course of the middle-frequency waves, rather than the
high-frequency waves, was dominant (Fig. 6, upper row, blue). Although
not apparent at the scale shown in Fig. 6, there were low-frequency waves
in the sustained time course of pEGFR. As the signal descended from
pEGFR to pAkt, the time courses of the low- and middle-frequency waves
were transferredmore efficiently than the time course of the high-frequency
waves, which was above the cutoff frequency of pEGFR to pAkt (Fig. 6,
upper and middle rows). As the signal descended from pAkt to pS6, the
time course of the low-frequency waves was transferred more efficiently
than the time courses of the middle- and high-frequency waves, which
were above the cutoff frequency of pAkt to pS6 (Fig. 6, middle and lower
rows). In the time course of pS6, in particular, the time course of the high-
frequency waves almost completely disappeared and that of the low-
frequencywaves became dominant (Fig. 6, lower row). Because the transient
time course of pEGFR was mainly composed of high-frequency waves,
the transient time course of pEGFR was not efficiently transferred down-
stream. In contrast, the sustained time course of pEGFRwasmainly com-
posed of middle-frequency waves and a small amount of low-frequency
waves, both of which were efficiently transferred downstream to pAkt.
Middle-frequency waves were dominant in the sustained time course of
pAkt but were not efficiently transferred to pS6. In the sustained time
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course of pS6, both middle- and low-frequency waves were dominant.
Thus, weak low-frequency waves in the sustained time course of pEGFR
became dominant in the sustained time course of pS6. Therefore, the
difference in the transfer efficiencies of the transient and sustained time
courses depended on the “high-frequency cutoff ” characteristics of the
low-pass filters of the Akt pathway. We observed these characteristics of
the Akt pathway regardless of the temporal stimulation pattern (fig. S11).
Hence, the stimulation conditions that produced sustained time courses con-
tained more low-frequency waves than those stimulations that produced
predominantly transient time courses, and the low-pass filter properties of
the pathway meant that stimulations that produced waves below this fre-
quency were more effective at activating pS6. For this reason, the Akt
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pathway is capable of decoupling the relationship between the peak ampli-
tudes of the transient and sustained time courses of upstream and downstream
molecules, such that even aweak sustained time course of pEGFR induced
by ramp stimulation induced pS6 more strongly than did a strong transient
time course induced by pulse stimulation (Figs. 1D, 4, and 6). In addition,
although step and pulse stimulation induced similar peak amplitudes of
pEGFR and pAkt, only step stimulation, and not pulse stimulation, strongly
induced pS6. This phenomenon can be explained by the fact that only step
stimulation, and not pulse stimulation, induced sustained time courses of
pEGFR and pAkt (Fig. 1).

Conversion of EGFR inhibitor to a downstream activator
by the low-pass filter characteristic of the Akt pathway
The fact that a weak sustained time course of pEGFR induced pS6 more
strongly than a strong transient time course raises the possibility that an
inhibitor may convert a strong transient time course of an upstream mole-
cule into aweak sustained time course; thus, the inhibitor could be a down-
stream activator. To examine this possibility, we examined the effect of
lapatinib, a selective EGFR inhibitor (tyrosine kinase inhibitor) used as a
clinical anticancer drug (25, 26), on EGF-dependent phosphorylation in
PC12 cells (Fig. 7). Lapatinib inhibited the phosphorylation of EGFR
in a dose-dependent manner, as previously reported (25) (Fig. 7A, upper
panel). The inhibitor also inhibited the transient phosphorylation of Akt
(1 min after addition of EGF), but it prolonged and enhanced the phos-
phorylation ofAkt at 30min after addition of EGF (Fig. 7, A,middle panel,
and C). Thus, the inhibitor converted a strong transient time course of Akt
phosphorylation into a weak sustained time course. At longer time points
(>60min), the presence of the inhibitor resulted in a greater EGF-dependent
phosphorylation of S6 than occurred in its absence (Fig. 7, A and C). We
observed this promotion of downstream signaling by the inhibitor for awide
range of concentrations (15 to 150 nM) above the IC50 [half maximal (50%)
inhibitory concentration] of the inhibitor (10.2 nM) (25) (Fig. 7A, lower
panel), suggesting that at these concentrations, lapatinib can potentiate some
signaling events downstream of the receptor. A higher dose of the inhibitor
(500 nM) inhibited S6 phosphorylation (Fig. 7A, lower panel, dark blue
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line). Therefore, the effect of the inhibitor on S6 phosphorylation was con-
vex; middle doses of the inhibitor (15 to 150 nM) were most effective in
S6 phosphorylation at 60 min (Fig. 7A). By including the kinetics of the
inhibitor reactions with EGFR into the Akt pathway model (fig. S12),
the model reproduced many features of the experimental results, particu-
larly the inhibitor-mediated conversion of the transient time course of pAkt
into a sustained time course and the convex effect of the inhibitor on pS6
(Fig. 7B). Because of the conversion of the transient time course of pAkt
into a sustained one by the inhibitor and the low-pass filter characteristic of
the Akt pathway, EGF in the presence of the EGFR inhibitor induced pS6
more strongly than in the absence of the inhibitor, which meant that the
inhibitor served as an activator of the Akt-dependent downstream effector.
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DISCUSSION

We found that a strong transient time course of an upstreammolecule poor-
ly induced a downstream response, whereas a weak sustained time course
of the upstreammolecule strongly induced a downstream response (Fig. 8).
This phenomenon can be explained by a low-pass filter characteristic of
the pathway. The peak amplitudes of the transient and sustained time
courses of the upstream molecule were mainly composed of higher- and
lower-frequency waves, respectively (Figs. 4 and 8). When the cutoff fre-
quency of a pathway was high, both the higher- and the lower-frequency
waves of the upstream molecule were similarly transferred downstream.
Therefore, the main-frequency waves were shared between the upstream
and the downstreammolecules. For this reason, the time courses of pEGFR
and pAkt were similar, and the relationship between the peak amplitudes of
the transient and sustained time courses of the upstream and the downstream
moleculeswas coupled (Figs. 1 and 6 and fig. S11). However, when the cut-
off frequency of a pathway was low, the higher-frequency waves were not
efficiently transferred downstream relative to the lower-frequency waves.
This phenomenon resulted in the relative enhancement of the lower-frequency
waves, comparedwith the higher-frequencywaves, at the downstreammol-
ecule. Therefore, the main-frequencywaves of the upstream and downstream
molecules were switched from higher- to lower-frequency waves. For this
reason, the time courses of pAkt and pS6 differed, and the relationships
between the peak amplitudes of the transient and sustained time courses of
the upstream and downstream molecules were not always coupled (Figs.
1 and 6 and fig. S11). In particular,when the amplitude of the lower-frequency
waves of the sustained time coursewas higher than that of the lower-frequency
waves of the transient time course (Fig. 4B), the relationship of the peak
amplitudes of the transient and sustained time courses between the upstream
and downstream molecules could be decoupled.

Whether the relationship between the peak amplitudes of the transient
and sustained time courses of the upstream and the downstream mole-
cules was coupled or decoupled was determined by the cutoff frequency of
the pathway and by the differences in the frequency waves of the transient
and sustained time courses for the upstream molecule. We identified the
critical parameters for the cutoff frequency in the Akt pathway model by
the parameter sensitivity analysis (27) (fig. S13). The cutoff frequency of
the pEGFR-to-pAkt part of the pathway was higher than that of the pAkt-
to-pS6 part of the pathway, suggesting that a slower reaction exists in the
pAkt-to-pS6 portion rather than in the pEGFR-to-pAkt portion of the
pathway in PC12 cells.

The time course of EGF in vivo is unknown; however, we expect that
the biological function of the low-pass filter characteristic of the Akt
pathway may be related to the downstream function. Phosphorylation of
S6, one of the components of ribosome, correlateswith ribosomebiogenesis
and protein synthesis (28), processes that consume most of a growing cell’s
energy (29) and that take ~30 min (30). One could predict that if the signal
continued for <30 min, then ribosome biogenesis and protein synthesis
would not be completed and the energy would be wasted. Because of the
low-pass filter characteristic, theAkt pathwaywould only transmit upstream
signals with a sufficient duration for the completion of the processes and
would filter out signals with a shorter duration.

A low-pass filter characteristic is not limited to the Akt pathway; a
biochemical reaction can be approximated by a consecutive reaction,
which is a typical low-pass filter, under unsaturated conditions (fig. S6D)
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(7–9, 31, 32). Therefore, it is possible that chains of a biochemical reaction,
including signaling pathways, also exhibit a low-pass filter characteristic.
Although we featured the decoupling effect by a low-pass filter character-
istic, a low-pass filter with a high cutoff frequency can exhibit high-fidelity
transmission as seen in the pEGFR-to-pAkt pathway, for which the signal
intensities were coupled. Therefore, even though signal intensities between
upstream and downstream are coupled, one should be aware of the possi-
bility that the pathway can serve as a low-pass filter. Additionally, it is also
possible that other characteristics, such as a band-pass filter, emerge in
chains of a biochemical reaction if these chains contain one or more feed-
back loops (7), and that not all downstream pathways of Akt may exhibit a
low-pass filter characteristic.

Our finding raises a caution in interpreting the effects of pathway per-
turbations. If a pharmacological or genetic perturbation reduces the peak
amplitude of a transient time course in a target pathway but increases that of
a sustained time course in a pathwaywith low-pass filter characteristics, the
downstream responses might be increased, rather than reduced. This effect
can be opposite to the intuitively predicted effect. Consistent with this con-
cept, we found that at certain concentrations, the EGFR inhibitor lapatinib
acted as a downstream activator of pS6 because it converted the pAkt
response from a transient time course to a sustained time course. Similar
opposite effects of inhibitors have been previously reported: An integrin
inhibitor, which is an antiangiogenic agent used as a cancer therapeutic,
stimulated angiogenesis and tumor growth when administered at low con-
centrations (33). The presence of a low-pass filter in the integrin pathway
may explain this contradictory effect. Indeed, in a pathway with low-pass
filter properties, any inhibitor that can convert a strong transient time
course into a weak sustained time course can be a potential downstream
 on O
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activator. Therefore, the effect of such a perturbation at an early step in a
pathway should be determined through analysis of the relationship of the
time courses between the upstream and downstream molecules and
the cutoff frequency of the pathway, because the peak amplitude in the
downstream effector may not reflect that of the upstream molecule.

Decoupling effects can also be seen in biological processes. For exam-
ple, the process of gene expression exhibits a low-pass filter characteristic.
In general, the time course of signal transduction is faster than that of gene
expression (30, 34). This observation suggests that the cutoff frequency of
signal transduction is higher than that of gene expression; thus, only low-
frequency waves, rather than high-frequency waves, of the time course of a
signaling molecule are efficiently transferred to gene expression. There-
fore, the relationship of the peak amplitudes between a signaling molecule
and gene expression could be decoupled; in other words, a weak sustained
time course of the signaling molecule might induce gene expression more
strongly than a strong transient time course of the signaling molecule.

By step stimulation with EGF, the dose response of pAkt at 1 min was
monotonic, whereas that of pS6 at 30 min was convex (Fig. 1, B and C,
left columns, and fig. S3). The dose response of pAkt at 1 min in the
high-frequency waves, which mainly constituted the peak amplitude,
was monotonic, whereas the sustained response at 30 min in the lower-
frequency waves was convex (fig. S11A). The main-frequency waves of
pAkt and pS6 were switched from high- to low-frequency waves, resulting
in a convex dose response of pS6 at 30 min. The switching of the main-
frequency waves between the upstream and the downstream molecules is
responsible for both the decoupling effect and the convex dose response.
Indeed, EGF has been reported to trigger a convex dose response in various
cellular processes, such as DNA synthesis in corneal fibroblasts (35), cor-
neal wound healing (36), and proliferation in endometrial carcinoma
(37). Our finding of a low-pass filter in the EGFR pathway may explain
these in vivo responses.

Similar frequency response analyses of signaling cascades have been
used to investigate osmotic adaptation in the Hog1 mitogen-activated pro-
tein kinase pathway of budding yeast (7, 8), calcium signaling (38–41),
and other studies (9, 31, 32). In these studies, periodic external stimuli
were used for the frequency response analysis; however, external stimuli
are not always effective for frequency response analyses because such
analyses require a linear relationship between the upstream and the
downstreammolecules. Consequently, frequency response analyses cannot
be directly used under conditions where the relationship is not linear, such
as when the binding of growth factors to receptors becomes saturated at
high concentrations of growth factors. To avoid the saturation of growth
factor and receptor interactions, we analyzed the responses of the mole-
cules downstream of the receptors. In addition, producing periodic receptor
phosphorylation can be technically difficult. Therefore, we obtained a pe-
riodic sine wave by decomposing the time course into sine waves with a
Fourier transform and obtained the frequency-dependent gain by dividing
the sine waves of upstream molecules by those of downstream molecules
with the same frequency. This method can be potentially applied to any
time course experiment examining signal transduction.
MATERIALS AND METHODS

Cell culture and immunoblotting
PC12 cells were provided byM. Nakafuku (Cincinnati Children’s Hospital
Medical Center, Cincinnati, OH). The cell culture and growth factor stim-
ulation have been previously described (6). Lapatinib was purchased from
Toronto Research Chemicals, and LY294002 and rapamycin were pur-
chased from Sigma-Aldrich and Calbiochem, respectively. Antibodies
Transient Sustained
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Fig. 8. Decoupling of the relationship of the peak amplitudes between
pEGFR and pS6 by the low-pass filter characteristic of the Akt pathway.
The peak amplitudes of EGFR and S6 phosphorylation were decoupled
in PC12 cells; a weak sustained EGFR phosphorylation, rather than a
strong transient phosphorylation, strongly induced S6 phosphorylation.
The transient and sustained EGFR phosphorylation consisted of higher-
and lower-frequency waves, respectively. Because the Akt pathway exhib-
ited a low-pass filter characteristic, the higher-frequency waves were not
efficiently transferred downstream relative to the lower-frequency waves.
Thus, the Akt pathway serves as a low-pass filter, enabling the decoupling
of EGFR phosphorylation and downstream effector phosphorylation.
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against pEGFR (Tyr1068, no. 2234), pS6 kinase (Thr389, no. 9206), total
eIF4E (no. 9742), and PathScan Multiplex Western Cocktail I [antibodies
against pAkt (Ser473), pS6 (Ser235/236), and total eIF4E (no. 5301)] were
purchased from Cell Signaling Technology. Immunoblotting was per-
formed with Immobilon Western Chemiluminescent HRP Substrate
(Millipore). Ramp stimulation with EGF (Fig. 1) was performed with a
microsyringe pump as previously described (6).

Processing of signal intensities of immunoblots
We detected the chemiluminescent signals of immunoblots with a lumino-
image analyzer (LAS-4000; Fujifilm) and quantified chemiluminescent
signals with the TotalLab TL120 analysis software (Nonlinear Dynamics).
We obtained the signal intensities of pEGFR, pAkt, pS6, and eIF4E by
quantifying immunoblot images. We normalized the signal intensities so
that the peak intensity of each molecule was set at 1. We used a single
gel and membrane for each of three independent experiments and obtained
the signal intensities of pEGFR, pAkt, pS6, and total eIF4E simultaneously.
We obtained the normalized intensity by dividing the raw intensities of
pEGFR, pAkt, and pS6 by that of total eIF4E in the same lane as an internal
control to obtain scaling factors, which were defined by the square root
of the sum of squares of the normalized intensities for all points of each
molecule in each experiment. The normalized intensities of each phos-
phorylated molecule were divided by the scaling factor for each molecule
to obtain scaled intensity. The scaled intensities of three independent
experiments for each growth factor were averaged and multiplied by the
average of the scaling factor to obtain averaged intensities. Averaged inten-
sities were divided by their maximum values.

Simulation and parameter estimation
We performed the simulation and parameter estimation with COPASI
(42) (version 4.5) and also the simulation with Matlab (version R2008a;
MathWorks). We estimated the parameters, using two methods in series,
first with evolutionary programming to approximate the neighborhood
of the local minimum followed by the Levenberg-Marquardt method to
reach the local minimum. In these methods, the parameters were estimated
to minimize the objective function value, which is defined as the sum of
the square residuals between ourmeasurements and themodel trajectories.
After 100 independent estimations for theAkt pathwaymodel, we selected
themodel that had theminimum objective function value. Among the best
10 models, we also confirmed that the model had similar characteristics of
the Akt pathway in terms of the time courses, dose responses, amplitude
spectra, and frequency-dependent gain. This suggested that our finding did
not depend on specific parameter conditions and that we captured general
characteristics of the Akt pathway. The parameters and equations used in
this study are shown in fig. S2. The block diagrams of the models were
made byCellDesigner (43). TheCOPASI andSBML (44) files of ourmodels
are available on our Web site (http://www.kurodalab.org/info/Akt). The
SBML files are also available to the public on the BioModels Database
(45) (http://www.ebi.ac.uk/biomodels). BioModels Database IDs of the
EGF-dependentAkt pathwaymodel, theNGF-dependentAkt pathwaymodel,
and the inhibitor model are MODEL1004060001, MODEL1004060002,
and MODEL1004060003, respectively.

For the parameter fitting, we used the experimental data obtained in
response to step stimulationwithEGF (Fig. 1, left columns). The data com-
prised 126 points consisting of six doses, seven time points, and threemol-
ecules.We further validated themodelwith additional experimental data in
response to pulse and ramp stimulation with EGF (Fig. 1, middle and right
columns). The data comprised 246 points consisting of six stimulation
patterns and seven time points for the pulse stimulation and four patterns
and 10 time points for the ramp stimulation.
Frequency response analysis
The time courses of the Akt pathway model were obtained from before 10
hours of stimulation until after 10 hours (stationary state) of stimulation
with a 1-s sampling rate. The time courses of the Akt pathway model were
subjected to Fourier transform with the Hanning window, and the absolute
value was used as an amplitude spectrum. We defined the frequency-
dependent gains as the quotient of the amplitude spectrum of a downstream
molecule divided by that of an upstream molecule on the basis of the as-
sumption that each pathway is a linear time-invariant system. We obtained
similar frequency-dependent gains regardless of the stimulation patterns.
The fitted consecutive reactions, which are linear time-invariant systems,
reproduced the time courses of pEGFR, pAkt, and pS6 by step, pulse, and
ramp stimulation (fig. S8). These findings indicate that a consecutive reac-
tion can retain the essential properties of the Akt pathwaymodel and that the
Akt pathway model can be approximated by a linear time-invariant model.

Amplitude spectra and phase spectrawithin the low-, middle-, and high-
frequency bandswere subjected to an inverse Fourier transform, and the time
courses of the low-, middle-, and high-frequency waves were reconstituted.

Fitting of the Akt pathway model as a simple
consecutive reaction
We defined a simple consecutive reaction from x(t) to y(t), which is a
series of first-order reactions, as follows:

t
dyðtÞ
dt

¼ KxðtÞ � yðtÞ

where K and t denote a gain and a time constant, respectively. To fit the
above equation with the Akt pathway model, we used the time courses of
pEGFR and pAkt as x(t) in an integral form of the equation and obtained
pAkt and pS6 as y(t), respectively. We determined K and t by minimizing
the square sum of the error between the time courses of the Akt model
and y(t).

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/3/132/ra56/DC1
Fig. S1. Gel images of immunoblots.
Fig. S2. Akt pathway model.
Fig. S3. Dose responses of pEGFR, pAkt, and pS6.
Fig. S4. EGF-dependent phosphorylation of S6K.
Fig. S5. Inhibition of S6 phosphorylation by LY294002 or rapamycin.
Fig. S6. Concept of frequency response analysis.
Fig. S7. Frequency response analysis of the Akt pathway model.
Fig. S8. Responses of the fitted consecutive reactions.
Fig. S9. NGF-dependent Akt pathway.
Fig. S10. NGF-dependent Akt pathway model.
Fig. S11. Time courses of the low-, middle-, and high-frequency waves of pEGFR, pAkt,
and pS6.
Fig. S12. Inhibitor model.
Fig. S13. Parameter sensitivity analysis of EGF-dependent Akt pathway model.
Model files in COPASI (.cps) and SBML (.xml) format for the EGF-Akt pathway model, the
NGF-Akt pathway model, and the inhibitor pathway model.
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