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Abstract

The mechanisms of long-term synaptic maintenance are a key component to understanding the mechanism of long-term
memory. From biological experiments, a hypothesis arose that repetitive stimuli with appropriate intervals are essential to
maintain new synapses for periods of longer than a few days. We successfully reproduce the time-course of relative
numbers of synapses with our mathematical model in the same conditions as biological experiments, which used
Adenosine-3’, 5'-cyclic monophosphorothioate, Sp-isomer (Sp-cAMPS) as external stimuli. We also reproduce synaptic
maintenance responsiveness to intervals of Sp-cAMPS treatment accompanied by PKA activation. The model suggests a
possible mechanism of sustainable synaptogenesis which consists of two steps. First, the signal transduction from an
external stimulus triggers the synthesis of a new signaling protein. Second, the new signaling protein is required for the
next signal transduction with the same stimuli. As a result, the network component is modified from the first network, and a
different signal is transferred which triggers the synthesis of another new signaling molecule. We refer to this hypothetical
mechanism as network succession. We build our model on the basis of two hypotheses: (1) a multi-step network succession
induces downregulation of SSH and COFILIN gene expression, which triggers the production of stable F-actin; (2) the
formation of a complex of stable F-actin with Drebrin at PSD is the critical mechanism to achieve long-term synaptic
maintenance. Our simulation shows that a three-step network succession is sufficient to reproduce sustainable synapses for
a period longer than 14 days. When we change the network structure to a single step network, the model fails to follow the
exact condition of repetitive signals to reproduce a sufficient number of synapses. Another advantage of the three-step
network succession is that this system indicates a greater tolerance of parameter changes than the single step network.
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Introduction

Synaptic plasticity is the physiological basis of learning and
memory storage [1-3]. Long-Term Potentiation (LTP) is a type of
synaptic plasticity and is thought to be the fundamental
mechanism for the formation of memory. LTP consists of two
distinguishable phases: the Early Phase of LTP (E-L'TP) and the
Late Phase of LTP (L-LTP). L-LTP is thought to contribute to
long-term memory formation. L-LTP requires gene expression
and protein synthesis and is accompanied by synaptic reorgani-
zation including synaptogenesis, the disappearance of synapses,
and structural changes in synapses [4-10]. These structural
changes to form memories and to establish learning are recognized
to be equivalent to the various types of molecular signaling
behavior [11]. Molecular level mechanisms of LTP have been
elucidated, and recently many mathematical models based on
these findings have been built and analyzed.

For example, some models are built focusing on CaMKII
regulation as a prominent candidate for a bistable molecular
switch, which induces L-LTP [12-16]. Other models, which
include comprehensive knowledge of the LTP mechanism, also
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show bistable characteristics [17], or explain the synaptic pattern
selectivity according to the intervals of external stimuli [18].

The mathematical models mentioned above focus on under-
standing the mechanism of induction or maintenance of LTP at a
molecular level. They are efficient for representing and analyzing
the dynamics of the molecules involved in LTP. One of the reasons
why these models are suitable for the analysis of L'TP induction
and maintenance is that their timescale fits the phenomenon.
However, the timescale of long-term memory is generally much
longer than LTP, which occurs after the reorganization of
cytoskeletal proteins in a spine. For example, in the experiments
by Tominaga and Yamamoto [19-21], the newly produced
synapses were maintained for 2 weeks. This is over 2,000,000
times longer than Ca?* induction in the cytoplasm. Even
compared with L-LTP, long-term maintenance of synapses
requires 300 times longer. Therefore, we tuned the timescale of
our model to be appropriate to represent long-term synaptic
maintenance.

Tominaga and Yamamoto observed induction and mainte-
nance of synapses for over 2 weeks by stimulating 3 or more times
with appropriate time intervals (3 to 24 hrs). However, one or two
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stimuli, and even 3 stimuli within too short or too long a time
interval, could not induce long-term maintenance of synapses [19—
21]. Models of long-term synaptic maintenance should be distinct
from the other models, not only because of the timescale but also
because of the specific requirement to induce the phenomenon.

Therefore, we attempted to build a specific mathematical
model, which focuses on synaptogenesis and long-term synaptic
maintenance instead of shorter timescale models which focus on
molecular events. The objective of building this model is to clarify
the mechanism of synaptogenesis and long-term synaptic mainte-
nance, which is expected to be the basic mechanism of memory
formation and reinforcement in the newborn to mature brain [22—
26]. Henceforth, we refer to our mathematical model as the
sustainable synapse model.

Treatment with an inhibitor of protein synthesis, anisomycin,
prevents L-LTP and subsequent long-term synaptic maintenance
[8]. This fact led us to speculate that newly synthesized proteins
play critical roles in synaptogenesis and the subsequent long-term
synaptic maintenance.

If overcoming a threshold of the amount of the synthesized
protein regulates long-term synaptic maintenance, both repetitive
stimuli with shorter intervals and a single strong stimulation would
be sufficient to induce long-term synaptic maintenance (Figure 1A

stimulation stimulation

synapse
A maintenance A

A B

threshold

synapse
maintenance

threshold

- time

time

T T T

Stim.1 Stim.2 Stim.3
with appropriate intervals

Stim.1,2,3

Mathematical Modeling for Long Term Memory In Vivo

to C). However, experimental results exclude these possibilities
[19-21].

In contrast, our hypothetical mechanism of network succession
can explain why repetitive stimuli with appropriate time intervals
are required for long-term synaptic maintenance (Figure 1D). In
this mechanism, the signaling molecule for the next step is
produced by the previous stimulation. As a result, when the cell
receives the next external stimulus, the signaling network is
transformed into a different set of molecules, including the protein
newly produced by the previous stimulus. This newly formed
signaling network induces the next signaling molecule, which is
different from the molecule required at the second step. This
orderly processes of change in signal transduction brought about
by the progressive replacement of one protein by another will keep
going until a stable climax is established, in this case the long-term
maintenance of synapses.

This hypothesis basically requires newly synthesized proteins for
the succession of the signaling network. The requirement of the
new generation of signaling molecules guarantees that the
mechanism needs a longer interval than the time for protein
synthesis. This means that the time needed for protein synthesis
determines the minimum duration of interval between external
signals. The commonly known time to generate active proteins
from genes via transcription and translation following their
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Figure 1. Possible mechanism for synaptic maintenance. A, B and C: synaptic maintenance occurs when stimulation exceeds the threshold.
Repetitive stimuli with very short intervals (B) or a single strong stimulation (C) may exceed the threshold and induce synaptic maintenance. This
mechanism cannot explain the necessity for repetitive stimuli with appropriate intervals (A). D: Repetitive stimuli with appropriate intervals induce
different signal transduction cascades in each stimuli. At first, the first stimulation (Stim. 1) induces Protein 1 synthesis. Next, the second stimulation
(Stim. 2) induces Protein 2 synthesis via Protein 1. Lastly, the third stimulation (Stim. 3) induces Protein 3 synthesis with the intermediation of Protein
2. Protein 3 may play a direct and important role in long-term synaptic maintenance.

doi:10.1371/journal.pone.0051000.g001
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Figure 2. Synapse stabling mechanism. Drebrin induces the assembly of PSD-95 and AMPAR in dendritic protrusions through F-actin
accumulation and stabilization, and causes synaptic maintenance. The color difference of F-actin indicates whether the fiber is stable (red) or unstable

(pink).
doi:10.1371/journal.pone.0051000.9g002

transportation and modification is a few hours. This is compatible
with the shortest duration of intervals between external stimuli in
experiments [19-21]. Protein modification such as phosphoryla-
tion takes a much shorter time, as we can see in the example of the
MAPK cascade [27,28]. We estimate that protein modification
may be involved in but not an essential part of the reconstruction
of the experimentally observed phenomena.

At the same time, because network succession requires the
existence of the generated protein, the upper limit of the intervals
between external signals depends on the stability or lifetime of
these newly synthesized proteins. Many signaling proteins are
degraded within 48 hrs [29]. This fact is also in keeping with the
experimentally observed phenomena [19-21].

The number of steps of the network succession is effective in the
whole dynamics of the system. We assume that the mechanism for
long-term synaptic maintenance consists of a three-step succession
of signaling networks. One of the reasons for this assumption is the
result of the experiments of Tominaga and Yamamoto [19-21]
which indicated that stimuli repeated more than three times are
required for long-term synaptic maintenance.

It is also suggested from the experimental results that the
condition of the cell is altered by repetitive stimuli. Kawaai
reported that stimuli repeated at 24 hr intervals altered gene
expression patterns [30]. In their research, stimuli repeated twice
increased gene expressions of PAK4, LIMK, SSH, COFILIN and
YWHAZ, and promoted the reorganization and turnover of actin
filament (Figure 7.B in [30]). Because actin dynamics directly
relates to synaptic reorganization [31-33], the reorganization and
turnover of actin filament may cause a transient increase and
degradation of unstable synapses. However, after the third
stimulation, the expression levels of PAK4, LIMK and YWHAZ
were increased in the same manner as those in the first and the
second stimulations, but the expression levels of COFILIN and
SSH were decreased [30]. Because of the effect of COFILIN and
SSH on F-actin [34-36], a decrease in these molecules leads to
stabilization of F-actin following long-term synaptic maintenance.
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We assume that decreasing the expression level of COFILIN and
SSH was directly connected to the induction of stable synapses.
Based on the experimental information, we built a three-step
network succession model, and compared the dynamics with the
modified model which consists of a single step network, especially
with regard to the sensitivity to changes in the parameters.

At the same time, we adopted this mechanism as an actin
reorganization/stabilization mechanism in our sustainable synapse
model.

We used other biological knowledge to determine how to define
the basic structure of our model. This relates to the formation of
dendritic protrusions, such as filopodia and spines, which are
significant for synaptogenesis and synaptic maintenance. A
summary of the mechanism is given in Figure 2. The first step
of synaptogenesis is contact between the neuronal axon and
dendritic filopodia. The filopodia are the precursors of spines. The
processes of transition from filopodia to spine have been
investigated [37-40]. The dendritic filopodia grow into proto-
spines, which are an intermediate form between the filopodia and
spines. The stability, shape and motility of these dendritic
protrusions are related to the dynamics of the F-actin [40-43].
In particular, dynamic F-actin, which is actively polymerized,
depolymerized and turned over, is reorganized in the filopodia and
protospines. These dynamics lead to the disappearance and
regeneration of synapses. The dynamics of F-actin are controlled
by various actin binding proteins such as Arp2/3, Cortactin,
Profilin, and ADF/COFILIN. Genetic modifications of these
proteins affect the structure, the number and the density of spines
and synapses [44].

Takahashi et al. found that Drebrin, one of the actin binding
proteins, plays a key role in stabilizing protospines [45]. They
suggested that the stabilization of protospines requires an
accumulation of Drebrin and successful clustering of Drebrin
with skeletal F-actin of the protospines. Because Drebrin inhibits
actin-myosin interaction, F-actin clustered with Drebrin is further
stabilized and this leads to stable accumulation of PSD-95, which
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is one of the main components of post synaptic density (PSD). PSD
is the characteristic structure in the tip of the head of a spine [45].
Then, PSD anchors synaptic receptors [46—48] and the anchored
receptors induce activity dependent enlargement of the spine head
[49]. Finally, the enlarged spine head is stiffly connected to the
presynaptic active zone by cell adhesion molecules [50]. After
establishing the broad contact with axon, a large number of
excitatory synapses are formed on the dendritic spines [51]. The
newly formed synapses are stabilized by the sequential processes in
the above. The first critical step for stabilizing protospines is the
accumulation of Drebrin following the clustering of Drebrin with
F-actin. Therefore, we defined F-actin-Drebrin clustering as the
trigger for the stabilization of mature synapses in our model.

Thus, our sustainable synapse model stands on the two
hypotheses that: 1) a multi-step network succession induces the
downregulation of SSH and COFILIN gene expression which
triggers the production of stable F-actin; 2) the formation of the
complex of stable F-actin with Drebrin in PSD is the critical
mechanism to produce long-term synaptic maintenance. A
summary of the modeled mechanism of long-term synaptic
maintenance is as follows: repetitive stimuli with appropriate time
intervals decrease SSH and COFILIN. The decrease in these
molecules induces transient stabilization of F-actin. Drebrin starts
to cluster with transiently stabilized F-actin for further stabiliza-
tion. Finally, the protospine grows into a mature synapse with
appropriate receptors on the plasma membrane.

The relationship between each module is indicated in Figure 3,
and the entire model is shown in Figure 4. Also the cAMP-PKA
module is shown separately in Figure 5.

Materials and Methods

Mathematical model descriptions
Our mathematical model is composed of five modules and each
module is created on the basis of the following three biological
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facts and the hypotheses derived from them. 1: A transition in
actin dynamics from a dynamic state to a stable state with
alteration in the gene expression pattern. 2: A transition
mechanism from filopodia to spine (changes of the F-actin stability
in the dendritic protrusion). 3: Hypothetical network succession for
the alteration in the gene expression pattern. We show the details
of each module below. Each module is explained in the following
subsection.

Our basic sustainable synapse model includes a three-step
network succession.

The source code of our sustainable synapse model (an SBML
file) and the solver library which is required to simulate our model
are being made available on our laboratory’s webpage (http://
www.fun.bio.keio.ac.jp/softwares) for free download.

External stimulation. External stimulation exists most
upstream in our model and works as the motive force for the
stimuli responsive model system. We supposed the stimuli to be
Sp-cAMPS in our model as the inducer of LTP. We used a
rectangular wave to explain these stimuli. We can control
following properties of stimuli. 1: The number of stimuli. 2: The
length of intervals between stimuli. 3: The duration of stimuli. 4:
The intensity of the stimuli. A typical external stimuli is shown in
Figure 6. The response of this model to the various intervals of
external stimuli is indicated in Figure 7.

Hypothetical protein module. The Hypothetical protein
module includes a cAMP-PKA module, hypothetical proteins 1, 2,
and 3. This module is completely based on the hypotheses
postulated on the basis of the experimental results [19-21], with
the exception of the upstream cAMP-PKA module.

To express the required time of gene expression and protein
synthesis, each rate equation includes a delay (which appears as
the parameter, delay). An example of the dynamics of the
Hypothetical protein module is shown in Figure 8. A time-course
simulation showed that this module worked to implement the
processes of network succession in this signaling network. The first
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Figure 3. Interactions of each module. The arrows indicate the directions of effects between two modules. The components of each module
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components in the simulation.
doi:10.1371/journal.pone.0051000.g003
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Figure 4. Whole view of the model. The model is written in accordance with Systems Biology Graphical Notation (SBGN) [83]. 0. Black box:
External stimulation exists at the most upstream and drives our model. 1. Red box: Hypothetical protein module includes hypothetical proteins which
play an important role in possible network succession for long-term synaptic maintenance. 2. Blue box: Actin control module includes actin binding
protein: COFILIN and COFILIN kinase/phosphatase. 3. Purple box: Actin dynamics module includes G-actin and F-actin to explain the actin dynamics
(polymerization and depolymerization). 4. Orange box: Drebrin module includes the actin binding protein: Drebrin. Drebrin affects actin dynamics
and is clustered with F-actin. 5. Green box: Synapse dynamics module includes two kinds of synapses to explain the dynamics of synaptogenesis and
synaptic maintenance. The white square boxes linked to two connectors are process nodes, which represent processes that transform one or several
entity pools to be identical or different. The circles crossed by a bar linking the upper-right and lower-left corners of an invisible square drawn around

the circle (@) are empty sets which represent the source or sink [84].
doi:10.1371/journal.pone.0051000.g004

stimulation increases Protein 1 (Figure 8, green), the second
stimulation increases Protein 2 (Figure 8, blue) via Protein 1, and
the third stimulation increases Protein 3 (Figure 8, purple) via
Protein 2. Rate equations of the Hypothetical protein module are
shown in the following subsection (Rate Equations of the
Mathematical Model).

The structure and the parameters of the cAMP-PKA module
follow the comprehensive mathematical model, which was
originally built for Bhalla’s research [52] and was refined in
Ajay’s research ([18], Figure 3B in the reference). Briefly, this
module consists of various states of cAMP and PKA complex, and
also the states of the PKA catalytic domain with its inhibitor. PKA
1s formed by a holoenzyme, in which catalytic (C) and regulatory
(R) subunits are associated. The C subunit contains the active
center, whereas the R subunit has two cAMP binding sites. This C
and R subunit complex is in an inactive state. The binding of
cAMP to the R subunit induces C subunit activation, accompa-
nied by the dissociation of the R subunit from the C subunit [53].
There exists a physiological PKA inhibitor, such as a heat-stable
protein kinase inhibitor (PKI). PKI is one of the key players in the
regulation of activity and in localizing the G subunit [54]. PKI is
also involved in neuronal signal transduction with effects on
learning and memory by affecting LTP [55]. The signal of PKA
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activation is reflected in the expression of the hypothetical Proteins
1 to 3.

Actin control module. We built this module according to
Breindl’s model [56]. The Actin control module includes PAK4,
LIMK, SSH and COFILIN. PAK4 and the Non-phosphorylated
state. LIMK, SSH and COFILIN are generated by external
stimulation. LIMK and SSH are phosphorylated into LIMK_P
and SSH_P by PAK4. LIMK has two phosphorylated states, the
single phosphorylated state (LIMK_P) and the double phosphor-
ylated state (LIMK_PP). LIMK_P is phosphorylated into
LIMK_PP by auto-phosphorylation. SSH and COFILIN have
only a single phosphorylated state (SSH_P, COFILIN_P).
COFILIN i1s phosphorylated by LIMK_PP and COFILIN_P is
dephosphorylated by SSH. Most of the reactions in the Actin
control module are phosphorylation and dephosphorylation.
Therefore, we describe the rate equations as Michaelis-Menten
kinetics, except for production and degradation. Production of
PAK4, LIMK, SSH and COFILIN has a delay after the external
stimulation because of the time of gene expressions and protein
synthesis. An example of the dynamics of the Actin control module
is shown in Figure 9. The time-course simulation in this module
succeeded in reproducing the changes in the synthesis pattern of
the actin-related proteins, which are caused by the changes in the
gene expression pattern with repetitive stimuli [30]. Rate
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doi:10.1371/journal.pone.0051000.g005

equations of the Actin control module are shown in the following
subsection (Rate Equations of the Mathematical Model).

Actin dynamics module. We represent the actin dynamics
in this module. Actin has two main states: G-actin (monomer state)
and F-actin (polymer, filament state). We also divide F-actin into
two groups: Dynamic F-actin and Stable F-actin, based on its
stability. Dynamic F-actin represents the F-actin in the state of
turnover or very active reorganization. Stable F-actin represents
the F-actin which seldom changes its structure and is maintained
over a long period of time. Each of the states of actin (G-actin,
Dynamic and Stable F-actin) are able to transfer their states to
each other. F-actin stability is defined by the actin turnover ratio,
which is measured by FRAP analysis [31]. An example of the
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Figure 6. Example of external stimuli. The red line is an example of
the dynamics of external stimuli (Number of stimuli: 3; Interval: 10 min;
Duration time: 3 min; Intensity: 100).
doi:10.1371/journal.pone.0051000.g006
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dynamics of the Actin dynamics module is shown in Figure 10.
The time-course simulation in this module succeeded in repro-
ducing the characteristic phenomena that LTP inducing stimuli
increase the I-actin content in spines [32,33]. We were also able to
reproduce the F-actin/G-actin ratio increasing phenomenon in a
mathematical model simulation (Figure 11). Rate equations of the
Actin dynamics module are shown in the following subsection

125
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w v
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© \ \
; \ \
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; 5\ \
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Figure 7. Synaptic maintenance responsiveness of our model
to intervals (three times repetitive stimuli, with various lengths
of delay). The horizontal axis shows the intervals of each stimulation.
The vertical axis shows the ratio of increase of synapses at two weeks
after the first stimulation. The colored lines show the synaptic
maintenance response with various delays. Red line: 0 min (no delay);
Green line: 30 min; Blue line: 60 min; Purple line: 120 min. The two
vertical dotted lines show the approximate upper limit and lower limit
of intervals between three times stimuli for synaptic maintenance in
experimental results [20].

doi:10.1371/journal.pone.0051000.9g007
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doi:10.1371/journal.pone.0051000.9g008

(Rate Equations of the Mathematical Model).
To build this Drebrin module, we consid-
ered two states of Drebrin: the dispersed state (Drebrin) and the
clustered state (Drebrin/F-actin complex cluster). The dispersed
state shows the state of Drebrin which exists in spines sparsely and
does not form a cluster. The clustered state shows the state of
Drebrin which exists densely in spines as a cluster with F-actin. A
rate equation of cluster formations is expressed by using the Hill
equation [57], which is often used to express orchestrated binding.
A Drebrin/F-actin cluster causes further clustering by stabilizing
the F-actin skeleton. We also considered Drebrin accumulations in
dendritic protrusions, such as filopodia, protospine and spine,
because Drebrin accumulates in them, when L-LTP is induced
[19,20]. An accurate mechanism of Drebrin accumulations has
not yet been clarified, so we assumed that external stimuli simply
increase Drebrin in our mathematical model. However, synapses
are also maintained by spontaneous activity of the neuron [20,58].
There may be a mechanism whereby extra synapses are trimmed
if synapses increase to a larger extent than the limited amount
which is maintained by spontaneous activity. In fact, there are
experimental results that show that the number of synapses
decreases when spontaneous neuronal activity is blocked by
Tetrodotoxin (TTX) [20]. An example of the dynamics of a
Drebrin module is shown in Figure 12. The time-course simulation
in this module succeeded in reproducing the phenomena that
accumulations of Drebrin in spines and the clustering of Drebrin
with F-actin are produced by LTP inducing stimuli. Rate
equations of the Drebrin module are shown in the following
subsection (Rate Equations of the Mathematical Model).
Synapse dynamics module. In the Synapse dynamics
module, we considered two states of synapses. One is “Dynamic
Synapses”, which has Dynamic F-actin as the post-synaptic spine
skeleton and actively reorganizes its structure. The other is “Stable
Synapses”, which has Stable F-actin as the post-synaptic spine
skeleton and remains for a long time as it is. Dynamic Synapses
fluctuate in coordination with Dynamic F-actin, and Stable
Synapses fluctuate in coordination with Stable F-actin. The

Drebrin module.
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Figure 9. Example of dynamics of PAK4, LIMK, SSH, COFILIN
(interval between stimuli=720 min). Red: PAK4; Green: LIMK; Blue:
LIMK P; Purple: LIMK PP; Light blue: SSH; Brown: SSH P; Amber: COFILIN;
Pink: COFILIN P. PAK4, LIMK, SSH and COFILIN are increased by external
stimuli. Immediately after stimuli, LIMK decreases and LIMK PP increases
by PAK4 and self-phosphorylation, SSH decreases and SSH P increases
by PAK4 and then COFILIN decreases and COFILIN P increases by LIMK
PP. Because the generation velocities of SSH and COFILIN are decreased
by repetitive stimuli, the COFILIN level becomes very low after the third
stimulation.

doi:10.1371/journal.pone.0051000.g009

number of Stable Synapses exceeds the number of Dynamic
Synapses when a larger amount of Stable F-actin exists than in the
equilibrium state. This case is considered to correspond with the
process whereby actin polymerization occurs actively in the spine
head to stabilize the spines. An example of the dynamics of the
Synapse dynamics module is shown in Figure 13. The time-course
simulation in this module succeeded in reproducing synaptogen-
esis and synaptic maintenance with repetitive stimuli. The rate
equations of the Synapse dynamics module are shown in the
following subsection (Rate Equations of the Mathematical Model).

Rate Equations of the Mathematical Model

The following abbreviations are used in this subsection:

Dynamic F-actin—D_F-actin  Stable F-actin—S_F-actin

Dynamic Synapse—D_Synapse Stable Synapse—S_Synapse

These three actin states, G-actin, Stable F-actin, and Dynamic
F-actin express the relative concentrations of these species,
respectively. stimulation means the non-unit strength of the external
stimuli.

All the other variables express the concentration of species
which appear in Figure 4 and Figure 5 with the same names. The
values and units of parameters and the initial conditions are listed
in Tables 1, 2, 3, 4, 5, 6.

Rate equations of Hypothetical protein module.

% = —vI+2 =3+ v4—v5+v6—vT+8+v15—v16
drecy
dr
ARICEAMPL 1 s
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Figure 10. Example of dynamics of G-actin, Dynamic F-actin,
Stable F-actin (interval between stimuli=720 min). Upper
Figure: 0-5000 min, Lower Figure: 0-20160 min (14 days) The colored
lines show time-course fluctuations of each of the components. Red: G-
actin; Green: Stable F-actin; Blue: Dynamic F-actin. External stimuli
directly decrease G-actin and increase Dynamic F-actin. Stable F-actin is
decreased by the effect of COFILIN. After the third stimulation, the
levels of G-actin and Dynamic F-actin change in almost the same
manner as before, but Stable F-actin hardly decreases because the
COFILIN level is very low and the Drebrin/F-actin cluster stabilizes F-
actin at this time and the Drebrin/F-actin cluster increases the Stable F-
actin level in a self-feedback manner.
doi:10.1371/journal.pone.0051000.g010

ARECCAMP _ 3145446

d[R2C2-cAMP3]

7 =p5—v6—v7+18

d[R2C2-cAMPA|

=7 —v8— 1
7 v7—v8—v9+v10

d[R2C-cAMP4]

=v9—v10—vl11+vI2
dt
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d[R2-cAMP4)|

7 =yll—vl2

d[adtive-PKA|

7 =19 —y104+vI1—v12—v13+v14

d[inhibited-PKA|

—y13—v14
7 vI3—v
d[PKA-inhibitor] _ 13\ 14
dt
W =kp17[PKA(t— delay) — kpis[Protein]]
d[Protein2] _
d

kp1o[PKA|(t— delay)[Proteinl](t — delay) — kpy| Protein2)

d[Protein3]
d
kp1 [PKA|(t—delay)[Protein2](t — delay) — kpy | Protein3|

vl =kp;[cAMP]|[R2C2]

V2= kpz [R2 C2-CAMP]

4.0

F-actin/G-actin

3.5

3.0

ratio

2.5
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1.5
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0 5 10 15 20 25 30 35 40 45

time(min)

Figure 11. F-actin/G-actin ratio. The red line shows the time-course
fluctuations of the F-actin/G-actin ratio. F-actin includes Dynamic and
Stable F-actin. A single stimulation induces an increase in the F-actin/G-
actin ratio.

doi:10.1371/journal.pone.0051000.g011
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Figure 12. Example of dynamics of Drebrin (interval between
stimuli=720 min). Upper Figure: 0-5000 min, Lower Figure: 0-
20160 min (14 days) The colored lines show the time-course
fluctuations of each of the components. Red: Drebrin; Green: Drebrin/
F-actin cluster. External stimuli increase the Drebrin level. The Drebrin/F-
actin cluster increases dependence on Drebrin and the Stable F-actin
level. The equilibrium value of the Drebrin/F-actin cluster rises after the
third stimulation because the Stable F-actin level increases at that time
and once a large cluster is generated, a high equilibrium value is
maintained in a self-feedback manner.

doi:10.1371/journal.pone.0051000.g012

v3=kp3[cAMP][R2C2-cAMP)

v4 =k py[R2C2-cAMP2)]

V5 =kps[cAMP][R2C2-cAMP2)

v6 =k p6|[R2C2-cAMP3)

v] =kp7[cAMP][R2C2-cAMP3|

V8 =kpg [R2C2-CAMP4]
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v9 =k po|[R2C2-cAMP4)

v10 =kp1o[R2C-cAMP4][active-PKA]

vll =kp11 [RzC-CAMP4]

v12=kpi2[R2-cAMP4][active-PKA|

v13 =kpi3lactive-PKA|[PKA-inhibitor]

vid=kpis [inhibited-PKA]
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Figure 13. Example of dynamics of synapses (interval between
stimuli=720 min). Upper Figure: 0-5000 min, Lower Figure: 0-
20160 min (14 days) The colored lines show the time-course
fluctuations of each of the components. Red: Dynamic Synapse; Green:
Stable Synapse; Blue: Total Synapse (Dynamic+Stable). The Dynamic/
Stable Synapse levels change according to the Dynamic/Stable F-actin
levels. The time-course fluctuations of the synapses are similar to those
of the Actin dynamics module. All the values in the graphs are
normalized with the initial value of each variable, and indicate the
relative values compared with the initial condition.
doi:10.1371/journal.pone.0051000.g013
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Table 2. Parameters of the model: Actin control module.

Table 1. Parameters of the model: Hypothetical protein
module.

name value unit

kpi 3240 M~ min~!
kpa 1980 min~!

kps 3240 M~ min~!
kps 1980 min~!

kps 4500 uM~!-min~!
kps 6600 min~!

kep 4500 M~ min~!
kpg 1950 min~!

kpy 3600 min—!

kpio 1080 uM~-min—!
kpii 3600 min~—!

kpia 1080 uM~"min—!
kpi3 3600 M~ 'min—!
kpig 60 min~!

kpis 0.01 puM-min~!
kpis 1.0 min~!

kp17 0.125 (0.0175") min~!

kpig 0.0025 (0.00175") min~—!

kpio 0.225 M~ 'min—!
kpao 0.00175 min~!

kpa1 0.275 uM~—!min—!
kpn 0.00175 min~!
*single step model.

doi:10.1371/journal.pone.0051000.t001

v15=kpis5-stimulation

V16=kp16[CAMP]

Rate equations of Actin control module.

% =k c1-stimulation(t — delay) — k 402 [PAK4]
% =k c3-stimulation(t — delay) — k 4ca[ LIMK]
+ VLIMKtoLIMKP — VLIMKPtoLIMK
d[LIMKP]

dt =VLIMKtoLIMKP + VLIMKPPtoLIMKP

—VLIMKPtoLIMK — VLIMKPoLIMKPP — Kk 4co[LIMKP]

PLOS ONE | www.plosone.org 10

name value unit

kact 3.00E-3 pM-min—!
kica 1.00E-2 min~!
kacs 1.75E-2 uM-min—!
kaca 1.00E-2 min~!
kacsa 5.00E-1 min~!
kacsy 5.00 uM

Ve e 5.00E-3 min~!
kac6a 5.00E-1 uM-min~!
kaceb 2.00 uM

kaca 6.00E-1 min~!
kacm 1.00E-1 M

kacre 2.00 min~!
kucsa 1.00E-1 M min—!
kacsp 5.00E-1 um

kacse 1.00E-1 min~—!
kaco 1.00E-2 min~!
kacio 1.00E-2 min~!
kacn 1.75E-2 uM-min~!
kacia 1.00E-2 min~!
Kic13a 2.00E-1 min~!
kaciap 2.00 M

kaclaa 1.00E-1 uM-min—!
kaciap 2.00 M

kacis 1.00E-2 min~!
kacis 3.50E-2 puM-min—!
kacr 5.00E-3 min~!
kcisa 3.00E-1 min—!
kacisp 5.00 M

k4c19a 1.00E-1 min—!
kacion 5.00 wM

kac2 1.75E-1 uM~!min—!
kaca 2.0E-3 min~!
kacn 1.75E-1 puM~min~!
kacas 2.0E-3 min~!

doi:10.1371/journal.pone.0051000.t002

d[LIMKPP]
dt

VLIMKPtoLIMKPP — VLIMKPProLIMKP — Kk 4c10[LIMKPP)

d[SSH)|

0l =k4ci1-stimulation(t — delay) —k 4c12[SSH|

+ VSSHPoSSH — VSSHPt0SSH
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Table 3. Parameters of the model: Actin dynamics module.
name value unit

kapia 1.00E-1 min~!
kap1p 1.00E-1 -

kap2a 1.00E-3 min—!
kapap 1.00E-1 -

kapsa 1.00E-1 min~!
kb 1.00E-1 -

kap3e 1.00E-4 uM~!min—!
Kk AD4a 1.00E-2 min~!
kapap 1.00E-1 =

kapsa 1.00E-3 min~!

Kipsh 1.00E-1 =

kapse 2.00E-4 M~ 'min~!
kap6a 1.00E-2 min—!
kapes 1.00E-1 -

kapec 4.00E-4 uM~!*min~!
kap7 7.5E-2 uM~!-min~!
kaps 7.5E-1 min~!

kapo 1.00E-3 min~!

kap1o 5.00E-6 uM~"-min—!
kapi 1.0E-1 min~!
kap12 4.0E-4 uM~!-min~!
kap13 1.0E-3 min~!
doi:10.1371/journal.pone.0051000.t003

d[SSHP]

i = VSSHiSSHP — VSSHioSSHP — kaci5[SSHP]

d[COFILIN]

7 =k4ci6-stimulation(t — delay) — k 4c17[COFILIN)|

~+ VCOFILINPtoCOFILIN — Y COFILINtoCOFILINP

Table 4. Parameters of the model: Drebrin module.
name value unit

kp 7.50E-4 M-min~!
kpa 7.50E-3 min—!

kp3 5.00E-2 LM~ -min=!
kpa 3.00E-1 _

kps 5.00E-2 min=1

Kiyim 1.00E-2 M min—!
Kinreshold 3.28E-1 M
Kirim_threshold 60.0 -
doi:10.1371/journal.pone.0051000.t004
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Table 5. Parameters of the model: Synapse dynamics
module.

name value unit
ksy 3.50 -
ks> 1.75E-1 -
ks3 2.00 =
1654 1.00E-1 -

doi:10.1371/journal.pone.0051000.t005

d[COFILINP]
dt -

VCOFILINtCOFILINP — VCOFILINP1oCOFILIN — K 4c20[ COFILINP]

Table 6. Initial values of the model species.

name value unit
LIMK 0.0 -
LIMK P 0.0 -
LIMK PP 0.0 -
COFILIN 0.0 -
COFILIN P 0.0 -
SSH 0.0 -
SSH P 0.0 -
PAK4 0.0 -
G-actin 0.333 -
S F-actin 0.333 -
D F-actin 0.333 -
stimulus 0.0 -
cAMP 0.0 -
protein1 0.0 -
protein2 0.0 -
protein3 0.0 -
DREBRIN 0.75 um
CLUSTER 0.25 um
Spontaneous activity 78 -
D Synapse 0.0 -

S Synapse 0.0 -
Total Synapse 0.0 -
PKA-active 0.0 -
R2C2 0.0 -
R2C2-cAMP 0.0 -
R2C2-cAMP2 0.0 -
R2C2-cAMP3 0.0 -
R2C2-cAMP4 0.0 -
R2C-cAMP4 0.0 -
PKA-inhibitor 0.25 um
inhibited-PKA 0.0 -
R2-cAMP4 0.0 -

doi:10.1371/journal.pone.0051000.t006
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(kacsa|PAKA] + k 450 [LIMKPP))[LIMK]

VLIMKtoLIMKP = Keacss+ [LIMK]
;  kacedLIMKP]
LIMKPOLIMK = 1o TMKP]
; (kacra LIMKPP) + k 4c7[LIMKP))[LIMKP)
LIMKPtoLIMKPP =
kacm+ [LIMKP}
y _ (kacsa+kacse[SSH])[LIMKPP]
LIMKPPtoLIMKP = Kacss + [LIMKPP]
;  kaci3[SSH]|[PAK4)
sstossHP = e SSH]
y _ kac14a[SSHP)
SsHPSsH = 1 [SSHP]
k1cisa| COFILIN][LIMKPP)
VCOFILINtoCOFILINP = %1crsn + [COFILIN]
k1c10a| COFILINP|[SSH]
VCOFILINPtoCOFILIN = %acron + [COFILIN]
dkyc .
%ﬂ = —kaca[Protein3lkci1 +kaca (kacti_inis —kacin)
dkacte _ 1 Protein3lk kacas(k k
PR acn[Protein3lk sci6+kacas(kacie_inic —kacis)

Rate equations of Actin dynamics module.

d G-actin
T =VD_F-actin to G-actin T VS_F-actin to G-actin
— VG-actin to D_F-actin — VG-actin to S_F-actin
—kap13 (G-actin — G-aclineq)
d D_F-actin
dr = VG-actin to D_F-actin T VS_F-actin to D_F-actin
— VD_F-actin to G-actin — VD_F-actin to S_F-actin
d S_F-actin
T =VG-actin to S_F-actin T VD_F-actin to S_F-actin

— VS_F-actin to G-actin — VS _F-actin to D_F-actin
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kap1a-G-actin

VG-actin to D_F-actin = 77 ~ .
k 4p1p + G-actin

kapra-G-actin

VG-actin to S_F-actin = -
kapap+ G-actin

(kAD3U —|—kAmc[COFILIN])~D_F-aclin
kap3p +D_F-actin

VD _F-actin to G-actin =

kapaa-D_F-actin

VD_F-actin to S_F-actin = .
kapap + D_F-actin

(kapsa +kapsc|[COFILIN])-S_F-actin
kapsp +S_F-actin

VS_F-actin to G-actin =

(kapéa +kapec[ COFILIN))-S_F-actin
kapep +S_F-actin

VS_F-actin to D_F-actin =

M = kAD7 ([Drebrin] — [Drebrin] ) ) — kADg (kADla — kADlaJ'm‘t)
dt “
d k4psa
;ZDS =kapy(kapsa_init —Kkapsa) —kapio <[cluster} — [cluster] eq>
d k 4pe.
;,Dé * =k ap11 (kapsa_init — kapea) — Kk ap12 ([cluster} — [cluster] gq)

Rate equations of Drebrin module.

d[Drebrin]

7 =kp1-stimulation + vy

—kpo ([Drebrin] — [Drebrin] m/) — Vunbind

d[cluster)

dt = Vbind — Vunbind

kpalcluster] 20

Vbind =Kp3 (1 + ]20> -S_F-actin-[Drebrin]
r

0 .
Kthreshold + [(' luste

Vinbind = kps|[cluster] + kyim (Kirim_hreshota (1.0 + [cluster]) — activity)
(if Kirim_threshota (1.0 [cluster]) — activity >0)
=kps|cluster]

(otherwise)
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Rate Equations of Synapse dynamics module.

d D_Synapse —k d D_F-actin Tk d S_F-actin
dt - dt 52 dt
(kgl > kSZ)
d S_Synapse k d D_F-actin Tk d S_F-actin
dr ST ST

(ks <kss)

Simulation Methods

Our mathematical model is written in SBML [59] Level 2
Version 4. It is possible to alter or extend its structure and
equations easily with SBML supporting software such as
CellDesigner [60]. Because there are few simulators which support
Delayed Differential Equations (DDEs) with SBML, we built our
own simulator, originally in C using libSBML [61] and the basic C
library, to solve our mathematical model. The accuracy of our
simulator has been validated by the Online SBML Test Suite and
passed the tests for all Level 2, Version 4, and Level 3, Version 1,
test cases (about 950 files).

First, we simulated our mathematical model in our simulator
with a 4th order Runge-Kutta integration, but failed to produce a
solution (the results of the simulations diverged) because of the
stiffness of our mathematical model, which is based on the 10* to
10° order differences of model parameters between the Hypo-
thetical protein module, especially in the cAMP-PKA cascade, and
other modules. Then we conducted the simulation again with
implicit integration methods: the Adams-Moulton method and the
Backward Difference (Gear’s) method. Both of them solved our
mathematical model appropriately and we adopted the 2nd order
Adams-Moulton method for the stability of the time-evolved
simulation. We set the time step for the calculation with the 2nd

1
Adams-Moul h —
order Adams-Moulton method to 2096

[min].

Results

Our sustainable synapse model consists of the following five
major modules; 1) Hypothetical protein module, 2) Actin control
module, 3) Actin dynamics module, 4) Drebrin module and 5)
Synapse dynamics module. Figure 3 shows the abstracted flow of
signal transductions and the interactions of each module. A whole
view of the model is shown in Figure 4, and a nested module
named the 1) ‘cAMP-PKA module is involved in the 1)
Hypothetical protein module. The network structure of the 1)
cAMP-PKA module is indicated in Figure 5. The other details of
each module are shown in Materials and Methods.

External stimulation, which mimics Sp-cAMPS stimuli, is
positioned the most upstream in our model. The stimuli cause
quantitative changes in its downstream. In the Hypothetical
protein module, hypothetical proteins are induced by the stimuli.
In the Actin control module, the expressions of LIMK, SSH, and
COFILIN are increased. In the Actin dynamics module, the state-
transition from G-actin to Dynamic F-actin is induced, and in the
Drebrin module, the amount of accumulated Drebrin is increased.
The details of these network connections and their dynamics will
be explained in the following sections and figures. Only the
Synapse dynamics module is not directly affected by the external
stimuli, but is affected through the Actin dynamics module.
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First, we evaluated whether our sustainable synapse model does
work as an appropriate model to reproduce the experimental
results. We performed simulations for the model evaluation in the
following conditions.

1. The required times for gene transcription, translation and
transportation to the appropriate place are all summed up as
delay in each differential equation of protein generation.

2. We regarded the external stimuli as a rectangular pulse
(Figure 6) to mimic the external stimuli procedures in
Yamamoto’s research [20], in which Sp-cAMPS is added to
the culture medium at specific timings and completely removed
after several minutes (15 min) in each experimental method. In
the simulation, we added external stimuli to our model for
3 minutes with intensity: 100.

We set the length of delay at 60 min, based on knowledge about
the necessary time for gene transcription, RNA translation and
protein transportation. For the contraction of these processes to
one parameter (delay), the question to be answered is how the
length of delay affects the dynamics of the system. In the structure
of the mathematical model, delay plays a role in suppressing the
undesirable generation of synapses, which may happen with the
repetitive stimuli with intervals shorter than in the conditions of
the biological experiments.

We examined the effect of increasing or decreasing the value of
delay. We tested four different conditions of delay; O (no delay), 30,
60 (two basic conditions which we can find in reference [20]) and
120 min (Figure 7). Generally, the range of the interval between
stimuli, which induces long-term synaptic maintenance, became
narrower with increasing delay. When we decreased the value of
delay, the required range of the intervals for long-term synaptic
maintenance became wider.

In detail, when we set the value of delay to O (delay equals O min),
long-term synaptic maintenance was induced by three times
repetition of stimuli even with no intervals. However, when the
delay 1s 120 min, three times repetition of stimuli could induce
synaptic maintenance only within the shorter range of intervals.

Our test indicated that a 60 min delay showed the best results in
reproducing the experimental results [20]. It is also conceivable
that a 60 min delay is not only suitable to fit the model with the
experimental results but also suitable when we consider the time
for mRNA transcription and translation, even though there may
be another suitable length of delay depending on the parameters of
our Hypothetical protein module. Based on the above investiga-
tion, we defined all delays of Proteins 1, 2 and 3 as 60 min in the
following simulations.

We first evaluated the behavior of each module by comparing it
with published data. After that, we tested an integrated model of
all modules to see whether the model was sufficient to reproduce
the sustainable synapses in the same conditions as biological
experiments.

Finally, we used our model to test whether our hypothesis is
critical in reproducing the sustainable synapses or not in the
physiological environment.

Integration of five different modules. We introduced five
modules and observed example dynamics of them in the model.
These five modules do not work appropriately alone but interact
with each other. Therefore, we have to integrate these modules to
observe the whole and correct dynamics of our model. The way to
integrate five modules is shown below.

e Hypothetical protein module affects Actin control module
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A hypothetical protein, Protein 3 in our model, reduces the
production rate of COFILIN and SSH to repress the
production of COFILIN and SSH.

® Actin control module affects Actin dynamics module

® (COFILIN increases the state-transition ratio from Stable and
Dynamic F-actin to G-actin and from Stable F-actin to
Dynamic F-actin, because the non-phosphorylated COFILIN
acts to split F-actin, and helps to bring about depolymerization
from the minus end. COFILIN plays a role in promoting the
state transition rate of specific transitions, from Stable F-actin
to Dynamic F-actin, from Stable F-actin to G-actin, and from
Dynamic F-actin to G-actin.

® The change in velocities in Dynamic F-actin and Stable F-
actin reaction directly affects the production or degradation
velocity of Dynamic Synapses and Stable Synapses, respec-
tively.

® Actin dynamics module affects Drebrin module

® The Drebrin/F-actin cluster generation rate is regulated by the
Stable F-actin level.

® Drebrin module affects Actin dynamics module

® The Drebrin/F-actin cluster stabilizes F-actin. So the state
transition rate from Stable F-actin to Dynamic F-actin is
decreased depending on the Drebrin/F-actin cluster level.

The evaluation of the behavior of modules

We checked whether the behavior of each module of our model
agrees with the published experimental data and whether the
expected results produced by our model are the same as the source
model. Our sustainable synapse model consists of the following
modules. The Hypothetical protein module is the distinct structure
of our model. We expressed our hypothesis by the sequential
increase of hypothetical proteins as a response to stimuli (Figure 8).
The default model involves three hypothetical proteins in this
module as a three-step network succession model. In the last two
sections of Results, we also used a modified model which involves
only one hypothetical protein in this module. We refer to this
modified model as the single step network model (Figure S1).

The cAMP-PKA module is involved in the Hypothetical protein
module. We reused the model of the cAMP-PKA signaling
network [52] as our cAMP-PKA module. The results of activation
of PKA are shown in Figure 8.

The Actin control module in our model was built by modifying
one regulation in the network of the original model [56]. We
replaced the protein kinase D (PKD) in the original model with
p21l-activated kinase 4 (PAK4), based on published information
that explains that PKD regulates COFILIN activity thorough
PAK4 [62]. This knowledge is also supported by i vivo
experiments [63]. We concluded that this published information
provided sufficient evidence to change the original network
component from PKD to PAK4. Our Actin control module
showed an increase in the expressions of LIMK, SSH, and
COFILIN as a response to Sp-cAMPS stimuli (Figure 9). This is
the expected behavior of this module to transduce the signals to
the next module.

The Actin dynamics module was constructed based on the
description of actin dynamics in hippocampal neurons [32,33].
The organization of Stable F-actin directly causes the increase in
the number of spines [33]. Moreover this phenomenon is
accompanied by L-LTP maintenance é vivo [32]. We confirmed
that the dynamics of the F-actin to G-actin ratio during a short
time (0 to 45 min) produced by our model was compatible with the

PLOS ONE | www.plosone.org

14

Mathematical Modeling for Long Term Memory In Vivo

results of the biological experiments ([33] Figure 3d, and
Figure 11). The behavior of the three different polymerizing states
of actin (G-actin (actin monomer), Stable F-actin (polymerized
actin with binding proteins), Dynamic F-actin (unstable polymer of
actin) represented by this module are indicated in Figure 10.
About 8 days (= 12,000 min) after three times stimuli every 12 hrs
(=720 min, 1440 min, and 2160 min), Stable F-actin achieved a
relatively higher amount among the three states of actin. This
behavior of actin is reproduced in the behavior of the synapses in
two different states (Dynamic synapse and Stable synapse).

A comparison of the experimental results and the results
produced by our model indicates that the sum of the results of our
model until the Actin dynamics module confirm the model to be
successful in reproducing the dynamics of the molecules in this
model.

Based on the knowledge that clustering of an actin binding
protein, Drebrin may cause the further accumulation of the other
functional proteins in a spine [45], we represented the simple state
transition of Drebrin if this protein does exist in a monomer state
or aggregated state to build a cluster by this module. The
dynamics of Drebrin and the Drebrin/F-actin cluster are shown in
Figure 12.

The synapse dynamics module shows the sum of the above
signal transduction as the number of stable or dynamic synapses
(Figure 13).

We integrated all of the above modules to build a sustainable
synapse model and first verified whether the whole of the model
could reproduce the experimental results in Yamamoto’s work
[20] (Figure 3g, Figure 5a, b in the reference).

Time-course of relative synapse amount with single
stimulation

Our sustainable synapse model includes a hypothetical network
module as its key component. Next, to verify our hypothesis, we
compared the following subjects between simulations and actual
experimental results ([20], Figure 3g).

1. Time-course changes of relative synapse amount (%) with a
single stimulation (duration of each stimulation: 3 min)

2. Time-course of relative synapse amount (%) with three times
repetitive stimuli (duration of each stimulation: 3 min, interval:
1,440 min (24 hrs))

3. Synaptic maintenance response with various lengths of
intervals and numbers of stimuli.

4. Synaptic maintenance response with various lengths of
intervals and numbers of stimuli with the alteration in the
structure of the Hypothetical protein module.

We estimated that the first three tests would reveal whether the
current model structure is sufficient to represent the experimental
results, and the remaining one would show whether the current
model structure is required to reconstruct the physiological
conditions.

First, we simulated the time-course of the relative synapse
amount (%) with a single stimulation. The duration of the single
stimulation was 3 min in our condition. Based on the biological
experiments, single stimulation should not be enough to induce
long-term maintenance of newborn synapses [19-21]. We
succeeded in reproducing the dynamics of synaptogenesis and
maintenance which were observed by biological experiments with
our model (Figure 14 A). A single stimulation transiently increased
the number of synapses during 30 min to 2 hrs after a stimulus,
but the number of synapses was decreased to basal level during the
next 22 hrs in the experiments. Our simulation well reproduced
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time-points when actual experimental values are obtained [20]. The figure shows the effect of single stimuli over 12 hrs (720 min). After an additional
12 hrs (total 24 hrs=1440 min), the effect of the single stimuli on the relative number of synapses did not change (Figure S1). B: A simulation result
of our mathematical model with three times repetitive stimuli. By repeating the stimulus with a 24 hr interval (= 1440 min) three times, the relative
number of synapses was kept at a level 20% higher than the basal synapse number.

doi:10.1371/journal.pone.0051000.g014

the relative increases of synapses in the time-course. The graph
shows the result over 12 hrs (=720 min), and each solid circle
indicates the relative number of synapses at 30 min, 60 min,
120 min, and 360 min after the stimulus. After 12 more hours, the
relative number of synapses stayed at the basal level (nearly equal
to 100%); it was the same behavior as was observed with actual
biological materials (figure S2).

Time-course of relative synapse amount with three times
repetitive stimuli

Next, we simulated the time-course of the relative synapse
amount (%) with three times repetitive stimuli. Experiments
showed that three times repetitive stimuli with appropriate
intervals can maintain the synapses in the long term [19-21].
Our model reproduced the phenomena, excluding the exact ratio
of the total number of synapses after the second and the third
stimuli. Our simulation results show that 10-20% of synapses were
increased in ratio with the experimental results (Figure 3.g in [20])
at those points in time (Figure 14B).

So far, we have confirmed that our sustainable synapse model
can reproduce the long-term maintenance of synapses by three
times repetitive stimuli. However, our model did not misproduce
the long-term maintenance with a single stimulus.

Synaptic maintenance response with various lengths of
interval and numbers of stimuli

Thirdly, to test whether our model also can reproduce the
experimental results which were produced in various conditions of
the interval lengths, we applied various lengths of intervals
between stimuli to our model and compared the results of
simulations with experimental results. We varied the range of
mtervals from 0 to 3,000 min (50 hrs, slightly over 2 days) for the
simulation. We plotted the relative total number of synapses (the
sum of the Dynamic Synapse and Stable Synapse) at 2 weeks (20,
160 minutes) after the first stimulation divided by the initial total
of synapses (Figure 15A). Three times repetition of stimuli
increased the relative total of synapses over 180 min (3 hrs) to
2,000 min (about 33 hrs). The peak value of the relative total of
synapses reached about 120% (20% increase) (Figure 15A, Green
line); that is the same increased level as in biological experiments
[20]. When the stimuli were repeated twice, the increase of
synapse was hardly observed (Figure 15A, red line). When the
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stimuli were repeated more than four times, the peak of the
relative total of synapses was observed from 90 min to 2,500 min
(about 42 hrs). The range of the peak was wider than that of the 3
times stimuli, with a similar peak value (120%) (Iigure 15A, blue
line). These simulation results agree well with the experimental
results (Figure 5a, 5b in [20]).

With the three kinds of simulations above, we confirmed that
more than three times repetitive stimuli with appropriate intervals
are sufficient to reproduce the same phenomena as in biological
experiments.

Change in the structure of the Hypothetical protein
module

The above results indicate that our sustainable synapse model is
at least sufficient to reproduce the results of biological experiments.

We tested whether the structure of our sustainable synapse
model is critical for the reproduction all the experimental results.
To answer a part of this question, we also tried simulations with
models with altered structures and tested whether these altered
models also reproduced the experimental results or not.

In our model, the rate-limiting step is the Hypothetical protein
module, which includes the hypothetical protein synthesis
mechanism. Because the rate-limiting step dominates the whole
of the reaction processes, the number of steps in the module ought
to reflect the actual number of the rate-limiting reactions i vivo.
Conversely, if the behavior of the single protein synthesis model
reproduces almost the same behavior as the experimental results,
the number of the newly produced proteins in the module could be
one. To examine this possibility, we changed the structure of our
model of the Hypothetical protein module which produces three
proteins sequentially to undergo the three-step network succession,
to consist of the single step network with only one hypothetical
protein.

The time course of the relative number of synapses in the single
step network model is shown in Figure 15B. This model did not
explain the necessity of the time interval between stimuli. Both
three times repetitive stimuli (green line) and four times repetitive
stimuli (blue line) increased the relative number of synapses
immediately after the external stimuli (within the first 100 min). A
parameter scan was not able to solve this incompatibility between
the single step network model and the experimental results. Also
the upper limit of the stimulation intervals to materialize the long-
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doi:10.1371/journal.pone.0051000.g015

term synaptic maintenance was elongated in the case of the single 2. Change in a single parameter out of six parameters (kp17, kpis,
step network model until 3,000 min (about 75 hrs, longer than kp19, kpao, kp21, kpaz) 50% above or below the basic condition
three days). This is incompatible with the experimental results in the single step model.

(Figure 5b of [20]). The suggested upper limit of the stimulation 3. Change in a set of three parameters (set of kpy7, kpis, kpig or

interval with the three-step network succession model was
2,000 min (about 38 hrs). This is compatible with the experimen-
tal results, which suggested the upper limit of the effective interval

set of kpo, kpa1, kpaz) 50% above or below the basic condition
in three-step model.

between stimuli was longer than 24 hrs and shorter than 48 hrs The single step network model was more sensitive to the
(Figure 5b of [20]). The difference between the three-step network parameter values related to protein synthesis and degradation than

succession model and single step network model became more the three-step network succession model (Figure 16 and 17).
pronounced when the external stimuli were repeated more and Figure 16 shows the changes in the dynamics of the three-step
more. network succession model with changes in a single parameter.
These results suggest that the Hypothetical protein module Almost the same trends were found when we changed kpy7, kp1o
requires a multi-step network succession instead of a single step and kpp1, which regulate the rates of synthesis of Proteins 1, 2 and
network as its mechanism to reproduce the experimental results 3. In the same way when we changed kpig, kpyo and kpy; which
precisely. changed the rate of degradation of Proteins 1, 2 and 3, similar
We additionally performed a sensitivity analysis of both the trends were found. A change in kpy; had the largest effect on the
three-step network succession model and the single step network dynamics of the three-step network succession model. A change of
model by changing the parameter values as described in the kp17, kp1o and kpy) mainly affects the synaptic maintenance when
following section. intervals between stimuli are 360 min and 1,440 min, and a
change in kpig, kpyp and kpypp hardly affects the synaptic

Effects of Parameter Changes on Sustainable Synapse maintenance when intervals of stimuli are 180 min.

Model Figure 17 shows changes in the dynamics of our one protein
To evaluate the effects of the change in parameter values in the synthesized model with changes in a single parameter. A change in
hypothetical module on the dynamics of our mathematical model, kpi7 affects the synaptic maintenance when the intervals of stimuli
we conducted simulations in the following conditions and observed are 1,440 min and 2,880 min, and hardly affects it when intervals
the relative number of synapses at 14 days after the first of stimuli are 180 min and 360 min. A change in kpg also affects
stimulation in the simulation time. the synaptic maintenance when intervals of stimuli are 1,440 min
and 2,880 min, with a reverse trend when we changed kp;7, and
1. Change in a single parameter out of six parameters (kp17, kpis, hardly affects it when the intervals of stimuli are 180 min and
kpio, kpao, kpa1, kpr) 50% above or below from the basic 360 min. As a result, the single step model did not reproduce the

condition in three-step model.
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Figure 16. Effect of a change of a single parameter in the three-step model. Each graph shows the response of synaptic maintenance to a
fluctuation in a labeled parameter. The horizontal axes in each graph show a ratio of fluctuation in a labeled parameter. The vertical axes in each
graph show the relative number of synapse at 14 days after the first stimulation. The line color indicates the length of intervals between each
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doi:10.1371/journal.pone.0051000.9016
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Figure 17. Effect of a change in a single parameter in the single
step model. Each graph shows the response of synaptic maintenance
to a fluctuation in a labeled parameter. The horizontal axis in each
graph shows a ratio of fluctuation in a labeled parameter. The vertical
axis in each graph shows the relative number of synapses at 14 days
after the first stimulation. The line colors indicate the length of intervals
between each stimulation: Red: 180 min; Green: 360 min; Blue:
1440 min; and Purple: 2880 min. The red line and the green line
overlap throughout the entire region.

doi:10.1371/journal.pone.0051000.g017

experimental results [20] with adjustments in the parameters of the
Hypothetical protein module.

Figure 18 shows changes in the dynamics of our three-step
network succession model with changes in a set of three
parameters (kp17, kpio, kpa1 or kpig, kpao, kpps). Compared with
the change in a single parameter, the effects of a change in three
parameter values at the same time were clearly observed. A
change in kp17, kpro, kp21 up to 20% above the basic condition
and a change in kpig, kp2o, kp22 up to 20% above and below the
basic condition were allowed to reproduce the experimental
results.

To summarize, the three-step network succession model is more
robust when subject to changes in parameter values and more
suitable for reproducing the experimental results than the single
step model.
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Figure 18. Effect of a change in a set of three parameters in the
three-step model. Each graph shows the response of synaptic
maintenance to a fluctuation in a set of labeled parameters. The
horizontal axis in each graph shows the ratio of fluctuation of labeled
parameters. The vertical axis in each graph shows the relative number
of synapses at 14 days after the first stimulation. The line colors indicate
the length of intervals between each stimulation: Red: 180 min; Green:
360 min; Blue: 1440 min; and Purple: 2880 min.
doi:10.1371/journal.pone.0051000.g018

Discussion

Our model succeeded in mimicking the dynamics of synapto-
genesis and synaptic maintenance with the mathematical model
simulation, which occurs under cAMP and its analogue stimuli.
The most characteristic feature of our model is the hypothetical
signaling mechanism, which consists of the succession of the
network with each stimulus. The computational simulations
demonstrated that the hypothetical signaling mechanism repro-
duces the molecular and the cellular behaviors during synapto-
genesis and their maintenance as observed in experiments,
including not only the relative number of synapses produced after
external stimuli, but also the duration of maintenance of these
synapses, which other mathematical models had not tried to
reproduce in such a long range in keeping with the experimental
results [19-21].

The simulation results also indicate that the synaptogenesis and
maintenance are induced by the repeated L-LTP dependent
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manner. These results mean that synaptogenesis and the
maintenance require de novo protein synthesis and gene transcrip-
tion. As is generally known, L-LTP is accompanied by protein
synthesis and gene transcription. Therefore, there is no point of
incompatibility between our results and the known facts. Hence,
we concluded that our hypothesis is one of the conceivable
mechanisms working behind the long-term maintenance of
synapses.

Spike-timing-dependent plasticity (STDP) is recognized as a
candidate to explain the mechanism of adjusting the strength of
connections between neurons in the brain. STDP happens in a
100,000 times shorter time compared with the timescale of our
model; this is 5 to 40 msec [64]. Such a phenomenon is thought to
depend on the diffusion processes of small molecules. For example,
the dynamics of calcium ion via the NMDA receptor is suggested
as a key mechanism of STDP. The molecular mechanism of
STDP suggests that STDP works in the area close to the
connecting surface of the synapse. In the phenomenon represented
by our model, STDP could be involved in the production of LTP
as a response to each stimulus. Also the confirmed critical
mechanism of STDP, that is the sequence of the spikes in pre- and
postsynaptic neurons, might be essential for the basic establish-
ment of a stable synapse.

We tested a four-step network succession model by adding a 4th
hypothetical protein into our model (Figures S3 and S4). This
modification of our model produced the result that the newly
produced synapses by the repetitive stimuli were retained for a
longer duration than that indicated by the biological experiments.
This could mean that the molecular network which contributes to
the memory in the experiments does not consist of the 4th
succession of the network. At the same time, when a memory is
retained for a longer time than we expected based on the
experiments, then the molecular network could consist of more
than 4 network successions. This result gave us a perspective to
explain the variation of ability to memorize of individuals and
generations.

NMDA receptors are thought to play an important role in
producing STDP. The receptors in the synapse surface of a
postsynaptic neuron receive the signal and let calcium permeate
into the postsynaptic cells as it will bring about a spike. This
mechanism must be required for LTP to occur with each stimulus
in the upstream of the activation of PKA and the signals to activate
a new protein synthesis scheme.

The working point of PKMZeta is thought to be an early step in
maintaining memory [63,66]. Previous studies on molecular
networks which involve PKMZeta based on previous work suggest
that if we persistently activate PKMZeta in neuronal cells, the
condition could produce long-term memory by moving forward
the signal to transcription factors, such as CREB. However, even if
PKMZeta is active, when the protein synthesis pathway which
works under PKA is disrupted, the individual can produce spines
only for short time but cannot maintain them for long enough to
materialize long-term memory [65] because the mechanism
requires the protein synthesis under the PKA signal. This signal
is positioned in the downstream of PKMZeta; this means that
PKA can compensate for the function of PKMZeta in protein
synthesis, but PKMZeta cannot do the inverse. This hypothesis
still needs to be investigated in many aspects, for example, whether
the CaM to PKA pathway is the only pathway for protein
synthesis, or whether the requirement for a precise interval really
produces a new protein or not.

Figure 13 shows an interesting dynamics of synaptic mainte-
nance. The result suggests that the sustainable synaptic mainte-
nance mechanism may have 2 states in its dynamics. At a point in
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time of about 8 days (around 12,000 min), the Stable Synapse
showed an unsmooth curve, and increased the relative number of
synapses in a switching manner from the basic state to the other.
We suppose the mechanism of such behavior is mainly induced by
an indirect positive feedback loop between Stable F-actin and the
F-actin/Drebrin Cluster and the Hill equation [57], which we
adopted as the rate equation for the F-actin/Cluster generation in
the Drebrin module.

Our model seems to have an asymptotically stable state after
53,600 min in the displacement of the flux rate during a time step
of total synapses (the number is smaller than 10~ after this point
in time). However we were not able to perform a precise steady
state analysis based on the Eigenvalue of our 66 simultaneous
equations because of the complex structure of our model. For
example, there exists a free software package to analyze the steady
state of a model instantly, if the model does not include a time
delay [67]. However, it was not possible to solve our model with
any of the free software packages currently available and it could
only be solved by the original software we developed. We will
develop a tool based on our original library to analyze the steady
state, diverging point, etc., for further use with the models
described in SBML, which include the time delay, and the other
equations that cannot be solved with current ordinary equation
solvers.

Our model includes hypothetical Proteins 1, 2 and 3. An
important future task is the identification of the proteins which
correspond with the hypothetical proteins in our mathematical
model. It will help to elucidate the actual mechanism of controlling
these proteins, including information about how many rate-
limiting steps exist in our Hypothetical protein module or the
whole system of synaptic maintenance. There exist some
candidates corresponding to these proteins.

BDNF is one of the most prominent candidate proteins which
seems suitable as the first transducer of the multi-step signaling.
Recently, BDNF has attracted wide attention as a Plasticity
Related Protein (PRP) and its functions in plasticity have been
revealed [68-70]. It is very interesting that repeated exposure to
BDNF with appropriate intervals also induces synaptogenesis and
maintenance [71]. In addition, BDNF mRNA accumulates on
dendritic spines when L-LTP is induced, and these accumulations
require 1-2 hrs after the stimulation from the external region of a
cell. This required time before mRNA accumulations seems to
determine the appropriate intervals between stimulations and
might be an important factor in explaining why appropriate
intervals between stimuli are essential. Furthermore, BDNF
signaling phosphorylates COFILIN in dendritic spines and is
necessary for expansion and stabilization of dendritic spines during
LTP [72,73]. Finally, it is also suitable for our Hypothetical
protein module that BDNF transcription is regulated by CREB
which works in the downstream of the PKA signaling cascade [74].
All these facts are compatible with our model, hence BDNF is a
suggested candidate for the concrete component of our model.

Another prominent candidate for the hypothetical protein in
our mathematical model is Arc (activity-regulated cytoskeleton-
associated protein), also known as activity-regulated gene 3.1
(Arg3.1). Arc mRNA traffics to dendrites and specifically
accumulates at sites of synaptic activity [75—77]. The Arc protein
also accumulates in dendrites and becomes enriched at the site of
local synaptic activity, suggesting that the Arc protein is locally
synthesized [78-80]. The Arc protein coprecipitates F-actin and
relates to phosphorylation of COFILIN to stabilize skeletal F-
actin, but the detailed mechanism of COFILIN phosphorylation
by Arc has not been clarified. We expected the mechanism of
phosphorylation of COFILIN by Arc to be that the Arc protein
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directly/indirectly inhibits the activity or the generation of SSH,
which acts as the COFILIN phosphatase. There are some
interesting and significant experimental results about Arc, in some
cases with BDNF. Huang showed that local F-actin formation is
necessary for selective localization of Arc mRNA to activate
synapses [81]. This means that F-actin in dendritic spines helps the
accumulation of Arc mRNA in activated spines. The Arc protein
probably acts in the downstream of BDNF induced LTP (BDNF-
LTP). BDNF-LTP induction is completely abolished by prior
treatment with Arc AS [82]. The maintenance of BDNF-LTP and
the associated phosphorylation of COFILIN are also rapidly
reversed by Arc AS application during the critical time window
[82]. Importantly, the ability of Arc AS to reverse LTP was
blocked by the F-actin stabilizing drug, jasplakinolide. Together, it
is reasonable to consider that the BDNF, Arc and COFILIN
phosphorylation cascade which stabilizes F-actin is the essential
cascade for long-term synaptic maintenance. The experimental
results mentioned above do not conflict with our model description
and dynamics. We are going to incorporate them in our
mathematical model to make the Hypothetical protein module
more concrete.

Even though we cannot prove that a three-step network
succession is required, the advantages of the system compared
with a single step network are clear at the points which precisely
reproduce the experimental results and have a stronger tolerance
to parameter changes. This evidence seems to indicate the strong
possibility of the reality of a multi-step network succession.
However, although our model is sufficient to represent the
experimental results in the same conditions as the experiments,
we admit that there may exist another system which is equally
sufficient.

We simplified the involved signaling mechanisms of the
Hypothetical protein module in our mathematical model in order
to make clearer the point of our test. In our Hypothetical protein
module, we took into account only the significance of the protein
synthesis. However the transformation of the phosphorylation
state of related proteins would also play important roles in
synaptogenesis and maintenance through the alteration in gene
expression patterns. For example, multi-step phosphorylations are
often observed in signaling cascades; a good example is the MAPK
pathway [28]. However, biological reactions such as phosphory-
lation are completed within minutes. This is a much shorter time
duration than protein synthesis or gene transcription, which takes
a few minutes to tens of minutes or even hours, depending on the
condition of the cell.

Therefore, the difference in timescale between these biological
events leads us to assume that our model is sufficient to reproduce
the synaptogenesis process and maintenance, and also that our
mathematical model is sufficient to suggest a new hypothesis for
the mechanisms behind these events. Nevertheless it does not
include the detailed components of the signaling modules. In order
to analyze the acute signaling process, we may need to improve
our model, including the detailed reactions which occur in a
shorter time. For example, in our test for the necessary number of
newly synthesized proteins, if a synthesized protein is short-lived
but does not directly affect the gene expression, there could be
another mechanism: synthesized proteins phosphorylate or
dephosphorylate other long-lived proteins to induce synaptic
maintenance. In the future, it would be meaningful to include the
actual i vivo signaling cascades, such as various protein-protein
interactions, phosphorylation and dephosphorylation.

Identification of the hypothetical proteins would also give a new
perspective for the further investigation into whether there would
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be a mechanism controlled by a signal transduction depending on
phosphorylation states of proteins or molecules included in it.
The next step for us is to perform additional experiments by
varying the repeating conditions of stimulation in order to find the
actual mechanism i vivo accurately and to enable our future work.

Supporting Information

Figure S1 A whole view of the single step network
model. We used a modified model from our original sustainable
synapse model, which equips the three-step network succession
system in the hypothetical module, which equips the single step
network in the hypothetical module, shown in this figure (File:
Supporting Information S1).

(PDF)

Figure S2 Time-course of simulation results. A simula-
tion result during 24 hrs of the sustainable synapse model with a
single stimulation. The red dots indicate the points in time when
the actual experimental values are obtained [20] (File: Supporting
Information 2).

(PDF)

Figure S3 Time-course of simulation results. A: simula-
tion result of the 4 hypothetical protein model with a single
stimulation. The red dots indicate the points in time when the
actual experimental values are obtained [20]. The figure shows the
effect of single stimuli over 12 hrs (720 min). B: The effect of the
single stimuli on the relative number of synapses did not change
until after 20,000 min (= 14 days). C: A simulation result of the 4
hypothetical protein model with stimuli repeated three times. By
repeating the stimulus with the 24 hr interval (= 1440 min) three
times, the relative number of synapses was kept at a level 20%
higher than the basal synapse number after two weeks from the
first stimuli. We used the same parameter values except the
following parameters; k17 =1.25, k,10=22.5. We added the
following parameters; kj»3 = 0.375, kj24 =0.000075, when we add

the equation to  calculate  protin 4  concentration
d[Protein4

(% = ko3[ PKA](t —delay)| Protein2)(t — delay) — kpy4[ Proteind)).
At the same time, the equation to calculate protein 3 concentration
was redefined as follows;
d[Protein3] . .
——a —hkm [PKA](t— delay)|Proteind|(t — delay) — k. [ Protein3].
(PDF)

Figure S4 Synaptic maintenance responsiveness of our
model to the number of stimuli and intervals. The
horizontal axis shows the intervals of each stimulation. The
vertical axis shows the increase in the ratio of synapses at two
weeks after the first stimulation. The red line shows the synaptic
maintenance response with two times repetitive stimuli. The green
line shows three times repetitive stimuli. The blue line shows four
times repetitive stimuli. The two vertical dotted lines show the
approximate lower limit and the upper limit of intervals between
three times stimuli for synaptic maintenance in experimental

results [20].

(PDF)

Supporting Information S1
(XML)
Acknowledgments

We are grateful to Ms.Mandy Engelsma (HandFast Point, Netherlands) for
her critical reading of our manuscript.

December 2012 | Volume 7 | Issue 12 | 51000



Author Contributions

Conceived and designed the experiments: NH. Performed the experiments:
HT NH. Analyzed the data: HT NH AF. Contributed reagents/materials/
analysis tools: HT NH AF. Wrote the paper: HT' NH AF.

References

1.

2.

Bear M (1996) A synaptic basis for memory storage in the cerebral cortex.
Proceedings of the National Academy of Sciences 93: 13453.

Bliss T, Collingridge G (1993) A synaptic model of memory: long-term
potentiation in the hippocampus. Nature 361: 31-39.

. Bliss T, Lomo T (1973) Long-lasting potentiation of synaptic transmission in the

dentate area of the anaesthetized rabbit following stimulation of the perforant
path. The Journal of physiology 232: 331.

. Malinow R, Schulman H, Tsien R (1989) Inhibition of postsynaptic PKC or

CaMKII blocks induction but not expression of LTP. Science 245: 862.

. Frey U, Krug M, Reymann K, Matthies H (1988) Anisomycin, an inhibitor of

protein synthesis, blocks late phases of LTP phenomena in the hippocampal
CA1 region in vitro. Brain research 452: 57-65.

. Kang H, Schuman E (1996) A requirement for local protein synthesis in

neurotrophin-induced hippocampal synaptic plasticity. Science 273: 1402.

. Frey U, Huang Y, Kandel E (1993) Effects of cAMP simulate a late stage of LTP

in hippocampal CA1 neurons. Science 260: 1661.

. HuN, Zhang H, Hu X, Li M, Zhang T, et al. (2003) Protein synthesis inhibition

blocks the late-phase LTP of C-fiber evoked field potentials in rat spinal dorsal
horn. Journal of neurophysiology 89: 2354.

. Huang Y, Nguyen P, Abel T, Kandel E (1996) Long-lasting forms of synaptic

potentiation in the mammalian hippocampus. Learning & Memory 3: 74.

. Bailey C, Bartsch D, Kandel E (1996) Toward a molecular definition of long-

term memory storage. Proceedings of the National Academy of Sciences 93:
13445.

. Ostroff L, Cain C, Bedont J, Monfils M, LeDoux J (2010) Fear and safety

learning differentially affect synapse size and dendritic translation in the lateral
amygdala. Proc Natl Acad Sci 107: 9418-9423.

. Zhabotinsky A (2000) Bistability in the Ca2*/calmodulin-dependent protein

kinase-phosphatase system. Biophysical Journal 79: 2211-2221.

. Lisman J, Zhabotinsky A (2001) A model of synaptic memory: A CaMKII/PP1

switch that potentiates transmission by organizing an ampa receptor anchoring
assembly. Neuron 31: 191-201.

. Miller P, Zhabotinsky A, Lisman J, Wang X (2005) The stability of a stochastic

CaMKII switch: dependence on the number of enzyme molecules and protein
turnover. PLoS Biology 3: ¢107.

. Aslam N, Kubota Y, Wells D, Shouval H (2009) Translational switch for long-

term maintenance of synaptic plasticity. Molecular Systems Biology 5.

. Kubota Y, Bower J (2001) Transient versus asymptotic dynamics of CaM kinase

II: possible roles of phosphatase. Journal of Computational Neuroscience 11:

263-279.

. Bhalla U, Iyengar R (1999) Emergent properties of networks of biological

signaling pathways. Science 283: 381.

. Ajay S, Bhalla U (2004) A role for ERKII in synaptic pattern selectivity on the

time-scale of minutes. European Journal of Neuroscience 20: 2671-2680.

. Tominaga-Yoshino K, Kondo S, Tamotsu S, Ogura A (2002) Repetitive

activation of protein kinase A induces slow and persistent potentiation associated
with synaptogenesis in cultured hippocampus. Neuroscience research 44: 357

. Yamamoto M, Urakubo T, Tominaga-Yoshino K, Ogura A (2005) Long-lasting

synapse formation in cultured rat hippocampal neurons after repeated PKA
activation. Brain research 1042: 6-16.

. Tominaga-Yoshino K, Urakubo T, Okada M, Matsuda H, Ogura A (2008)

Repetitive induction of late-phase LTP produces long-lasting synaptic
enhancement accompanied by synaptogenesis in cultured hippocampal slices.

Hippocampus 18: 281-293.

. Amaral D, Dent J (1981) Development of the mossy fibers of the dentate gyrus: 1.

a light and electron microscopic study of the mossy fibers and their expansions.
The Journal of Comparative Neurology 195: 51-86.

. Buchs P, Stoppini L, Muller D (1993) Structural modifications associated with

synaptic development in area CAl of rat hippocampal organotypic cultures.
Developmental brain research 71: 81-91.

. Moser M, Trommald M, Andersen P (1994) An increase in dendritic spine

density on hippocampal cal pyramidal cells following spatial learning in adult
rats suggests the formation of new synapses. Proceedings of the National
Academy of Sciences 91: 12673.

. Johnson O, Ouimet C (2004) Protein synthesis is necessary for dendritic spine

proliferation in adult brain slices. Brain research 996: 89-96.

. Trachtenberg J, Chen B, Knott G, Feng G, Sanes J, et al. (2002) Long-term in

vivo imaging of experience-dependent synaptic plasticity in adult cortex. Nature
420(6917): 788-794.

Sweatt J (2001) The neuronal MAP kinase cascade: a biochemical signal
integration system sub-serving synaptic plasticity and memory. Journal of
neurochemistry 76: 1-10.

. Thomas G, Huganir R (2004) MAPK cascade signalling and synaptic plasticity.

Nature Reviews Neuroscience 5: 173—183.

PLOS ONE | www.plosone.org

29.

30.

31.

32.

33.

34.

36.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

56.

57.

Mathematical Modeling for Long Term Memory In Vivo

Bachmair T, Varshavsky A (1989) The Degradation Signal in a Short-Lived
Protein. Cell 56: 1019-1032.

Kawaai K, Tominaga-Yoshino K, Urakubo T, Taniguchi N, Kondoh Y, et al.
(2010) Analysis of gene expression changes associated with long-lasting synaptic
enhancement in hippocampal slice cultures after repetitive exposures to
glutamate. Journal of neuroscience research 88: 2911-2922.

Star E, Kwiatkowski D, Murthy V (2002) Rapid turnover of actin in dendritic
spines and its regulation by activity. Nature neuroscience 5: 239-246.
Fukazawa Y, Saitoh Y, Ozawa F, Ohta Y, Mizuno K, et al. (2003) Hippocampal
LTP is accompanied by enhanced F-actin content within the dendritic spine that
is essential for late LTP maintenance in vivo. Neuron 38: 447-460.

Okamoto K, Nagai T, Miyawaki A, Hayashi Y (2004) Rapid and persistent
modulation of actin dynamics regulates postsynaptic reorganization underlying
bidirectional plasticity. Nature neuro-science 7: 1104-1112.

Bamburg J, McGough A, Ono S (1999) Putting a new twist on actin: ADF/
cofilins modulate actin dynamics. Trends in cell biology 9: 364-370.

. Carlier M, Laurent V, Santolini J, Melki R, Didry D, et al. (1997) Actin

depolymerizing factor (ADF/cofilin) enhances the rate of filament turnover:
implication in actin-based motility. The Journal of cell biology 136: 1307.
Niwa R, Nagata-Ohashi K, Takeichi M, Mizuno K, Uemura T (2002) Control
of actin reorganization by Slingshot, a family of phosphatases that dephosphor-
ylate ADF/cofilin. Cell 108: 233-246.

. Ziv N, Smith S (1996) Evidence for a role of dendritic filopodia in synaptogenesis

and spine formation. Neuron 17: 91-102.

. Fiala J, Feinberg M, Popov V, Harris K (1998) Synaptogenesis via dendritic

filopodia in developing hippocampal arca CAl. Journal of Neuroscience 18:
8900.

Dailey M, Smith S (1996) The dynamics of dendritic structure in developing
hippocampal slices. The Journal of neuroscience 16: 2983.

Dunaevsky A, Tashiro A, Majewska A, Mason C, Yuste R (1999) Developmental
regulation of spine motility in the mammalian central nervous system.
Proceedings of the National Academy of Sciences 96: 13438.

Matus A (2000) Actin-based plasticity in dendritic spines. Science 290: 754.
Rao A, Craig A (2000) Signaling between the actin cytoskeleton and the
postsynaptic density of dendritic spines. Hippocampus 10: 527-541.

Zhang W, Benson D (2001) Stages of synapse development defined by
dependence on F-actin. The Journal of Neuroscience 21: 5169.

Hotulainen P, Hoogenraad C (2010) Actin in dendritic spines: connecting
dynamics to function. The Journal of cell biology 189: 619.

. Takahashi H, Sekino Y, Tanaka S, Mizui T, Kishi S, et al. (2003) Drebrin-

dependent actin clustering in dendritic filopodia governs synaptic targeting of
postsynaptic density-95 and dendritic spine morphogenesis. Journal of
Neuroscience 23: 6586.

Ehrlich I, Malinow R (2004) Postsynaptic density 95 controls AMPA receptor
incorporation during long-term potentiation and experience-driven synaptic
plasticity. The Journal of neuroscience 24: 916.

Bats C, Groc L, Choquet D (2007) The interaction between stargazin and PSD-
95 regulates AMPA receptor surface trafficking. Neuron 53: 719-734.

Carroll R, Zukin R (2002) NMDA-receptor trafficking and targeting:
implications for synaptic transmission and plasticity. Trends in neurosciences
25: 571-577.

Matsuzaki M, Honkura N, Ellis-Davies G, Kasai H (2004) Structural basis of
long-term potentiation in single dendritic spines. Nature 429: 761-766.
Arikkath J, Reichardt L (2008) Cadherins and catenins at synapses: roles in
synaptogenesis and synaptic plasticity. Trends in neurosciences 31: 487-494.
Harris K, Kater S (1994) Dendritic spines: cellular specializations imparting both
stability and exibility to synaptic function. Annual Review of Neuroscience 17:
341-371.

Bhalla U (2002) Use of Kinetikit and GENESIS for modeling signaling
pathways. Methods in enzymology 345: 3-23.

. Kim C, Cheng C, Saldanha S, Taylor S (2007) PKA-I holoenzyme structure

reveals a mechanism for cAMP-dependent activation. Cell 130: 1032-1043.

. Walsh D, Ashby C, Gonzalez C, Calkins D, Fischer E, et al. (1971) Purification

and characterization of a protein inhibitor of adenosine 3’,5’-monophosphate-
dependent protein kinases. Journal of Biological Chemistry 246: 1977-1985.

. de Lecea L, Criado J, Rivera S, Wen W, Soriano E, et al. (1998) Endogenous

protein kinase A inhibitor (PKIx) modulates synaptic activity. Journal of
Biological Chemistry 53: 269-278.

Breindl C, Waldherr S, Hausser A, Allgower I (2010) Modeling cofilin mediated
reg- ulation of cell migration as a biochemical two-input switch. Postprint Series,
Stuttgart Research Center for Simulation Technology(SRC SimTech) 2009-42:
1-7.

Hill A (1910) The possible effects of the aggregation of the molecules of
hemoglobin on its dissociation curves. Journal of Physiology 40(Suppl): 4-7.

December 2012 | Volume 7 | Issue 12 | 51000



58.

59.

60.

61.

62.

66.

67.

68.

69.

70.

71.

Ehrlich I, Klein M, Rumpel S, Malinow R (2007) PSD-95 is required for
activity-driven synapse stabilization. Proceedings of the National Academy of
Sciences 104: 4176.

Hucka M, Finney A, Sauro H, Bolouri H, Doyle J, et al. (2003) The systems
biology markup language (SBML): a medium for representation and exchange of
biochemical network models. Bioinformatics 19: 524.

Funahashi A, Matsuoka Y, Jouraku A, Morohashi M, Kikuchi N, et al. (2008)
CellDesigner 3.5: a versatile modeling tool for biochemical networks.
Proceedings of the IEEE 96: 1254-1265.

Bornstein B, Keating S, Jouraku A, Hucka M (2008) LibSBML: an API library
for SBML. Bioinformatics 24: 880.

Spratley S, Bastea L, Déppler H, Mizuno K, Stoz P (2011) Protein Kinase D
regulates cofilin activity through p2l-activated Kinase 4. Journal of Biological
Chemistry 286: 34254-34261.

Soosairajah J, Maiti S, Wiggan O, Sarmiere P, Moussi N, et al. (2005) Interplay
between components of a novel LIM kinase-slingshot phosphatase complex
regulates cofilin. The EMBO Journal 24: 473-486.

. Bi G, Poo M (1998) Synaptic modifications in cultured hippocampal neurons:

dependence on spike timing, synaptic strength, and postsynaptic cell type.
J Neurosci 18: 10464-10472.

. Migues P, Hardt O, Wu D, Gamache K, Sacktor T, et al. (2010) PKM_

maintains memories by regulating GluR2-dependent AMPA receptor traffick-
ing. Nature Neuroscience 13: 630-634.

Morgado-Bernal 1 (2011) Learning and memory consolidation: Linking
molecular and behavioral data. Neuroscience 176: 12-19.

Hoops S, Sahle S, Gauges R, Lee C, Pahle J, et al. (2006) COPASI - a COmplex
PAthway SImulator. Bioinformatics 22: 3067-3074.

Lu B, Chow A (1999) Neurotrophins and hippocampal synaptic transmission
and plasticity. Journal of neuroscience research 58: 76-87.

Vaynman S, Ying Z, Gomez-Pinilla I (2004) Hippocampal BDNF mediates the
efficacy of exercise on synaptic plasticity and cognition. European Journal of
Neuroscience 20: 2580-2590.

Bramham C, Messaoudi E (2005) BDNF function in adult synaptic plasticity: the
synaptic consolidation hypothesis. Progress in neurobiology 76: 99-125.
Taniguchi N, Shinoda Y, Takei N, Nawa H, Ogura A, et al. (2006) Possible
involvement of BDNF release in long-lasting synapse formation induced by
repetitive PKA activation. Neuroscience letters 406: 38-42.

. Rex C, Lin C, Kramar E, Chen L, Gall C, et al. (2007) Brain-derived

neurotrophic factor promotes long-term potentiation-related cytoskeletal
changes in adult hippocampus. The Journal of Neuroscience 27: 3017-3029.

PLOS ONE | www.plosone.org

22

73.

74.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Mathematical Modeling for Long Term Memory In Vivo

Tanaka J, Horiike Y, Matsuzaki M, Miyazaki T, Ellis-Davies G, et al. (2008)
Protein synthesis and neurotrophin-dependent structural plasticity of single
dendritic spines. Science 319: 1683.

Tao X, Finkbeiner S, Arnold D, Shaywitz A, Greenberg M (1998) Ca2+ influx
regulates BDNF transcription by a CREB family transcription factor-dependent
mechanism. Neuron 20: 709-726.

. Link W, Konietzko U, Kauselmann G, Krug M, Schwanke B, et al. (1995)

Somatodendritic expression of an immediate early gene is regulated by synaptic
activity. Proceedings of the National Academy of Sciences 92: 5734.

Lyford G, Yamagata K, Kaufmann W, Barnes C, Sanders L, et al. (1995) Arc, a
growth factor and activity-regulated gene, encodes a novel cytoskeleton-
associated protein that is enriched in neuronal dendrites. Neuron 14: 433-445.
Steward O, Wallace C, Lyford G, Worley P (1998) Synaptic activation causes
the mRNA for the IEG Arc to localize selectively near activated postsynaptic
sites on dendrites. Neuron 21: 741-751.

Yin Y, Edelman G, Vanderklish P (2002) The brain-derived neurotrophic factor
enhances synthesis of Arc in synaptoneurosomes. Proceedings of the National
Academy of Sciences 99: 2368.

Moga D, Calhoun M, Chowdhury A, Worley P, Morrison J, et al. (2004)
Activity-regulated cytoskeletal-associated protein is localized to recently
activated excitatory synapses. Neuroscience 125: 7-11.

Rodriguez J, Davies H, Silva A, De Souza I, Peddie C, et al. (2005) Long-term
potentiation in the rat dentate gyrus is associated with enhanced Arc/Arg3. 1
protein expression in spines, dendrites and glia. European Journal of
Neuroscience 21: 2384-2396.

Huang F, Chotiner J, Steward O (2007) Actin polymerization and ERK
phosphorylation are re-quired for Arc/Arg3. 1 mRNA targeting to activated
synaptic sites on dendrites. The Journal of Neuroscience 27: 9054.

Messaoudi E, Kanhema T, Soulé J, Tiron A, Dagyte G, et al. (2007) Sustained
Arc/Arg3. 1 synthesis controls long-term potentiation consolidation through
regulation of local actin polymerization in the dentate gyrus i vivo. The Journal
of Neuroscience 27: 10445.

Le Noveére N, Hucka M, Mi H, Moodie S, Schreiber F, et al. (2009) The systems
biology graphical notation. Nature biotechnology 27: 735-741.

Moodie S, Le Novére N, Demir E, Mi H, Schreiber F (2010) Systems Biology
Graphical Notation: Process Description language Level 1. Nature Precedings.
doi:10.1038/npre.2011.3721.4.

December 2012 | Volume 7 | Issue 12 | 51000



