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Abstract: Dictyostelium discoideum (Dicty) is a type of unicellular amoeba, but when starved, a large
number of amoebas gather together to form a multicellular organism. In this review, we first introduce
our cellular dynamics method for Dicty, including intracellular biochemical reactions. We then
introduce a number of hidden roles of receptors that have been revealed by our simulation studies.
Of particular note is that receptor-receptor interactions are strengthened under starvation conditions,
resulting in diverse dynamic functions that cannot be predicted from the action of a single receptor,
such as intercellular synchronization. Furthermore, we introduce a mathematical generalization of
Dicty’s receptor function and demonstrate its potential applications not only in the biological field but
also in the engineering field.

Keywords: cellular slime mold; cellular dynamics simulation; synchronization; receptor; limit cycle;
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1. Introduction

Living systems are huge and dynamically functioning molecular assemblies that can rapidly and
skillfully respond to rapid changes in the external environment. As research at the molecular level
advances rapidly and the types of biomolecules being dealt with continue to increase, it is becoming
increasingly difficult to accurately grasp the dynamic mechanisms of the entire life phenomenon.
Just as a drama is made up of leading and supporting characters, there are leading and supporting
characters in life systems as well. The story of a drama progresses with the leading character at the
center. Similarly, life systems are thought to progress with the leading character at the center. The
problem is that as the amount of information increases, it becomes more difficult to determine which
molecules are leading and which are supporting characters. Making a mistake in this judgment will
result in a misreading of the story of the mechanism. It is expected that constructing a mathematical
model for a life system will lead to identifying the main molecules among many molecules and
deciphering the story of the hidden mechanisms, some of which are limited to a specific biological
species and others which are common to all life systems.

Here, we begin by using the cellular slime mold Dictyostelium discoideum (Dicty)[1-3] as a model
organism. When food source is available, Dicty cells exist as free-living amoebas. However, when
starved, Dicty cells aggregate into a multicellular slug and finally form a fruiting body, whose spores
germinate into amoebas, completing the cycle. It takes about 24 hours from aggregation to spore
formation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Lifecycle of Dictyostelium discoideum.

There are already many excellent reviews on Dicty as a biological research subject[4-11]. Therefore,
this review focuses on the hidden features of receptor-ligand interactions and the synchronization
behind them that have been revealed by the cellular dynamics (CD) simulation study of Dicty. While
molecular dynamics (MD) was developed to deal with multi-particle systems, CD is the biological
version of MD for multi-cellular systems.

The strength of the CD method is that it allows for a variety of simulation experiments, such
as incorporating or inhibiting cell movement, knocking down specific intracellular molecules from
molecular networks, changing the diffusion rate of extracellular molecules, etc. Furthermore, it allows
for the verification of hypotheses introduced by comparing simulation experiments with biological
experiments, enabling more precise investigation of the dynamic mechanisms of biological phenomena.
We have developed two types of CD methods: one (CD1)[12] that deals with the function of cAMP
receptor (cAR1) phenomenologically, and the other (CD2)[13] that includes cAR1 as a G-protein
coupled receptor (GPCR) in the molecular network. Here, we first explain the two CD methods in
detail, and then introduce the results obtained from their simulation experiments and some of the
research that mathematically generalizes the results of the Dicty research.

Before 2000, intracellular information on Dicty was still limited. However, because cAMP was an
important molecule that also functioned outside the cell, the identification and quantitative properties
of the cAMP receptors (cARs) had already been clarified. The author has already introduced in detail
the mathematical model research on Dicty before 2000 in “Modeling the Model Organism Dictyostelium
discoideum”[14]. The major change since 2000 is that the progress of single-molecule measurement
techniques has enriched our knowledge of intracellular molecules, making it possible to incorporate
intracellular information into the CD simulations of Dicty cells.

The report of the Belousov-Zhabotinskii (BZ) reaction pattern[15] in Dicty cell aggregation[16]
was what drew the attention of this organism to people other than biologists as well. It was a great
surprise that the periodic chemical reaction patterns observed in flasks also exist in living systems,
and the report raised hopes that some universality of life might be hidden there.

£
8

Figure 2. Belousov-Zhabotinskii (BZ) reaction pattern in the aggregation of Dicty cells[16]. The light and dark
bands arise from the different optical properties between moving and stationary amoebas. The cells look bright
when moving and dark when stationary. The area is 6cm x 8cm. Photograph is courtesy of Dr. Peter C. Newell.
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The BZ reaction is a cyclical chemical reaction. From this, the first thing that caught our attention
was the experimental fact that cAMP is secreted outside the cell with a cycle of about 7 minutes[1]
when Dicty cells aggregate. At the same time, we were also interested in the background of how a large
number of cells can cooperate to form a huge and beautiful pattern. Slugs, which are multicellular
animals, also have mysterious characteristics. That is, there is an upper limit to the number of
cells contained in one slug, and when a slug is divided into two, each is then reconstituted as two
independent slugs[17]. This also means that all cells in the slug sense the division in some way. In other
words, the slug behaves as an autonomous distributed system that can be divided using a mechanism
that we do not know.

In this review, we would like to first introduce the progress of research on the mechanism of
cAMP secretion with a cycle of approximately 7 minutes. The next issue is the relationship between
intracellular biochemical reactions and intercellular interactions when forming a multicellular system.
The CD method, which includes intracellular biochemical reactions, has made a major contribution
here. A notable discovery obtained from CD simulations is the discovery of intercellular synchroniza-
tion of intracellular biochemical reactions[12]. The key player here is precisely the receptor-ligand
interaction. Surprisingly, the mechanism of intercellular synchronization is completely different from
conventional mathematical methods. Details will be explained in Section 9. The essence of the intercel-
lular synchronization method has also been mathematically generalized, making it possible to apply it
to engineering.

In this review, limit cycle oscillators[18] often appear as the basis of theory. The major difference
between limit cycle oscillators and other oscillators is that no matter what initial state we adopt, limit
cycle oscillators can eventually return to their inherent stable oscillation state. This is highly similar to
the concept of homeostasis in biological systems.

2. Cyclic Secretion of cAMP Outside the Cell

Around 2000, it had already been experimentally reported that Dicty secretes cAMP extracellularly
in a cycle of about 7 minutes under starvation conditions, but intracellular information was still limited.
Nevertheless, several mathematical modelsl[19-21] had been proposed to explain this cycle. Among
them, Mattiel and Goldbeter’s proposal[19] (MG model), that the origin of the 7-minute cycle is
the turnover between the active and inactive states of the cAMP receptor, still seems to capture the
essential aspects of this phenomenon today. Tan and Othmerr[21] focused on the relationship between
adaptation and G proteins, and although they are correct in this respect, their model does not fully
align with current experimental results.

The MG model shown in Figure 3 is as follows. During starvation, intracelular cAMP () is
secreted outside the cell at some rate. Binding of the extracellular cAMP to the surface cAMP receptor
(R) leads to further activation of adenylate cyclase (AC), and the cAMP is newly synthesized from
the intracellular ATP, then secreted to the extracellular medium. A few minutes later, the response
ceases as the cells adapt to the persistent stimulation. When extracellular cAMP is destroyed by the
cAMP phosphodiesterase (PDE), this stimulus can be removed, then the cells resensitize, and the
next cycle is initiated a few minutes later. The cAMP receptor oscillates between two interconvertible
forms designated R and D in parallel with the oscillations in cAMP synthesis, where D is the modified
desensitized receptor. Stimulation with cAMP converts the R form to the D form.
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Figure 3. The scheme of the Martiel-Goldbeter model[19] and its numerical result. Where § is the intracelular
cAMP density and p is the activity of the cAMP receptor.

After their model was proposed, Dicty’s biochemical knowledge gradually increased over time.
In 2001, Janetopoulos et al.[22] found that there was a hysteresis effect on the density of the G protein
subunit G, as shown in the inset in Figure 4. The rate equation for [G] shows that as the cAMP
concentration increases, G, increases in proportion to Gy — [G,], resulting in a gradual decrease in the
rate of increase, while the rate of decrease is proportional to [Ga]z, causing a rapid decrease in [Gy],
which results in the reported hysteresis phenomenon[13].

kys[cAR14]
G 2 Gy + Ggy
k16
d[Gg]
T = kis[cAR141(Go — [Ga]) — ki6[Gal[ Gy ]
ki3
cAMPe + cAR1 2 cAMPe - cAR1
k14—
d[cAR14
% = k13(GO - [CARlA])[CAMPe] - k14[CAR1A]
FRET experiment
cAR14 = cAMPe - cAR1 10 »
08 |
[Ge] = [Gﬁy] Ga 06

04

G, : total density of G-protein 02

SAMP
™)

o 7 5 3
log [cAMP] (M)

Figure 4. Adaptation and hysteresis. The inset shows the hysteresis phenomenon of G, observed by Janetopoulos
et al.[22]. Note that [G] + [Ga] =Gg and [cAR1] =Gy — [CARlA]

Combined with other experimental information, we could construct a molecular network like the
one shown in Figure 5[13].
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Figure 5. A molecular network for spontaneous cAMP oscillations and adaptation.

The scheme shown in Figure 5 is as follows. The binding of cAMPe to the cAMP receptor (cAR1)
triggers a conformational change in cAR1. This is accompanied by the exchange of GDP for GTP on its
Gy subunit followed by the dissociation of the heterotrimeric G-protein into G, and Gg,, subunits. ACA
is activated by G, for cAMP production, and ERK2 is also activated by ligand-bound cAR1. cAMPi
activates cAMP-dependent protein kinase A (PKA), which in turn inhibits the mitogen-activated
protein (MAP) kinase (ERK2) and ACA activation, while RegA degrades cAMPi. cAMPi is secreted out
of the cell as cAMPe, where it binds to cAR1 or it is degraded by the extracellular phosphodiesterase
(PDE).

A set of rate equations corresponding to the scheme in Figure 5 is shown in Figure 6.

d[ZfA] = ky[Gy] — ko [PKAI[ACA]

APRA] _ . [caMPi] - ky[PKA]

@ = ks[cAR14] — k[PKAI[ERK2]

% = ky — kg[ERK2][Re g A]

w = ko[ACA] — kyo[Re g Al[cAMPi]

d[c,iil\;l Pe = kq1[cAMPi] — ky,[cAMPe] ()
d[cfzflA] = ky3(Go — [cAR14])[cAMPe] — ky4[cAR1%]
d[G,]

= k15[cAR14)(Gy — [Ga)) — k16[Ga)?

Figure 6. Coupled rate equations corresponding to the molecular network in Figure 5[13], where the brackets [ ]
stand for concentration.

Their numerical calculations, shown in Figure 7, demonstrate that our molecular network can
reproduce the periodicity of cAMP production reported in experiments.
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Figure 7. Numerical analysis for the coupled rate equations shown in Figure 6[13].

Figure 6 shows a closed set of rate equations, and no special functions were introduced to
reproduce the 7-min period of cAMP production. On the other hand, in the case of the MG model, due
to the lack of intracellular information, it was necessary to introduce phenomenological functions to
reproduce the 7-min period. The alternation of state D in the dotted square (undissociated state of
G-protein) and state A in the dotted square (dissociated state of G-protein) in Figure 5 generates the
periodicity of cAMP concentration. This corresponds to the molecular explanation for introducing two
states R and D into the cAMP receptor in the MG model in Figure 3.

Maeda et al.[23] reported that they could reproduce the periodicity of cAMP production using a
molecular network that did not include G protein dynamics. However, their numerical calculations
showed a problem that the increase in extracellular cAMP concentration precedes the increase in
intracellular cAMP concentration. We investigated this problem in detail, but could not solve it
without introducing a phenomenological function that mimics the G protein dynamics in the molecular
network[24] or including the G protein dynamics in the molecular network as shown in Figure 4.

3. Cellular Dynamics Simulations of Dictyostelium Discoideum

To investigate the dynamic behavior of individual cells, including intracellular biochemical
reactions, we first change the horizontally drawn cell membrane to a circular closed cell membrane,
and confine the location of biochemical reactions to the inside surrounded by the cell membrane, as
shown in Figure 8.

.. diffusion field .-

Figure 8. A single Dicty cell on the surface.

Then, cAMP produced inside the cell is secreted outside the cell, forming a cAMP diffusion
field. Meanwhile, the cAMP receptor senses the extracellular cAMP concentration and adjusts the
biochemical reactions within the cell. At the same time, each cell moves within a field of forces acting
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on it. This is the overall picture of the CD methods[12,13]. For the biochemical reactions within the
cell, the phenomenological MG model in Figure 3 (CD1) or the molecular network in Figure 6 (CD2) is
adopted.

There are two types of forces that act on cells. One is adhesive force. It is known that when cells
are in a state of starvation, adhesion molecules[25] are secreted onto the cell surface, making the cells
adhesive. This force acts only when cells are in contact with each other, so it is a short-range force and
can be treated as a Lennard-Jones type interaction. The other force is chemotactic force[26]. Each cell
has the tendency to move in the direction of higher cAMP density. This force acts even when cells are
far apart, so it is a long-range force.

Adhesive interaction between cells

dm,n(r)
mn [1 ,0\™m 1 ,0\"
omn = [ D) -1 () ]
o
—&1 |- \ﬁ
Chemotaxis

& V;[cAMP, (%}, t)]

Figure 9. Cell-cell adhesive Lennard-Jones type interaction and chemotaxis to cAMP. Where m = 9,n = 3,and o
is the diameter of the cell.

On the other hand, the extracellular cAMP field is formed by the superposition of cAMP secreted
from individual cells and diffused outside the cell. To do this, we need to change the formula marked
with (*) in Figure 6 to the formula in Figure 10. As a result, cCAMP secreted from each cell diffuses,
and the cAMP concentration at any given location can be calculated. The equations of motion for
individual cells are also shown in Figure 10.

® Handling extracellular cAMP

d[cAMPe]
dt

d[cAMP, (%, )]

T

= kq,[cAMPi] — ky;[cAMPe] (*)

N
= gy Z[cAMPi] i6(% — %;) — kya[cAMP,(%,t)] + DV [cAMP,(%,1)]
j=1
secretion from all cells PDE effect diffusion

® Equation of motion for cells

N
d?x; d#:
] - - - ]
e = e[cAMP(E,0] = D Voma(F - F) -1
I=1(1#j)
chemotaxis cell-cell interaction ~ substrate friction

Figure 10. Overview of the cellular dynamics method.
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The cAMP produced in cell j at position E4 j is secreted outside the cell with a leakage rate ky1.
After that, cAMP is phosphorylated by PDE or diffuses into the medium. This process is carried out in
all cells, and the density of cAMP sensed by cell j, cAMPe(? jr t), is determined. Cell movement is
determined by two force fields: chemotaxis, a long-range force that acts according to the concentration
gradient of cAMP concentration cAMPe(7 jr t) sensed by each cell, and short-range force, which is
the adhesion force between cells. In addition, when cells move, they are also subjected to friction from
the medium.

A sample case of the simulation study is shown in Figure 11. Each cell moves while secreting
cAMP outside the cell, forming a cAMP diffusion field that changes as the cell arrangement changes.
This cAMP diffusion field is sensed by the cAMP receptor, and if the sensed concentration of extracel-
lular cAMP is too high, cAMP production is reduced inside the cell, and conversely, if it is too low, it
is produced more, and the amount of cAMP secreted outside the cell is constantly adjusted. At the
same time, each cell chemotactically moves toward the higher cAMP concentration, and when the
cells get close enough to each other, they stick together by the adhesive substances on the cell surface.
In cell aggregation, this process is carried out continuously over time. In the case of CD1, the key to
regulating intracellular cAMP production is the switching between the R and D states of the cAMP
receptor shown in Figure 3, and in the case of CD2, it is the coordinated reaction between cAR1 and G
protein shown in Figure 4.

Figure 11. Time development of 127 amoebas in a 30c x 300 area, where ¢ is the diameter of an amoeba and a
unit time step is 0.0025min. Closed circles are Dicty cells; brighter color in the contour plots shows the higher
extracellular cAMP density.

When the MG model is adopted in cells (CD1), only wild-type strains can be treated. In that
case, the simulation results using CD1 and CD2 are similar. However, when the molecular network of
Figure 5 is adopted (CD?2), it is also possible to compare with experiments in which a specific molecule
is knocked down..

4. Robustness of Cell Aggregation and Cell-Cell Synchronization

For those with experience in MD simulations of multi-particle systems, Dicty’s cell aggregation
seemed too efficient. In general, the interactions between particles become weaker with distance,
so as the aggregate grows larger, the energy difference between different particle configurations on
the periphery of the aggregate becomes smaller, making it more difficult to neatly align the particles.
In contrast, in Dicty, the cells within the aggregate always remained neatly aligned, even when the
number of cells was increased as much as possible.

We therefore performed a computational experiment using CD in which two cells were stopped
at a distance of 15 times the cell diameter and biochemical reactions in each cell were started with
a 5-minute difference. As a result, we discovered that the intracellular biochemical reactions were
synchronized between the cells[12], as shown in Figure 12. In other words, it was revealed that the
synchronization phenomenon is behind the efficient aggregation of Dicty cells.
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Figure 12. Synchronization of intracellular biochemical reactions between cells. Mutual synchronization is
achieved even when biochemical reactions are initiated at different times within each cell.

Furthermore, three cells were attached to each other as shown in Figure 13, and biochemical
reactions were initiated at different times for each cell.

300
250+
200
150
100+

50+

t (min)
Figure 13. Effect of changing the number of cells in an aggregate.

As a result, not only were the reactions synchronized, but the amount of cAMP produced by
each cell also decreased. The amount of cAMP produced by the cells periodically changes between
a maximum value and zero, but the maximum value of the periodic oscillation of cAMP decreases
with increasing cell number and eventually stops. When the oscillation stops, the intracellular cAMP
concentration is maintained at a constant level. However, when the aggregate is divided into two, the
periodic oscillation of cAMP concentration resumed.
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How does intercellular synchronization affect cell aggregation? When Dicty cells receive periodic
cAMP waves, they are swayed back and forth by chemotaxis. However, the above analysis shows that
the amplitude of the cAMP waves sent inside and outside the aggregate varies greatly depending on
the size of the aggregate. As a result, in the case of small aggregates, the adhesive substances cannot
withstand the shaking caused by chemotaxis, causing the cells that make up the aggregate to disperse.
On the other hand, in the case of large aggregates, the amplitude of the cAMP concentration sent inside
and outside the aggregate is relatively small, and the shaking of the aggregate is also relatively small.
As a result, the larger the aggregate, the more stable it can exist. If there is a defect in the aggregate, the
surrounding cells generate larger cAMP waves, which promotes the rearrangement of the surrounding
Dicty cells, resulting in the formation of a densely packed aggregate.

The synchronous production of cAMP is biologically meaningful, too. In Dicty, cAMP is used
for chemotactic aggregation. On the other hand, cAMP is synthesized from limited amounts of ATP
under starvation conditions. Synchronous extracellular secretion of cAMP can create large amplitude
cAMP waves that aid chemotaxis while suppressing ATP consumption. If intracellular ATP is depleted
before aggregation is complete, sporulation fails. As shown in Figure 13, when a sufficient number of
amoebas aggregate, the cyclic production of cAMP stops and a constant intracellular cAMP density
is maintained. On the other hand, it is known experimentally that the continuation of the chemical
reaction of sporulation requires the maintenance of a constant intracellular cAMP concentration.
Therefore, the cessation of oscillation of intracellular biochemical reactions indicates that individual
cells can grasp the total cell number of the aggregate. In this way, it can be seen that intercellular
mutual synchronization of intracellular biochemical reactions via receptors plays an essential role in
Dicty.

Although we do not show the results of simulations here, when the periodicity of cAMP produc-
tion was eliminated, the aggregation time became significantly longer and aggregation often failed
compared to when the periodicity was maintained. In other words, we found that the periodic cAMP
wave significantly promoted chemotaxis, like a surfing effect.

5. Shortest Path Finding

To further investigate the hidden features of Dicty, the cells were arranged as shown in Figure
14. When the actual diffusion coefficient of cAMP was adopted, they were immediately synchronized.
Therefore, the diffusion coefficient of cAMP was set to 1/30 of the actual value and the simulation was
performed. As a result, it was possible to generate cAMP wave packets that propagate along the cell
array. Not only that, but no matter what cell arrangement was set, only the cAMP wave packets that
followed the shortest path ultimately remained[14].

Figure 14. Propagation of cAMP wave packets, where white circles represent Dicty cells.

When two wave packets collide, both disappear, and only the wave packet that travels the shortest
path remains. Here, the leak rate of cAMP out of the cells was set so that the threshold number of cells
for cAMP wave packet generation was 9.

What we want to emphasize here is that each cell independently tries to lower its intracellular
cAMP concentration when it senses high extracellular cAMP concentrations, and conversely tries to
increase it when it is too low. However, as long as it is the same cAMP, regardless of where it comes
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from, the amount of cAMP produced within the cell is adjusted via the cAMP receptor, resulting in
the generation of a cAMP wave packet, which allows the shortest route search to be realized. In other
words, the shortest route search is successful without any ingenuity. What should be noted here is the
fact that the governing laws of Dicty cells are the same in both cell aggregation in Figure 12 and the
shortest path search in Figure 14.

6. Noise Suppression and Signal Amplification

So far, we have adopted a single-receptor model for a single cell, but this is the limitation of our
mathematical model. Although there are thousands of identical cAMP receptors in the actual cell
membrane, our mathematical model implicitly assumes that all receptors function simultaneously
and in exactly the same way. This assumption becomes problematic in the case of chemotaxis in a
large noisy environment. In general, as shown in Figure 15, for a cell to sense a concentration gradient
as a concentration gradient, it is essential that there is a concentration difference of the chemotactic
factor before and after the cell. Therefore, as the size of the cell decreases, the detectable concentration
difference before and after the cell becomes smaller. In the case of Dicty, chemotaxis is correctly realized
even though the magnitude of the noise is larger than the detectable concentration difference, which
corresponds to the case of Figure 15(b).

(@)

(b)

cell movement

. Nnoi
chemical [\ noise

.Aih!im

An > Nnoise An < Nnoise

Figure 15. Relationship between cell size and noise level in chemotaxis. When cells become small, as in (b), the
noise level can become larger than the detectable chemical density difference An before and after the cell.

We hypothesized that this phenomenon may be a multi-receptor effect[27]. As shown in Figure
16, if it is noise, adjacent receptors will detect different signals randomly. However, if the signal is
significant, adjacent receptors will detect the same signal.

(@)

—~
O
N—"

real signal
_l_
random noises random noises

Figure 16. Hypothesis: In a multi-receptor system, noise is detected randomly by each receptor, and the true

_|_

periodic signal is detected simultaneously by nearby receptors.

We constructed a system in which individual receptors are not excited unless the input exceeds
a specified threshold, but when they are excited, they synchronize with each other. This property is
similar to that of the Dicty multicellular system. We then conducted a numerical experiment in which
a small-amplitude periodic wave and an external pulse ten times larger than that were sent to each
receptor at random times to examine the change in intracellular cAMP concentration. Figure 17 shows
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an example of a numerical experiment in a system with 10 receptors. In this case, the start time of the
periodic signal and the start time of the random pulse input are slightly shifted to more clearly show
the effect of the multi-receptor system.
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Figure 17. Noise suppression and true signal amplification by a group of 10 receptors as an excitatory system.
Here, the noise is set to 10 times the true signal. The signal transmitted inside the cell is amplified 10 times more
than outside the cell, but the noise is almost completely suppressed[27].

This study revealed that synchronization enables rapid time coordination between receptors,
allowing them to work together and exceed the threshold of excitability. As a result, important
input signals are amplified in the cell, even if they are much smaller than the noise, while random
noise inputs are suppressed to negligible levels, because the effects of random noise are immediately
distributed across the synchronized receptor system, and the entire system cannot exceed the threshold
for excitation. This effect becomes more pronounced as the number of receptors increases[27].

In this review, the discussion of noise[28,29] is limited to this section because in CD simulations,
the migrating cells themselves are also a source of cAMP noise, and the noise effect is automatically
incorporated into cell aggregation, so there is no need to deal with noise separately in CD simulations.

7. From Biology to the Snowflake Formation

The unique aspect of Dicty’s aggregation strategy is that it generates an external cAMP field to
realize long-range interactions between amoebas. Such an approach may provide a valuable clue to
understanding the mechanism of snowflake formation. The difficult aspect of snowflake formation is
that snow crystals are large, far beyond the range of interactions between water molecules, and yet
they form huge, highly symmetrical two-dimensional structures in three-dimensional space.

The mechanism by which Dicty creates long-range interactions has something in common with
the formation of snowflakes, which are formed by long-range interactions that far exceed the reach
of intermolecular forces. Taking Dicty’s strategy into consideration, we can think of it as follows. As
shown in Figure 18, when two boats move, waves are generated on the water surface. As a result,
long-range forces are generated between the boats that try to change their direction of travel. However,
when the boats stop, such forces disappear. Moreover, as the number of boats increases, the waves
generated become superimposed. This is very similar to how Dicty cells secrete cAMP outside the cells,
generating long-range interactions. Moreover, they are also similar in that the long-range interactions
disappear when cell aggregation ends.
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Figure 18. Interaction between two boats.

To investigate the interactions between water molecules through the medium of air, it is necessary
to numerically solve the equations of fluid dynamics[30] based on the hypothesis here. However,
since it is beyond the scope of this review, the details are omitted and only one example of numerical
calculation is shown in Figure 19.
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Figure 19. Aggregation of 91 particles (black circles, water molecules). The read arrows are the velocity vectors of
the surrounding medium (air).

Normally, we do not think that the surrounding medium can be used to generate long-range
forces that go beyond the range of intermolecular forces. For example, rocking a board back and forth
in water creates waves, but the effects of the waves are usually ignored because they decay rapidly
with distance. However, when other objects come close enough that the waves are not attenuated, the
effects of the water waves cannot be ignored. The diffusive effect of cCAMP on Dicty cell aggregation
corresponds to this case. The exploitation of long-range interactions in Dicty cell aggregation is
therefore clever and surprising.

8. Mathematical Generality of the Receptor-Based Synchronization Method

So far, we have discussed synchronization using receptors specific to Dicty. There is a wide variety
of receptors in organisms other than Dicty, so there is a problem that research results in Dicty cannot be
applied to research in other organisms as they are. Not only that, but as research on Dicty progresses,
there is also the possibility that new molecular networks will be added to Figure 5 in the future. Here,
rather than further improving the Dicty model, we simplify it and derive a universal mechanism
underlying the synchronization of cAMP production that can be adopted in organisms other than
Dicty, and introduce the possibility of its engineering application.
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Looking back at the research process so far, the diffusible substance cAMP and its corresponding
receptor seem to be the main players in achieving synchronization. Therefore, as shown in Figure 20,
let us assume that instead of cAMP, we use P and its corresponding receptor R, and assume that a part
of P is secreted outside the cell with a leakage rate k;, forming an extracellular diffusion field of P,
which acts on receptor R. As a result, receptor R detects not only intracellular P, but also extracellular P.
Here, we denote the sensitivity of receptor R to extracellular P by .

Figure 20. A simplified mathematical model of the Dity cell shown in Figure 8.

The CD equation for the model cell shown in Figure 20 can be derived by the following procedure.
First, we assume that the intracellular cAMP density (P]i”) and cAMP receptor cAR1 (R;) satisfy the
following equation in the absence of extracellular secretion:

? - F(P]?”,Rj), 1)
W o) @

Here, we assume that detailed information of intracellular biochemical reactions is contained in
functions F and G, and that P;” in G (P]?", R]-) corresponds to the intracellular P density detected by

receptor R;. We further assume that P]?'” and R; constitute a limit cycle oscillator.

When P]?'” is secreted extracellularly with a leak rate of k;, Eqs. (1) and (2) can be rewritten as

follows:
dpir
—= = F(PR)) —keE", 3
dR; )

where PO’“ P! (xj, t) is extracellular P density of cell j. As a result, the net amount of P recognized
by the receptor in Eq. (2) becomes P;" + ’)fP]‘-’”t from P]?". Since the extracellular P field is formed by the
leaked P from the model cells, P°“!(r, t) is determined by the following diffusion equation:

apout m out 2 pout
ZkLP )(r —1j) — kgP" (x,t) + DV2P*" (1,1), (5)

where D is the diffusion coefficient of P, r; is the positional vector of the j-th cell, § is the two-
dimensional delta function, and N is the total number of cells. Although this greatly simplifies the
actual CD equations, the nature of synchronization is still unclear, since they contain diffusion equations
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that require extensive numerical calculations. Without going into details here, the two-dimensional
CD equations can be simplified to the one-dimensional form as follows[31-33]:

dp;

= = F(R), (6)
dR;
iy R R.
L = G(PRR)), @)
where
R N
Pj :Pj—'_’)/zpi' (8)

i=1

Here, P]?” has been rewritten as P;. The meaning of the above equations is as follows. In the case
of a single cell, the reaction of receptor R; is described by G (P;, R;), and the input that R; receives is
only P]-. However, in a multicellular state, the sum of the external outputs from all cells is received
with sensitivity 7, and the input that receptor R; receives is changed from P; to P; + v }_; P;. This result
is clearly and intuitively consistent with the phenomenon observed in Dicty. The question is, can
synchronization still be achieved with such a simplified formula?

Figure 21 shows that our method can indeed achieve synchronization between van der Pol
oscillators[34], which are well known as limit cycle oscillators. The time relationship between x and
dx/dt in the van der Pol equation is similar to the relationship between B and p in Figure 3. Therefore,
we performed the numerical calculations by regarding x; as P; and dx;/dt as R;. In this case, once
the oscillator to be studied, such as the van der Pol oscillator, is decided, the functional forms of F
and G are automatically determined. Synchronization using the receptor-based synchronization (RBS)
method introduced here has also been confirmed in systems other than van der Pol oscillators[33].
These results demonstrate that the findings of biological research can also be applied to problems
outside of biology.

Figure 21. Synchronization of five van der Pol oscillators.

Ion channels in neurons are also considered to be receptors in a broad sense. Recently, RBS theory
has been applied to neuronal systems[35] to confirm its generality.

In this case, the following equation
N
vi=Vitr L Vi ©)
i=1,i#j

is adopted as the equivalent of Eq. (8), and synchronization between Hodgkin-Huxley neurons[35]
is realized as shown in Figure 22. Here, V; is the membrane voltage of neuron j. Since no physical
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agreement has yet been reached regarding Eq. (9), we will limit the discussion here to the mathematical
aspects.

N=10, I

appl) = 15pA

=
o
N

==

1.0 1.0+

n
P
|
o =
wu o

0.0 T T 1 0.0
0 20 40 60 0 20 40 60

t (ms) t(ms)

Figure 22. Synchronization of 10 Hodgkin-Huxley neurons, where V is the membrane voltage, I,pp is the current
applied externally to the neurons, m and h are the sodium ion activation and deactivation gate functions, and n is
the potassium ion activation gate function.

So far, we have applied the RBS theory to various nonlinear oscillator systems and achieved
synchronization, and we believe that we have confirmed the generality of the theory.

9. Differences from Conventional Synchronization Methods

There are two known methods for synchronizing oscillators. One is (a) the phase dynamics
method[36], which realizes synchronization by eliminating the phase difference between oscillators,
0; — 0;. The other is (b) the diffusive coupling method, which realizes synchronization by eliminating
the numerical difference between oscillator variables, x; — x;.
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(a) phase dynamics method

OROERA

(b) diffusive coupling method

() (5) nmse

celli cell j
Figure 23. Two traditional synchronization methods: (a) phase dynamics method, (b) diffusive coupling method.

Both of these methods have the advantage of being mathematically and intuitively easy to
understand. However, both methods are biochemically difficult to implement at the cellular level. The
problem is the lack of a way to biochemically sense the amounts of various substances in adjacent cells
or the phase of their periodic oscillations. Therefore, when applying conventional synchronization
methods to cellular systems, discussions at the cellular level have inevitably been avoided and
phenomenological studies based on cell density have been developed[37]. Or, mathematical discussions
at the cellular level have been developed ignoring biochemical feasibility.

In contrast, the RBS method achieves synchronization by simply adding up the oscillator variables
as shown in Eq. (8). However, a prerequisite for adopting the RBS method is that each oscillator is a
limit cycle oscillator. In general, limit cycle oscillators have the property of always trying to return to
steady oscillation even if external noise is added and the oscillation behavior is disturbed. In other
words, each oscillator described by Egs. (6) to (8) initially recognizes ) P; as noise that disturbs stable
oscillation and begins to oscillate chaotically. However, all oscillators simultaneously try to return to
their respective stable oscillation modes. This adjustment process continues for all oscillators until
the entire system is synchronized. When the entire system is finally synchronized, }_ P; is no longer
recognized as noise. In other words, the RBS method achieves synchronization by making the most of
the characteristics of limit cycle oscillators.

10. Remaining Issues with the CD Method

Both the CD1 and CD2 methods introduced in this review assume that Dicty cells have a disk-like
shape. Therefore, there is a problem that neither method includes the pseudopodial movement that
characterizes amoeboid movement. However, when pseudopodial movement is included, it is also
necessary to handle the movement of biological materials within the cells, which makes it much more
difficult to develop a multicellular simulation method. In addition, it is known that different adhesive
substances are used between the leading and lateral sides of cells in amoeboid movement, so special
consideration is also required in handling cell adhesion.

There is a soliton-like shape discovered by Kuwayama and Ishida[38,39] in the multicellular state
of Dicty, where the above problems cannot be ignored. The Dicty strains treated there are mutants that
do not exhibit chemotaxis, and are collective movements that do not utilize long-range interactions.
Current CD methods do not involve medium-range interactions that exploit cell shape changes such
as pseudopods, making it fundamentally difficult to reproduce soliton-like shapes.

11. Summary

The motivation for starting the Dicty study was to clarify the origin of the periodicity of cAMP
production. Our answer to this question is that it is due to the dissociation of G proteins into G, and

subunits and their reassociation, as shown in Figure 4. The c receptor as a rives this
Ggy subunits and thei iati h, in Figure 4. The cAMP recept GPCR drives thi
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reaction. Similarly, the adaptation of the cAMP receptor is also brought about by the dissociation of G
proteins into the two subunits and their quick reassociation.

The synchronization phenomenon between Dicty cells was discovered during the analysis of cell
aggregation using CD simulations. The discovery was triggered by the fact that dense, defect-free
aggregates were formed even when the number of cells was significantly increased in CD simulations.
This was unexpected for researchers of multi-particle systems. As the size of the aggregate increases,
the interactions between distant particles become weaker. As a result, the energy difference between
a large dense structure and a large structure containing defects becomes smaller. Therefore, it was
known that a higher accuracy of numerical calculations is required to form large, dense, defect-free
aggregates on a computer. Usually, an engineering technique called annealing is used to create large,
defect-free crystals. This is a method in which a material is melted at a high temperature and then the
temperature is slowly lowered to grow large, defect-free crystals. It is completely inconceivable that
Dicty cells would practice either of these techniques. Therefore, it was suspected that Dicty cells have
acquired some unknown technique during the process of evolution.

To elucidate this unknown technique, we first stopped the movement of the two cells and shifted
the start of the biochemical reactions in each cell. As a result, we observed the synchronization of
the biochemical reactions between the cells. Furthermore, by increasing the number of surrounding
cells, the oscillation amplitude of the cAMP concentration in the cells became smaller, and finally
the oscillation became undetectable, and the intracellular cAMP concentration was maintained at a
constant level. Since it was experimentally known that the initiation of spore formation requires that
the intracellular cAMP concentration be kept constant, we were able to confirm that our CD simulation
could reproduce the process up to the point of spore formation.

Under starvation conditions, cells want to retain as much ATP as possible, but there is a dilemma:
if they do not synthesize cAMP from ATP and secrete it extracellularly, cell aggregation is not possible.
However, if the cAMP synthesis process is synchronized, the extracellular cAMP waves are effectively
superimposed, which has the effect of suppressing ATP consumption in each cell. Moreover, as the
aggregates grow, the production of individual intracellular cAMP is suppressed, and the amplitude
of the extracellular cAMP waves also decreases. As a result, the number of cells that aggregate in
response to chemotaxis to cAMP decreases, and finally cell aggregation stops. This result is consistent
with the observation that there is an upper limit to the number of cells in an aggregate.

If the shaking of cells that compose aggregates due to chemotaxis is considered as another form
of thermal motion, then Dicty’s robust cell aggregation mechanism is very similar to the annealing
method. In the annealing method, the material is first heated to a high temperature to strengthen the
thermal motion of the molecules and dissolve them. Then, the temperature is gradually lowered to
gradually reduce the thermal motion of the molecules, so that the intermolecular forces overcome
the thermal motion of the molecules, and finally beautiful crystals are formed. On the other hand,
in Dicty, the shaking of cells due to chemotaxis is large in small aggregates, and the shaking of cells
due to chemotaxis is relatively small in large aggregates. As a result, small aggregates are more
easily decomposed, and the whole progresses toward the formation of large aggregates. Although the
essence of the two strategies is the same, it can be said that Dicty achieves cell aggregation in a more
advanced way than the annealing method. This is because the annealing method can only control
the temperature of the entire system, whereas Dicty cells achieve more efficient cell aggregation by
changing the strength of the shaking due to chemotaxis for each size of aggregate. The reason why no
defects were observed in the final Dicty aggregates is that defects would cause the surrounding cells to
be significantly perturbed by chemotaxis, leading to cell relocation.

Related to the above discussion, intentionally disrupting the periodicity of extracellular cAMP
secretion significantly reduces the efficiency of cell aggregation in CD simulations, resulting in frequent
failure of cell aggregation. In summary, Dicty cells utilize periodic cAMP secretion and synchronization
in multiple ways to achieve robust cell aggregation, and the cAMP receptor as a GPCR plays a central
role in achieving periodicity.
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In starvation, Dicty cells not only secrete CAMP outside the cells, but also secrete CAMP degrading
enzyme. This may seem like a contradictory behavior at first glance. When performing a CD simulation
of Dicty, the effect of the degrading enzyme is small, but if the diffusion coefficient of cAMP is
made smaller than the actual value, cAMP will remain around the cells without degrading enzyme,
suppressing the production of intracellular cAMP by the cAMP receptor, preventing the generation of
cAMP waves and resulting in the failure of cell aggregation. In other words, the role of the degrading
enzyme is a clever tactic to make cell aggregation successful even in an environment that is unfavorable
to the diffusion of cAMP.

It is probably difficult to imagine that receptor-ligand interactions can lead to the shortest path
search just by observing the aggregation of Dicty cells. What actually happens is that when the
diffusion coefficient of cAMP is very small, only nearby cell groups are synchronized, and a local
cAMP wave packet is generated from there, and the two cAMP wave packets that make a roundabout
path disappear after colliding with each other, and only the cAMP wave packet that follows the
shortest path search survives. Finding the shortest path is a mathematically difficult problem, but
Dicty shows that it doesn’t necessarily require special talent to solve it.

Why do we need more than 1000 receptors of the same type in a cell membrane? Our numerical
experiment using a system in which many receptors exist and interact in the same cell membrane pro-
vided one answer to this question. In the case of random noise, even if it is large, each receptor receives
the input separately, and the influence is dispersed by synchronization between receptors, excitability
in the cell is suppressed, and it is almost ignored as an input. However, even if the oscillatory input is
much smaller than the random noise, if it is a true input, nearby receptors simultaneously sense the
same oscillatory input, and the input is greatly amplified by synchronization between receptors and
transmitted into the cell. Even with simultaneous input of random noise and small oscillatory input,
the effect of random noise is almost suppressed, and only the true oscillatory input is amplified in the
cell. Such effects become more pronounced as the number of interacting receptors increases. Therefore,
this study will provide a mathematical explanation for the existence of many receptors of the same
type in a cell membrane.

In this review, we have introduced many hidden roles of receptor-ligand interactions by utilizing
CD simulations on Dicty. What they have in common is that when a receptor-based system is an
excitable system and the excited state corresponds to a limit cycle state, synchronization between the
systems is achieved via the receptor, showing surprising capabilities that cannot be predicted from a
single receptor system. Moreover, their mechanisms are extremely simple despite the complexity of
the phenomena. This is likely the result of evolution to increase robustness by simplifying mechanisms
so that life systems can flexibly respond to any severe environmental changes.

The RBS method discovered in the Dicty research is clearly a powerful synchronization method
from an engineering perspective. Although we were not able to cover it in this review, this method
also achieves cross-frequency synchronization and synchronization between different types of limit
cycle oscillators[33].

The research on the mathematical model of Dicty shows that, contrary to the common perception
of receptor-ligand interactions, indirect receptor-receptor interactions between cells and intracellular
receptor-receptor interactions may play more important roles in biological systems than we realize.

This review is not intended to introduce recent research on Dicty in general, but rather to introduce
the hidden roles of receptors and their generality that have been revealed so far in Dicty research.
Therefore, please note that the studies and citations introduced in this review are limited to those
relevant to this purpose.

It took us almost 15 years to develop CD2 from CD1, but the shape of the cells is still disk-like, and
we have not been able to incorporate the actual shape changes of the cells into the cellular dynamics
method. We hope that CD3, which incorporates spatial information of the cells, will be developed in
the future.
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Appendix A. Application of the RBS Scheme to van der Pol Oscillator Systems

The van der Pol (vdP) equation is defined as follows:

. dx.
X 12V L 2 —
e(1 x)dt +wxj =0, (A1)

where w is the natural frequency of the vdP oscillator and € is the parameter that controls the degree
of nonlinearity. Eq. (Al) can be rewritten as follows:

dx;
dy;
—L =~ +e(1 - sz)yj = G(x),y))- (A2

This rewriting determines the specific function forms of F and G. Next, according to the RBS
scheme, if x; is used as P; and y; is used instead of R, the synchronization equation becomes as follows.

7 = Fw) =v
% = G(xf,yj) = —w'xf +e [1 - (xf)Z]yj, (A3)
where N
x]R = x]-+'yi;xi. (A4)

Figure 22 shows the results of the numerical calculation of the above equations for N = 10.
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