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Abstract

Many different agonists use calcium as a second messenger. Despite intensive research in intracellular calcium
signalling it is an unsolved riddle how the different types of information represented by the different agonists, is
encoded using the universal carrier calcium. It is also still not clear how the information encoded is decoded again
into the intracellular specific information at the site of enzymes and genes. After the discovery of calcium oscillations,
one likely mechanism is that information is encoded in the frequency, amplitude and waveform of the oscillations.
This hypothesis has received some experimental support. However, the mechanism of decoding of oscillatory signals
is still not known. Here, we study a mechanistic model of calcium oscillations, which is able to reproduce both
spiking and bursting calcium oscillations. We use the model to study the decoding of calcium signals on the basis of
co-operativity of calcium binding to various proteins. We show that this co-operativity offers a simple way to decode
different calcium dynamics into different enzyme activities.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Calcium signalling occurs in many different cell
types and carries information from agonists bound
at the extracellular side of the cell membrane to
targets in the interior of the cell. The information
carried serves many different purposes from trig-
gering the developmental program of fertilized
mammalian eggs to mobilizing antigenic response
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of immune cells or mediating cell deathw1x. This
is why the role of calcium ions as second messen-
gers continues to draw much attention in the field
of biochemistry. Calcium signalling in hepatocytes
occurs when agonists such as the hormones vaso-
pressin and angiotensin II or nucleotides bind to
membrane-spanning receptor proteins on the sur-
face of the cell. In many cases, the calcium
concentration in the cytosol displays oscillatory
behaviour upon agonist binding. It is the interplay
between calcium release and uptake between dif-
ferent compartments that is responsible for this
oscillatory dynamics. The oscillations show differ-
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ent frequencies, amplitudes and waveforms. It is
generally believed that the information carried by
a specific agonist is stored in these patternsw2x.
Thus, in order to understand cell signalling medi-
ated by calcium ions, we need to understand how
different oscillatory patterns can affect various
regulatory proteins in the cell.
Up until now there has been much focus on the

encoding of oscillatory calcium signalling, and
almost all the attention has been on the mecha-
nisms modulating the signals. Studies of decoding
of calcium oscillations have exclusively focussed
on how the cell decodes simple frequencies of
spiking oscillations, despite the fact that the cell
can display signals vastly more complex than
periodic spikingw3–12x. The shortage of experi-
mental data is mainly a result of the difficulties in
measuring changes in activity of calcium regulated
target proteins, both in vitro and in vivo. An
example of decoding data obtained only recently
is that of calcium oscillation frequency decoding
by CaM kinase IIw13x. CaM kinase II, which is
activated by calmodulin, plays a central role in
many cellular processes. CaM kinase II has been
the target of many investigations, and discrete
activity measurements in vitro have contributed to
the understanding of decoding. However, only
recently it has been possible to conduct continuous
experiments in vivow4x. Similar to the experimen-
tal studies, the theoretical exploration of calcium
signal decoding has also been limited to frequency
encoded informationw14–17x, and only one case
of decoding in hepatocytes has been studiedw7,18x.

In the present paper, we present modelling
results which may shed some light on how oscil-
lation frequencies, waveforms and the complexity
of the signal can affect the activities of regulatory
proteins. This subject has received very little atten-
tion but some of the ideas presented so far have
been reviewed by Schuster et al. 2002w19x and
will be briefly commented later in this paper. In
our study, we employ a modification of a model
originally proposed by Kummer et al. 2000. This
model is a receptor-operated model as opposed to
most other calcium modelsw20–26x, which are
store operated. This receptor oriented approach
was chosen based on experiments showing com-
plex kinetics of the receptor-G-protein, which has

been further supported by other experimental
results w27,28x. The importance of the receptor
specificity both in model and in experiments will
be explained in later sections.
It is important to stress that the model used here

is qualitative. It deals with levels of calcium in
the different compartments, not concentrations.
Therefore, we do not take into account the sizes
of the different compartments. Although this could
easily be done by multiplying the equations of the
model with constant volume ratiosw29x, it does
not change the qualitative behaviour, and does not
add to the information the model can provide.
Therefore, we chose to present our variables with-
out units and only concern ourselves with the
qualitative behaviour of the model. The qualitative
approach is also used in reducing the number of
terms included in the model in order to keep it
physiologically plausible, but still simple and com-
prehensible. Previous work has shown that not all
terms (i.e. reactions) involved in calcium signal-
ling have the same impact on the dynamics of the
system. If all mechanisms involved in calcium
signalling in the cell—that is all transporters,
channels, pumps, buffer proteins, membrane poten-
tials, pH changes, up and down regulation of gene
expression etc.—were to be included in the model,
it would only hamper the understanding of the
system. The dynamics of most systems resides in
a few core mechanisms, which provide the math-
ematical backbone of the model. For a review of
minimal models, see Schuster et al. 2002w19x. For
the study of the en- and decoding of calcium
oscillations we need to create a model, which
faithfully reproduces the qualitative dynamics
which is experimentally observed, but does not
need to respond to every possible physiological
event in detail.
We model co-operative calcium binding to pro-

teins and study the different activities of these
proteins in response to different types of calcium
oscillations. Most proteins, which are influenced
by calcium, have several calcium binding sites and
bind calcium in a co-operative mannerw30x. We
show that different waveforms and frequencies can
be transformed into very different activation pat-
terns. We also show that coupling the calcium
oscillator with a single frequency to a second
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calcium-dependent oscillating process can result in
oscillations with a broad spectrum of frequencies
as well as quasiperiodicity and chaos in the second
oscillator. Our results offer the first explanation of
how the cell differentiates between bursting and
spiking calcium signals, and how the oscillating
calcium signal can hold several levels of infor-
mation in one pattern.

2. Presentation of the model

The model we use for this study is a modifica-
tion of a recent receptor-operated modelw31x. The
changes compared to the original model are the
inclusion of mitochondriawEqs. (4) and (5)x and
an improvement in modelling the IP -receptor of3

the endoplasmic reticulum(ER) wEqs. (3) and
(5)x. The modifications, which will be discussed
in the following sections are introduced in order
to increase the model’s correspondence with exper-
imental data and thereby rendering it more suited
for generating signals for decoding. The model is
represented by the following equations:

dG k =G =PLCa 3 ask qk =G y1 2 adt G qKa 4

k =Ca =G5 cyt ay (1)
G qKa 6

dPLC k =PLC8sk =G y (2)7 adt PLCqK9

dCaERsy Ca yCaŽ .ER cytdt
4k =Ca =PLC k =Ca10 cyt 16 cyt

= q (3)4 4PLC qK Ca qK11 cyt 17

8dCa k =Camit 18 cyts 8 8dt K qCa19 cyt

k =Ca20 cyty Ca yCa = (4)Ž .mit cyt Ca qKcyt 21

4dCa k =Ca =PLCcyt 10 cyts Ca yCa =Ž .ER cyt 4 4dt PLC qK11

qk =PLCqk =G12 13 a

k =Ca k =Ca14 cyt 16 cyty y
Ca qK Ca qKcyt 15 cyt 17

8k =Ca18 cyty 8 8K qCa19 cyt

k =Ca20 cytq Ca yCa = (5)Ž .mit cyt Ca qKcyt 21

The variables of the model are activatedGa

subunit of the receptor complex(G ), active phos-a

pholipase C(PLC), cytosolic calcium concentra-
tion (Ca ), concentration of free calcium in thecyt

ER (Ca ) and calcium concentration in the mito-ER

chondria(Ca ).mit

2.1. Active G subunit (G )a a

The first variable is the concentration of active
G subunit of the G protein simulated by Eq.(1).a

The G-protein is coupled to an agonist specific
receptor protein on the cytosolic side of the cell
membrane, and exchanges GDP for GTP upon
agonist binding. This exchange releases theGa

subunit, which is now active. In the model, it is
proposed that depending on the receptor type, the
G subunit autocatalytically activates otherGa a

subunits and is able to show a small degree of
spontaneous activation. These propositions come
from the fact that activation ofG can show verya

complicated kinetics, with an acceleration of the
GTPyGDP exchange, which could be explained
by autocatalysisw27x. The two mechanisms are
modelled with the receptor specific terms:(k )1
spontaneousyagonist activation, and(k =G ) ago-2 a

nist specific autocatalytic activation. The specific-
ity of the receptor terms will be discussed in the
end of this section. The inactivation ofG dependsa

on the active PLC, because the active PLC is a
GTPase activating protein, which stimulates
hydrolysis of GTP bound toG w27x. The inacti-a

vation is modelled by:(k =PLC=G )y(G qK ).3 a a 4

This is a Michaelis–Menten term because the
inactivation is limited by the amount and turnover
number of the enzyme PLC. Another source of
inactivation is negative feedback of calcium
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dependent kinase(CaDK) on the active receptor
complex. This term is modelled by
(k =Ca =G )y(G qK ).5 cyt a a 6

2.2. Phospholipase C activity (PLC)

The second variable PLC is activated byG ,a

this is modelled by the linear term(k =G ). One7 a

could argue that this should be a Michaelis–
Menten term because there could be saturation of
G with respect to PLC. However, if it is assumeda

that theK of the MM-term is very small thenM

(k =G =PLC)y(K qPLC) will be essentially7 a M

equal to (k =G ). PLC is enzymatically inacti-7 a

vated, this provides the term(k =PLC)y(K q8 9

PLC). Together, these terms form Eq.(2). Because
of the very short half-life of IP , its concentration3

is assumed to be in quasi-steady with PLC. This
allows the use of PLC as parameter, where IP3

should actually have been used and in the follow-
ing equations whenever IP occurs, it will be3

replaced by PLC in the model.

2.3. Calcium level of the endoplasmic reticulum
(Ca )ER

Ca , which is the third variable in the modelER

is first released into the cytosol through the IP3

receptor channels(IP R). The term modelling the3

IP R was changed in the new model because like3

many other modelsw21,24–26x, the original model
w31x showed very low levels of calcium in the ER
between spikes and bursts. The near depletion of
calcium in the ER has been observed in several
different cell types, which utilize calcium as sec-
ond messenger. However, the calcium depletion of
the ER is mainly observed in connection with
apoptosis or other long-term fundamental cellular
processes in these cellsw32–35x. In rat hepatocy-
tes, it has been shown that oscillating signals
induced by agonist binding to receptor protein
does not cause depletion of calcium in the ER
w36x This observation renders it important to main-
tain a certain level of calcium in the ER, not only
because experiments support this, but also, because
the recurring depletion of Ca in calcium modelsER

raises the question, whether the spikes of Ca arecyt

terminated simply because there is hardly any

calcium left in the ER to flow into the cytosol.
This would imply that a wrong mechanism controls
the spike termination.
In order to remedy this deficiency, we improved

the description of the inositol 1,4,5-trisphosphate-
receptor channel. This receptor is a tetrameric
transmembrane protein, which forms gated chan-
nels in the endoplasmic reticulum. The opening of
the channel is regulated by IP , ATP, pH and3

cytosolic calcium. The increase in IP level upon3

binding of agonist causes IP to bind to the IP R.3 3

The binding of IP opens the channel and allows3

out flux of calcium from the ER, resulting in a
rise in Ca . This rise induces further release fromcyt

the ER trough the same channel, because calcium
binds to the cytosolic side of the IP R and stabi-3

lizes the opening of IP R, an effect termed calcium3

induced calcium release(CICR). The binding of
IP is co-operative, and it requires the binding of3

at least three molecules of IP to open the channel.3

The IP R type dominant in hepatocytes is IP R-2,3 3

which displays Hill-like saturation kinetics with
respect to IP w37–40x. In most models, the Hill3

coefficient of the IP R term is chosen to be 4.3

Thus, we model the IP R with the term:3

4k =Ca =PLC10 cytCa yCa =Ž .ER cyt 4 4PLC qK11

This term takes into account that Ca activatescyt

IP R and IP , which is assumed in quasistationary3 3

state with PLC, binds co-operatively to the IP R.3

The Hill coefficient is chosen to be four, but can
be varied without losing the capability for showing
spiking, bursting and chaotic oscillations. The
above term also takes into account that the IP R3

is a channel and hence mediates diffusion in both
directions. Calcium is pumped back into the endo-
plasmic reticulum by an ATP dependent pump
modelled by:(k =Ca )y(K qCa ). Together,14 cyt 15 cyt

the two terms form Eq.(3).

2.4. Calcium level of the mitochondria (Ca )mit

Addition of a mitochondrial term in the Kummer
et al. 2000 model was first presented in Grubelnik
et al. 2001w41x. It was shown that including the
mitochondria as a plug-in element in several dif-



87A.Z. Larsen et al. / Biophysical Chemistry 107 (2004) 83–99

ferent models, resulted in amplitude of calcium
oscillations in the cytosol, which does not change
significantly as the level of agonist is raised. This
is a feature, which is seen in virtually all experi-
ments, where a raise in agonist concentration
results in increased frequency of the calcium sig-
nal. However, this improvement was obtained at
the expense of some of the other features of the
Kummer et al. 2000 model. In order to make the
model and the resulting calcium signals as realistic
as possible, we have further modified the equation
modelling calcium in the mitochondria(Eq. (4)).
The Rapid Mode of uptake mechanism(RaM)

was chosen for modelling the uptake of calcium
into the mitochondriaw41x. The RaM is a mecha-
nism, which sequesters a significant amount of
calcium in the beginning of each cytosolic calcium
pulse. This mechanism is two orders of magnitude
faster than the uptake mediated by the uniporter.
The driving force of the RaM is most likely the

mitochondrial membrane potential. This is experi-
mentally verified by showing that uncouplers,
which dissipate the membrane potential inhibits
the mechanismsw42x. These experiments provide
also evidence that a rapid calcium uptake can be
achieved without local calcium puffs and synaptic
calcium transmissionw43x, which is another recent-
ly proposed mechanism for calcium uptakew44x.
Due to the switch-like uptake conducted by the
RaM, its calcium concentration dependence is
modelled by a Hill term with a Hill coefficient of
eight:

8k =Ca18 cyt

8 8K qCa19 cyt

Note that the above term does not include any
specific contribution from the mitochondrial
membrane potentialDc , although this is pro-mit

posed to drive the uptake of calcium. Sustained
calcium oscillations have been shown not to cause
significant changes inDc w45x in hepatocytes.mit

We, therefore, include the contribution implicitly
in k , assuming thatDc remains constantw26x.18 mit

Calcium release from the mitochondria is medi-
ated by the permeability transition pore(PTP),
also termed mitochondrial transition pore(MTP)
w29x. The term of the PTP mechanism is strongly

simplified; the mCICR caused by the PTP is a
rather complex process that involves both the
matrix pH and the transmembrane potential
(Dc ) in addition to the increase of the mito-mit

chondrial calcium concentration.
During the normal life of the cell, the PTP exists

in a closed state and a low conduction state that
allows limited diffusion of small ions like Ca .2q

It is proposed that the low conductance state has
minimal consequence for changing the membrane
potential of the mitochondriaw26x. During both
induced and programmed cell death the PTP irre-
versibly switches to a stable high conductance
state that allows an unselective diffusion of large
molecules, which causes large drop inDc ,mit

swelling and release of proapoptotic factorsw46–
48x. In the model we will only consider the low
conductance state, since the high conductance state
takes no part in the normal life of the cell. The
PTP is modelled by a simple term, which only
takes into account that there is an overall mito-
chondrial calcium-induced-calcium-release effect
(mCICR) w26,49x and, when open, the pore allows
diffusion of calcium in both directions. Again
membrane potential is assumed to be constant and
is implicitly included in k , and k is held very20 20

small compared tok of the RaM(0.81 and 79,18

respectively). The term used is:

k =Ca20 cytCa yCa =Ž .mit cyt Ca qKcyt 21

The physiological validity of implicit inclusion
of Dc can be discussed, and possibly the modelmit

would be quantitatively more correct if we includ-
edDc and pH changes over the different mem-mit

branes as variables. However, the terms we use to
model the mechanisms in the mitochondrial
membrane mimic the behaviour observed in exper-
iments, and in order to retain simplicity of the
model, we leave these possible variables out.

2.5. Cytosolic calcium level (Ca )cyt

Eq. (5), which models the change of Cacyt

consists of the terms from Eqs.(3) and (4) but
with opposite signs. In addition to the contribution
from the ER and the mitochondria calcium flow



88 A.Z. Larsen et al. / Biophysical Chemistry 107 (2004) 83–99

is also found between the cytosol and the extra-
cellular space. It has been reported that IP stim-3

ulates influx directly from the extracellular space
w50x, this provides the term(k =PLC). Also, a12

receptor-stimulated influx from the extracellular
space has been shown. This influx is due to the
fact that some agonist receptors also function as
cation channelsw51x. The receptor specific influx
is modelled by(k =G ). The two influx terms13 a

model diffusions and, therefore, should have been
represented by a term containing the difference
(Ca yCa ). However, the fact thatext cyt

Ca 4Ca and, therefore, can be assumed con-ext cyt

stant and integrated ink and k , allows the12 13

simplification of both terms. An ATP dependent
pump, which is modelled by(k =Ca )y(K q16 cyt 17

Ca ), mediates the pumping of calcium back intocyt

the extracellular space.

2.6. The agonist receptor terms

In experiments, different agonist receptors have
been shown to employ different dynamics for
calcium signal transductionw2,11,31,52,53x. Our
modelling results suggest that minor changes in
receptor terms have major impact on signal dynam-
ics and as mentioned before the above-presented
model is a receptor-operated model. This renders
the G related terms of the model very importanta

and also allows us to use receptor terms specific
to the agonist, we wish to model. We chose to
model two receptor types; the nucleotide receptor
and the Vasopressin receptor. Therefore, we use
receptor-specific parameters forG activation anda

receptor properties. These receptor-specific terms
are receptor mediated calcium influx(k =G )13 a

and a receptor-specific autocatalyticG activationa

term k =G . Both play a crucial role in determin-2 a

ing the possible dynamic states of the model. If
the terms are included(k /0, k /0), the model2 13

is capable of showing a large variety of behaviours
including understimulation(resulting in a low-
concentration calcium steady state), simple peri-
odic spiking, periodic bursting, chaotic bursting
and overstimulation(resulting in a high-concentra-
tion steady statew54x) upon increase in agonist
influence modelled byk . This corresponds to2

receptors, which bind, e.g. ATP or UTP. Omitting

the two terms(k s0, k s0) results in a model,2 13

which is able to show understimulation, periodic,
spiking with increasing frequency and over stim-
ulation, but no bursting behaviour when varying
k . This corresponds to the behaviour of receptors1

binding, e.g. vasopressinw31x. The determination
of the specific mathematical receptor and agonist
influence terms are based mainly on the calcium
response they elicit in the model since experimen-
tal data on receptor dynamics is still extremely
scarce.
One could argue that that the change ink alone1

should model the agonist influence on the system,
and it is also possible to model most of the
described dynamics by varyingk instead ofk , as1 2

long as k /0 (For examplek s2.066), but by2 2

doing this the bursting model loses some of its
complex behaviour and its ability to show under-
stimulation. Therefore, until more information
about the receptor mechanisms is presented, we
will model the receptor terms as described above.
Therefore, in the following, whenever we discuss
the decoding of bursting, we study the model
including k =G and k =G (k /0, k /0)a a13 2 13 2

with k modelling agonist influence and whenever2

discussing decoding of spiking, we refer to the
model omitting the termsk =G and k =G13 a 2 a

(setting k s0 and k s0) with k modelling the13 2 1

agonist influence.
The equations were numerically integrated on a

computer using either the LSODE integrator or
the Rosenbrock method in Berkeley–Madonna
(Berkeley–Madonna, USA).

3. Results and discussion

3.1. Dynamic behaviour of the model

Inclusion of mitochondria(Eq. (4)) in the mod-
el resulted in a stabilization of the amplitude
similar to what was shown previouslyw29,41x. Fig.
1 shows the changes in the amplitude of calcium
oscillations with increasing agonist concentration
as simulated by the Kummer et al. 2000 model
(Fig. 1a) and by the new bursting model(Fig.
1b). These changes are visualized by bifurcation
diagrams in which the amplitudes of the oscilla-
tions (both primary and secondary oscillations)
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Fig. 1. (a) Bifurcation diagram of the original model, with the
equations and parameters from Fig. 2 of Kummer et al. 2000.
k runs from 1–3. The amplitude of the calcium oscillations2

(Both the primary spikes and the subspikes of the bursting
pattern) rises throughout the rise in agonist level, which in the
model is represented byk . (b) New model with inclusion of2

the mitochondriawEqs. (1)–(5)x. The initial conditions are:
G s0.01, PLCs0.01, Ca s0.01, Ca s10 and Ca sa cyt ER mit

0.001. These remain the same in all further calculation. The
constants of the equations are:k s0.01, k s0.64,K s0.09,1 3 4

k s4.88,K s1.18,k s2.08,k s32.24,K s29.09,k s0.7,5 6 7 8 9 10

K s3, k s2.8, k s13.4, k s153, K s0.16, k s7,11 12 13 14 15 16

K s0.05,k s79,K s3.5, k s0.81 andK s4.5. k runs17 18 19 20 21 2

from 1.2–2.3. In this model the amplitude of the main calcium
spikes reaches a plateau, and stays there through the rise in
agonist influence. Only the shape and frequency of the signal
changes.

are plotted against the level of agonist stimulation,
simulated byk . In Fig. 1a the amplitude increases2

with increasing agonist stimulation over almost the
complete range ofk values (from 1.0 to 2.75).2

Secondary oscillations emerge as additional lines
in the plot atk s1.42.2

On the contrary, Fig. 1b shows an amplitude of
calcium oscillations, which rises quickly from zero
to a plateau at Caf3.2 while the shape of thecyt

signal changes from steady stateyunderstimulation
(k -1.1) through spiking(1.1-k -1.6), bursting2 2

(1.6-k -2.23), chaotic bursting (2.23-k -2 2

2.24) and ends with the steady state of
overstimulation.
The amplitude stability is due to the fact that

the very steep step-like kinetics of the mitochon-
drial calcium uptake ensures that calcium is very
effectively taken up into the mitochondria when
the cytoplasmic calcium concentration reaches a
certain levelw41x. The importance of the step-like
kinetics is underlined by the observation that the
Hill coefficient of the RaM term has to be larger
than 6 to maintain the behaviour of the model.
In the new model, the mean concentration of

free calcium remains at least an order of magnitude
higher in the endoplasmic reticulum compared to
the cytosol. This ratio is still far from the physio-
logical ratio of at least three orders of magnitude
(Ratios of up to 1:10 000 have been reported)
w36,55x. Nevertheless, it is a considerable improve-
ment of the near depletion of in most other2qCaER
models. The new model makes it clear that it is
not depletion of calcium in the ER, which termi-
nates spikes. For reasons of simplicity we did not
include a volume correction factor, which would
increase this ratio several orders of magnitude
without changing the models dynamic features.
Experiments have shown that shortly after calcium
ions are released from the ER due to IP binding,3

mitochondria undergo a transient decrease in
wCa x . This transitory drop in concentration,2q

mit

which is caused by the mCICR effect of the PTP
w47x, is also seen in the model(data not shown).
The frequency encoding observed in hepatocytes

covers a range of periods from 0.3 to 4 minw14x.
The frequency encoding abilities of our new model
for spiking calcium oscillations(without the terms
k =G andk =G ) are adequate for our purpose.2 a 13 a

An increase in agonist stimulation by a factor of
1.75 can result in an increase of the frequency by
a factor of 1.7(Fig. 2). This is still far from the
physiological range, but an improvement from the
original model.

3.2. Signal decoding

By using the improved model, we investigate
how the cell can decode different oscillations. For
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Fig. 2. Frequency encoding by the modified new modelwEqs. (1)–(5)x. The new parameters are;k s0, k s0.0001,K s0.783,2 3 4

k s1.24,K s0.7,k s5.82,k s32.24,K s29.09,k s0.93,K s2.667,k s0.76,k s0, k s149,K s0.16,k s20.9,K s5 6 7 8 9 10 11 12 13 14 15 16 17

0.05,k s79, K s2, k s1.5 andK s1.5. k , which now models the level of agonist binding is in(a) k s0.35, (b) k s0.4518 19 20 21 1 1 1

and(c) k s0.55.1

this purpose, we couple a very simple equation
wEq. (6)x, modelling the activity of a hypothetical
calcium activated enzyme to the above-described
system:

pdEnz k =Caact cyts yk =Enz (6)inactP pdt K qCaM cyt

We assume that the enzyme has multiple calci-
um activation sites with co-operative binding. Such
enzymes are found in many forms in the cytosol
w30x. Calcium activation of the enzyme is modelled
by a Hill term with a Hill coefficientp of varying
magnitude. The inactivation of the enzyme is
modelled as a first order process, the rate of which
depends only on the concentration of activated
enzyme. A more realistic approach would have
been to impose an upper boundary on the value
that the variableEnz can take. Nevertheless, we
found that the results shown in the following
section do not change if we introduce an upper
valueEnz for the enzyme activity.tot

3.2.1. Decoding the frequency of spiking
Frequency decoding has been studied before,

and we will, therefore, restrict ourselves to some
crucial points. which are closely related to exper-
imental examples. One such example is the control
of the Ca sensitive intramitochondrial dehydro-2q

genases(Pyruvate dehydrogenase(PDH), 2-oxo-
glutarate dehydrogenase and NAD -isocitrateq

dehydrogenase) w7x. Upon rise in cytosolic calcium
concentration, elevation of the mitochondrial cal-
cium concentration stimulates the dehydrogenases,
resulting in an elevation of NAD(P)H concentra-
tion in the mitochondria. Experiments have shown
that when the frequency of the cytosolic calcium
signal rises, so does the frequency of the mito-
chondrial calcium oscillations. At low calcium
oscillatory frequencies, the level of NAD(P)H is
also oscillating in the mitochondria. However, if
the frequency of calcium oscillations is increased,
the NAD(P)H fluctuation decreases, resulting in a
constantly elevated NAD(P)H concentration
w7,18,56x.
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Fig. 3. Three different levels of agonist concentration, mediating three different calcium oscillation frequencies(Ca ). These threecyt

frequencies are decoded as an increasing mean level of product(Pro). The maximum level of product during oscillation reaching
approximately Pros0.225 in each time series regardless of the agonist influence. The parameters of Eqs.(6) and(7) are:k s0.1,act

K s0.02,k s0.043,ps4, k s3 andk s3. The initial conditions are Enzs0 and Pros0 and the parameters of Eqs.(1)–M inact enz rem

(5) are as in Fig. 2, except fork which is: (a)k s0.3, (b) k s0.4 and(c) k s0.55.1 1 1 1

We studied the general mechanism for this
finding by using the terms for the enzyme
described in Eq.(6) with ps4 coupled to the
model system for spiking calcium oscillations(i.e.
without the termk =G ). The enzyme catalyses2 a

a reaction with product(Pro). The change in
product concentration is modelled with a linear
term for product formation catalysed byEnz and
another linear term modelling the removal of the
product from the system. These terms form the
following equation:

dPro
sk =Enzyk =Pro (7)enz remdt

We assume that the concentration of substrate
for the reaction remains constant and also that the
change in cytosolic calcium concentration due to
binding of calcium to the enzyme, is insignificant
compared to the amplitude of calcium oscillation.
Previous theoretical studies of the decoding mech-
anism for frequency encoded information used

more elaborate models, e.g. for phosphorylationy
dephosphorylation cyclesw57x, since they were
attempting to model the CaM kinase II system
mentioned abovew13x.

Fig. 3 shows calcium spiking with increasing
frequency following increases ink . The increasing1

oscillation frequency leads to an increase in mean
product concentration(Pro). Thus, simple co-
operativity of calcium binding to an enzyme is
sufficient to qualitatively reproduce the experimen-
tally observed findings of the intramitochondrial
dehydrogenase system.

3.2.2. Decoding periodic bursting
In order to study the influence of bursting

calcium oscillation on the enzyme activity we
studied the enzyme modelled by Eq.(6) coupled
to the model system(with inclusion of the terms
k =G and k =G ) and varied the level of13 a 2 a

agonist influence(modelled byk ). Fig. 4 shows2

how calcium bursts activate the enzyme.
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Fig. 4. Two different levels of agonist concentration, resulting in two different but similar levels of bursting, which in turn gives
rise to two very different levels of enzyme activity. The parameters of Eqs.(1)–(5) are as in Fig. 1b, exceptk which is: (a) k s2 2

1.65, (b) k s1.9. The parameters of Eq.(6) are k s5, K s0.62, k s0.4 andps4. The initial concentration of activated2 act M inact

enzyme isEnzs0.

In Fig. 4a, the bursting is less pronounced
compared to Fig. 4b. The frequency and amplitude
of the main calcium peaks are almost unaltered;
while the levels of active enzyme are increased
several fold. In this case, of signal decoding the
K of the enzyme for Ca is very important. TheM cyt

K is 0.62, which is just below the calcium levelM

of the secondary oscillation of the burst in Fig. 4a.
This results in low activation of enzyme in Fig.
4a. A rise in agonist influence increases the level
of the secondary calcium oscillation without
changing the primary peak.
This increases the period of time in which the

enzyme is activated during each burst and, there-
fore, the overall activation of the enzyme is
increased. An enzyme with a higherK wouldM

have been unable to distinguish between the two
signals, and its activity would have been unaltered.
The point made here is further explored in the end
of this section. The above shows that information
translatable by enzymes using the very simple
kinetics of Eq.(6) can be stored in the shape of
the oscillating calcium signal. No other require-
ment is necessary. This indicates that the cell can
vary the activity of calcium-dependent enzymes

significantly by varying only the shape of the
oscillations, leaving the main amplitude and fre-
quency unchanged. In other words, information is
not only encoded in the frequency, but also in the
waveform of the oscillations.
Previous model and experimental studies using

simple spiking calcium oscillations have shown
that an oscillatory calcium signal can decrease the
effective calcium threshold for the activation of an
enzymew3,5,14,15x. We verified this also for the
bursting calcium oscillations. We calculated the
average Ca concentration during periodic burst-cyt

ing, with all parameters as shown in Fig. 4b, to be
Ca s0.2896. These oscillations caused an aver-cyt

age activity of enzyme ofEnzs2.0385(arbitrary
units). By contrast, a steady state level of calcium
of Ca s0.2896 only resulted in an averagecyt

enzyme activity ofEnzs0.5677(arbitrary units).
This implies that the oscillatory dynamics of the
calcium signal, in this case, increases the resulting
enzyme activation more than three times compared
to a steady state signal. We conjecture that this is
a general property of enzymes that bind calcium
co-operatively when decoding an oscillating cal-
cium signal. Although not directly compatible, our
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Fig. 5. Decoding byEnzyme-1 andEnzyme-2 both employing the mechanism of Eq.(6). The enzymes show very different levels
of activation upon stimulation by calcium oscillations caused by agonist binding;(b) k s2.21 and(c) k s2.239, all though the2 2

two enzymes behave similarly at lower agonist concentrations(a) k s1.86 . The enzymes have the following constants;k s0.2,2 inact

ps4 and:(Enzyme-1) , , (Enzyme-2) , , the initial concentration of activated enzyme in zero1 1 2 2Ž . Ž . Ž . Ž .k s3 K s0.24 k s70 K s3.7act M act M

in both cases, and the parameters of Eqs.(1)–(5) are those of Fig. 1.

results obtained with complex periodic oscillations
square with previous results obtained with CaM
kinase II w13x. Here the activity of CaM kinase II
was measured after a series of square pulses of
calcium with different frequencies and pulse
lengths. Among other things these authors showed
that a modest change in pulse length might result
in a substantial change in kinase activity.
In order to investigate further the point that a

slight change in the shape of the calcium oscilla-
tions can result in a dramatic change in coupled
enzymatic activity, we employ two different
enzymes according to the mechanism of Eq.(6)
(Enzyme-1 andEnzyme-2). They only differ in the
K and k of the Hill term. At low values ofkM act 2

(Fig. 5a) the activities of the two enzymes oscillate
essentially in parallel. However, at higher values
of k the way in which they decode calcium2

oscillations is very different. We observe that
Enzyme-1, which has a lowk but also a lowact

K , shows high activity compared toEnzyme-2M

when the periodic bursts show a high amplitude
and low frequency(Fig. 5b). Enzyme-2, which has
a highk and a highK as well, shows a higheract M

activity compared toEnzyme-1 when the amplitude
of the bursts are low and the frequency high(Fig.
5c). The mean concentrations of calcium in these
two time series differ by only 30%(from approx.
0.42 to 0.60) as opposed to the difference in
enzyme activation, which is several fold. This is
an example of shape modulated signal decoding,
where the cell can upregulate the activity of one
enzyme and downregulate the activity of another
by changing the shape and frequency of the cal-
cium signal slightly.

3.2.3. Decoding complex signals
So far only decoding of simple periodic spiking

and bursting has been addressed. However, it was
observed experimentally that calcium oscillations
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Fig. 6. Decoding of complex calcium oscillations produced by Eqs.(1)–(5) with the constants presented in Fig. 1 andk s2.23.2

The enzyme activity shows phase locking, and the two enzymes show maximum activity inversely of each other. The enzymes are
those presented in Fig. 5.

are often not simple or periodicw8–11,58x. A
specific example of reproducible complex behav-
iour is the calcium signal elicited when a single
hepatocyte is exposed to a constant level of ATP.
In some cases, the binding of this agonist toP -2
purino receptors induces a signal, which consists
of a complex combination of spikes, doublet and
bursts. It is believed that the complex signal stems
from binding of ATP to two distinct ATP receptors
present in the membrane of the hepatocyte. One
of the receptors termedP mediates spikes and2ys

the other receptorP mediates bursting, the result-2yl

ing dynamics is generated by a combination the
two individual receptor mechanismsw8,59,60x. To
our knowledge, no one has so far addressed the
questions why ATP in some hepatocytes generate
a complex signal, when it generates a periodic
bursting signal in others, how this signal is
decoded by targets in the cell, and if the targets of
the complex signal are the same as those which
decode the periodic bursting. We do not attempt
to explain this specific example of complex calci-
um signals, but our model allows us to explore
the decoding of a complex signal, which holds
some resemblance to the signal induced by ATP.

By settingk s2.23 and the rest of the constants2

as in Fig. 1b, the calcium signal changes to
complex periodic bursting which displays a burst
pattern that is a combination of the different
bursting and spike-like oscillations found in Fig.
5. We have not yet been able to locate or explain
the origin of this complex behaviour in the calcium
model. This, however, does not hinder that the
resulting signal can be used to drive calcium
activated enzyme models, such as the one present-
ed by Eq.(6). And this may give us a hint of
what the use of a complex signal can be.
The burst patterns are decoded byEnzyme-1 and

Enzyme-2 (from Section 3.2.2) with very pro-
nounced frequency locked oscillations. Thus, oscil-
lations in enzyme activity display large amplitude
fluctuations superimposed on small amplitude
oscillations. These large amplitude fluctuations
lock with the calcium oscillations with a ratio of
6–10 calcium oscillations per large amplitude
oscillation in enzyme activity dependent on the
agonist level. In Fig. 6 we see howEnzyme-1 and
Enzyme-2 both display this frequency locking of
the calcium signal, but in very different ways.
When the activity ofEnzyme-1 is high, the activity
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of Enzyme-2 is low and vice versa. Again the very
simple Hill term of the enzyme equation is respon-
sible for the decoding dynamics ofEnzyme-1 and
Enzyme-2. Enzyme-1 needs only low levels of
calcium, but for a prolonged time, whereas high
levels of calcium activateEnzyme-2 with an effi-
ciency that allows it to be activated by very short
calcium transients. The combination of different
bursting patterns in the same timeseries allow the
enzymes to be activated not only out of phase
with each other, but also with a period dependent
on the shape and not the frequency of the driving
calcium signal.
The phenomenon of distinct frequency locking

and additive behaviour has so far not been seen in
any in vivo system. However, it has been observed
in vitro w43,61x and in other theoretical studies
w62,63x. In addition, the experimental systems
explored so far have often shown complex irreg-
ular calcium signal when exposed to a single
agonist. It would be of great interest to see the
calcium responses elicited by two or more natural
agonists binding the cell at the same time. So far
many modulators of the calcium signal such as
Thimerol and Phorbol estersw59,11x have been
used in addition to an agonist, but the exploration
of multiple agonist binding is extremely scarce.
Our guess is that the use of more than one agonists
will induce a complex signal, which will hold
information about all the agonists used, and that
the cell will be able to decode the signal into
distinct target responses. The fact that so many
agonists use calcium as a second messenger sup-
ports this view, but further research has to verify
or falsify this.
Another way in which the cell might generate

and decode complex oscillatory signals is through
coupling of the calcium oscillations to other intra-
cellular oscillators. There are numerous cellular
processes, which have been shown to oscillate in
vivo w24x. In order to study the general properties
of this coupling, and since the simple enzyme
activity employed above cannot give rise to oscil-
lations by itself, we coupled our model system to
the following equations:

dX
sjya=X=Y (8)

dt

dY V=Ca =ycytsa=X=Yy (9)
dt KqY

whereX andY are either other secondary messen-
gers, metabolites or phosphorylated proteins, while
j, a, V and K are constants. In this hypothetical
oscillatory system, we assume that the variableX
is formed at constant rate and later transformed
into the variableY in a simple autocatalytic pro-
cess. The variableY is in turn degraded in an
enzyme-catalysed process, the rate of which
depends linearly on the calcium concentration. For
simplicity reasons we assume that transfer of
information from calcium to the variablesX andY
is one-way, i.e. Eqs.(1)–(5) do not involve these
variables. In the absence of the external variable
Ca , the solutions of Eqs.(8) and (9) are eithercyt

a simple steady state or a periodic oscillation.
Coupling these equations to Eqs.(1)–(5) results
in complex dynamics of the variablesX andY.
In the simplest caseX and Y oscillate with the

same frequency as the oscillations of Ca . How-cyt

ever, we also observe oscillations ofX andY that
are subharmonics of the oscillations of Ca . Fur-cyt

thermore, even when the solutions of Eqs.(1)–
(5) show simple spiking oscillations of Ca , thecyt

corresponding dynamics ofX andY may be quas-
iperiodic or chaotic. Fig. 7 shows some examples
of oscillations ofY that may be obtained when a
single parameter, in this case the Michaelis con-
stantK in Eq. (9), is changed. It is worth noting
that similar changes may take place if any of the
other constants in Eqs.(8) and (9) are changed.
The oscillations of Ca show doublet oscillationscyt

as in Fig. 4(Fig. 7a) with the same frequency in
all cases. At low values ofK, Y does not oscillate
at all, but approaches a steady state value of zero.
This means that ifY were a second messenger it
would not activate its target enzyme(s) under these
conditions. If K is between 0.1 and 0.6 we find
oscillations ofY that are either subharmonic bursts
of Ca (1:4, 1:5, etc. up to 1:10, Fig. 7c–e) orcyt

aperiodic(chaotic and quasiperiodic) oscillations
(not shown). At Ks0.6 the oscillations ofY are
1:1 phase-locked to the oscillations of Ca . Thiscyt

means that with changes inK, the oscillations of
Y may show similar behaviour to the oscillations
of Ca when we changek , i.e. they can becyt 2
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Fig. 7. Coupling of the calcium model defined by Eqs.(1)–
(5) to the simple oscillator defined by Eqs.(8) and(9). In (a)
we show the oscillations of Ca while in(b) to (f) we showcyt

time series ofY for different values of the Michaelis constant
K; (b) Ks0.1; (c) Ks0.3; (d) Ks0.4; (e) Ks0.5 and(f)
Ks 0.6. For the calcium oscillatork s2.017, while the other2

parameters are as in Fig. 1b. For the simple oscillatorjs0.05,
as0.6,Vs1 andK is listed above.

decoded in the same way as described above for
Ca . Thus, the calcium oscillator may, in additioncyt

to controlling one or two enzymes directly, have
an indirect effect on many other enzymes through
coupling with other signalling systems such as

those generating cyclic AMP, NO etc. The result
is that signalling systems that operate through both
calcium signalling andX andyor Y signalling may
be able to regulate the activities of a large number
of regulatory proteins and genes independently of
each other. These findings once more stress the
fact that the cell is able to use diverse properties
of calcium oscillations in order to transfer a mul-
titude of information through the cell. It is to be
noted that the behaviour shown in Fig. 7 could
not be achieved without the coupling of Eqs.(8)
and (9) to Eqs.(1)–(5), e.g. by simulating Eqs.
(8) and (9) with progressively higher levels of
Ca . Eqs.(8) and (9) define a system with onlycyt

two variables, and, therefore, only simple periodic
oscillations can be obtained. The complex oscilla-
tions shown in Fig. 7c–e are the result of coupling
of two periodic oscillators. Hence, the coupling of
Eqs.(8) and(9) to the calcium model(Eqs.(1)–
(5)) allows for much more dynamic behaviour
and, therefore, also for the transfer of much more
information than if the two systems operated inde-
pendently of each other.

4. Summary

The present study demonstrates that oscillating
calcium signals are capable of encoding informa-
tion not only in frequency, but also in shape and
complexity of the calcium oscillations. We used a
very general property, namely the cooperative
binding of calcium to effector enzymes to study
the principal possibilities of this information proc-
essing. Numerous enzymes in the cell actually
show this cooperativity in calcium binding.
We improved the original model of Kummer et

al. 2000 to show stable amplitude through spiking,
bursting and complex bursting, and to show con-
vincing frequency encoding. With these features
the model enabled us to study a variety of possible
decoding mechanism.
Since there have been a number of studies on

frequency decoding of spiking calcium oscilla-
tions, we restricted ourselves in that case to study
a phenomenon in calcium signalling which was
only recently observed experimentallyw7x. In this
system the effect of calcium oscillations on intram-
itochondrial NAD(P)H levels was investigated.
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Our theoretical model system decoded the signal
in a way very similar to the experimental results.
As in the experiment, a low frequency signal
resulted in oscillations in the concentration of
product, while a rise in frequency caused an
elevated concentration of product.
To our knowledge no previous study has

attempted to elucidate the mechanism for the
decoding of bursting calcium signals. We show
that simple cooperativity of calcium binding ena-
bles enzymes to react with very different sensitiv-
ity to bursting of the signal. This might explain
why the cell is using these different patterns of
calcium oscillations specifically for different ago-
nistsw58,64–66x. Different agonists imply different
information and our studies show that calcium
sensitive enzymes can easily decode this
information.
Finally, we have addressed the issue of decoding

complex oscillatory signals. These are often
encountered in the literature, but their decoding
remains an unsolved problem. We show that the
complex oscillations of the model present yet
another mean of information processing in the cell.
We also show that calcium-sensitive enzymes are
able to show frequency locking. Furthermore, by
coupling the simple calcium oscillator to a second
oscillating signalling system, we show that the
combined system is capable of controlling the
activity of multiple regulatory proteins, even when
the calcium oscillator is operating at a single
frequency. Many enzymes in the cell are regulated
by more than one signalling molecule. Our studies
suggest that this is probably due to the fact that
even tiny differences in the properties of one of
the signalling pathways will be amplified and lead
to highly different signals of the combined system.
This provides the cell with an essentially infinity
of signals.
We would like to stress again the fact that our

study relies on a very simple mechanism known
to commonly exist in the cell. Therefore, we
conjecture that it is very likely that the proposed
decoding mechanisms are actually used by
enzymes, even though experimental data in support
of this conjecture are still lacking.
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