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Abstract— Cell deformation and migration are one of the 
important biological functions related to various biological 
phenomena. In this study, using the time-series data of cell 
morphological changes (protrusion and retraction of cell leading 
edge) and activities of regulatory molecules, we propose a novel 
method of data analysis for extracting molecular activity patterns 
corresponding to specific morphological changes based on the 
reverse correlation analysis. This method was applied to the time-
series data of the three representative regulatory molecules 
measured from cultured cells. We extracted the dynamical 
molecular activities for four types of the morphological change; 
constant protrusion and retraction, and transient protrusion and 
retraction. Although it has been difficult to link cell movement 
and biochemical findings, we confirmed that our results are 
consistent with previous findings in the field of biochemistry.  

I. INTRODUCTION 

Cells receive extracellular stimuli and convert them into 
cellular functions such as cell proliferation, differentiation, 
development, and deformation followed by migration. In 
particular, cell deformation and migration are related to various 
biological functions, so their principle elucidation is an 
important research subject in cell biological field [1]. Most 
cellular functions are controlled by biomolecules such as 
proteins and genes. 

Cell has structural assembly of proteins called cytoskeleton 
[2]. Remodeling the cytoskeleton dynamically at the cell edge, 
cell can protrude and retract for its deformation and migration. 
Cytoskeleton deformation is controlled by a biochemical 
reaction network composed of various biomolecules. Among 
them, the activity of the molecules called Rho family GTPases 
(G proteins) plays a central role in the regulation of 
cytoskeleton. The main molecules of G proteins are RhoA, 
Rac1, and Cdc42 [3], [4]. Cdc42 and Rac1 promote skeletal 
formation [5]–[8], and RhoA leads to myosin II-mediated 
skeletal contraction [9]–[11]. These biochemical studies show 
the static relationship between the constant activity of the G 
proteins and the static phenotype of cell morphology.  

However, dynamic morphological control during cell 
movement is still unclear. There are studies in which there is 
no logical consistency between G proteins activity and cell 
deformation; RhoA contributes to protrusion rather than 
retraction, and Cdc42 results in morphology stabilization rather 
than protrusion [12], [13]. These results imply almost the 
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opposite effect of the G proteins to the result in the biochemical 
observation under the static conditions. Although Dynamic 
conditions are different from static conditions because they 
involve temporal changes, the differences are too large to 
maintain a logical consistency. 

There are three reasons why it is difficult to elucidate 
dynamic movement control by G protein. The first difficulty 
lies in the limitation of observation in biological experiments. 
At present, it is difficult to simultaneously observe multiple G 
protein activities in the same cell. Therefore, cell movement 
control by coordination of the three G proteins cannot be 
evaluated. The second difficulty is the presence of other factors 
that control cell movement. As cell motility is always subject 
to internal and external mechanical constraints [14], [15], the 
G protein signal is not always reflected in cell motility. The 
third difficulty is the problem of mathematical analysis 
methods. Since multiple Rho G proteins cannot be observed 
simultaneously and there are complex relationships with other 
regulatory factors, there is no method to mathematically 
evaluate the dynamic relationship between molecules and cell 
movement. 

In this study we propose the novel methodology called 
Motion-Triggered Average (MTA). The MTA is an application 
of the Spike-Triggered Average (or Reverse correlation) 
method often used in neuroscience [16]–[20]. The present work 
is the first application to images of cell movement. Since edge 
movement of cells is perturbed by various molecular activities, 
thus the molecular activity patterns that results in a specific 
edge movement include noise that is considered white noise. If 
the molecular activity time series of the specific edge 
movement is collected and averaged, the noise is offset and the 
original activity series are approximated.  

The MTA has the following advantages. The first is that 
different molecular activity sequences observed independently 
can be associated with specific edge movement patterns. This 
solves analytically the experimental constraint, that is, that 
molecules can only be observed independently. The second is 
that the dynamic relationship between molecules and cell edge 
movement can be freely extracted. There is no restriction on 
the setting of the edge movement pattern, and a molecular 
activity sequence for the movement can be obtained. The third 
point is that the causality between molecular activity and edge 
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movement can be addressed because both of the time series can 
be obtained instead of the correlations.  

We applied the MTA to the quantitative data of G protein 
activity and movement of the cultured cells. RhoA, Rac1, or 
Cdc42 activity was individually measured in multiple cells. As 
reference cell movements, we adopted four kinds of 
movements; constant protrusion and retraction, and transient 
protrusion and retraction. As a result, similar time series of G 
protein activity were obtained in different cells for the same 
reference movement. The resultant relationships between the 
activity and the movement were consistent with the 
biochemical causality described above. These results indicate 
that the intracellular molecular activity extraction using MTA 
is appropriate methodology. 

II. RESEARCH BACKGROUND 

A. Biochemical Reaction Network that Controls Cell 
Migration 

Cells do not slide and move in the same shape, but move by 
protruding and retracting the cell leading edge (Fig. 1A). 
Protrusion and retraction are largely dependent on the shape of 
the cytoskeleton, and the three important Rho-family G 
proteins (Cdc42, Rac1, and RhoA) have a significant influence 
on this cytoskeleton remodeling. Each G protein activity plays 
a role in protrusion and retraction. As the biochemical reaction 
network, Cdc42 and Rac1 control protrusion [5]–[8], and RhoA 
regulates retraction [9]–[11] (Fig. 1B). 

B. Dynamic Measurement of Regulatory Molecules 
In order to measure the activity of G protein during cell 

migration, it is common to use live-cell imaging measurement. 
A fluorescent biosensor based on Green Fluorescence Protein 

(GFP) enables protein activity and localization to be monitored 
in living cells. Molecular activity can be quantified by image 
brightness values [21].   

C. Previous Research 
The current mainstream analysis is the time-shifted cross-

correlation between time series of G protein activity and cell 
movement [12], [13], [22]–[25]. The cross-correlation 
coefficient is obtained by shifting one time series to the future 
or the past time, and the causality is evaluated by the sign of 
the shift time at which it becomes maximum.  

There are several problems with this time-shift cross-
correlation. The first is that the dynamic relationship between 
sequences is lost in cross correlation. Since the similarity 
between time series is evaluated by time averaging, the 
relationship with time change cannot be evaluated. The second 
is that the obtained cross-correlation coefficient is very small 
(it hardly exceeds 0.5). This implies that the time series of 
molecules and movements have little synchrony in the timing 
of increase and decrease. The third is that the positive or 
negative of the shift time at which the correlation coefficient is 
maximum does not necessarily indicate a causal relationship. 
The condition for increasing the correlation coefficient is that 
the timings of increase and decrease of the two series coincide 
with each other. Consider the case where molecular activity is 
slowly increasing and decreasing, while the cell edge rapidly 
protrudes and retracts. In this case, when the series of edge 
movement is shifted to the future, the correlation between the 
two series is maximized. However, it cannot be argued that 
edge movement caused molecular activity change. 

  From the above, this study proposes a new data analysis 
method for extracting dynamic relationship from data of 
morphological change and G protein activity. 

III. PROPOSED METHOD 

A. Motion-Triggered Average Analysis 
In this study, we propose Motion-Triggered Average (MTA) 

inspired by Spike-Triggered Average (STA) (Fig. 2). STA 
collects and averages input stimuli before and after the time at 
which the neuron generates an action potential. Thereby, an 
input stimulus that triggers an action potential can be extracted 
without considering a complex signal processing from input to 
output. Although the electrical response of the neuron is 
expressed as the discrete timing of the action potential 
generation, the response of the cell movement is not discrete 
timing but a various pattern of cell edge displacement. 
Therefore, it is difficult to estimate which molecular activity 
pattern causes cell movement by assembling elementary 
processes of molecular reactions in a bottom-up manner. Using 
MTA, however, activity patterns can be extracted for any cell 
edge movement that we specify. 

 The MTA uses quantitative data on cell edge displacement 
and G protein activity near the edge (Fig. 2).  The displacement 
is measured at an observation axis crossing the cell edge, and 
the molecular activity is obtained as the light intensity of the 
fluorescent protein. Let 𝑥 𝑡  be a time-series of cell edge 

Fig. 1: Cell migration and biochemical reaction 
network that controls cell movement. (A) 
Dynamical intracellular cytoskeletal structure 
formed by actin molecules. (B) Cytoskeleton 
formation is regulated by the upstream 
biochemical signals, Cdc42, Rac1, and RhoA. 
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displacement, where 𝑡 is a relative time in 𝜏,・・0,・・𝜏 , 
and 𝑖 is an data index in the measurement data set, 𝑥 𝑡 . The 
time-series of the corresponding molecular activity, 𝑎 𝑡 , is 
defined for each edge displacement 𝑥 𝑡 . Here we introduce 
the reference edge displacement, 𝑋 𝑡 , which is used for 
selecting the measured displacement from the data set based on 
the cross correlation between 𝑋 𝑡  and 𝑥 𝑡 . The average 
time-series of molecular activity for the 𝑗 -th reference 
displacement, 𝐴 𝑡 , is defined as, 

𝐴 𝑡
1
𝑁

𝑎 𝑡
∈

   𝐬. 𝐭.  𝐼 𝑖 | 𝑐𝑜𝑟𝑟 𝑋 , 𝑥 0.8 ,   1  

where 𝑁  is the number of elements of the subset of the 
measurements,  𝐼 . 

We consider four reference edge displacements, 𝑋 𝑡  𝑗
1, 2, 3, 4  , constant protrusion and retraction, and transient 
protrusion and retraction, while MTA can be applied to any 
type of reference in principle. Any complex cell edge 
movements can be constructed with a combination of these 
four movements. The difference in molecular activities 
between continuous and changing movements can likely give 
important information, as biology wants to know the signal 
processing mechanism of molecules that cause cell movement.  

IV. RESULTS 

The experimental data was given from that in reference [25], 
and about 20,000 time series were obtained from five 
individual cells per molecule. The time series of the molecular 
activity by MTA from the cells were all similar (not shown). 
The mean time series over all cells with reference to constant 
movement is shown in Fig. 3. The reference displacement is 
monotonically increasing or decreasing (Fig. 3A). The 
extracted time series of three molecular activities show relative 

Fig. 2: Schematic comparison between spike-
triggered average and motion triggered average. 
Both algorithms extract the average input stimuli 
that triggered a specific pattern in output 
response. Arrows in the right panel represent axes 
for measuring displacement and activity in the 
vicinity (circles), and the red one indicates the 
measurement axis selected based on correlation 
with a reference displacement. 

Fig. 3: MTA for constant movement as reference 
response. (A) Reference time series of constant 
edge displacement of protrusion (left) and 
retraction (right). Vertical axis represents relative 
coordinate. (B) MTA of G protein activities for 
the displacements given in (A). 𝜏 3. 

Fig. 4: MTA for transient movement as reference 
response. (A) Reference time series of transient 
edge displacement of protrusion (left) and 
retraction (right). Vertical axis represents relative 
coordinate. (B) MTA of G protein activities for 
the displacements given in (A). 𝜏 3. 
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activity to the initial value at the relative time 3.  
In constant protrusion, Cdc42 is activated after RhoA is 

inactivated (Fig. 3B left). Rac1 shows two other intermediate 
changes and clearly behaves differently from Cdc42 while it 
has the same function as Cdc42 biochemically. The molecular 
activities of the constant retraction became like their upside 
down of the protrusion. (Fig. 3B right). RhoA is activated first, 
and then Cdc42 is inactivated. These results are consistent with 
biochemical findings; Rac1 and Cdc42 promote cytoskeleton 
formation and RhoA shrinks the cytoskeleton.  

 Next, in order to examine changes in G protein activity with 
respect to velocity changes, MTA was performed using wave-
like transient movement instead of constant one (Fig. 4). We 
used two fluctuating movements retraction after protrusion and 
protrusion after retraction as reference movement (Fig. 4A). 
The G protein activities change clearly different from those in 
the constant movement (Fig. 3). Especially, in the transient 
protrusion, RhoA activity is increased and Cdc42 activity is 
saturated and decreases in the latter half of the protrusion (fig. 
4B). In the transient retraction, the active time series is not 
upside-down of the time series as shown in Fig. 3, but the trend 
is similar to the upside-down one. In the latter half, only Cdc42 
changes from a decrease to an increase, and RhoA decreases 
even in the first half where the edge is retracted. These results 
are also consistent with the biochemical findings. 

V. SUMMARY 

In this study, we proposed a novel data analysis method to 
extract time-series of molecular activity that control the 
specific pattern of morphological change based on reverse 
correlation analysis. We have extracted molecular activity data 
for morphological change patterns that protrude or retract 
continuously, and confirmed that analysis results consistent 
with previous biological findings can be obtained.  This is the 
first study to quantitatively link the activity time series of three 
molecules with cell movement. In future, we will perform the 
system identification by integrating time-series data of 
molecular activity extracted by MTA analysis and 
mathematical models based on physical processes including 
biochemical reaction and aim to construct a quantitative cell 
migration model that secures robustly prediction performance. 
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