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Abstract: Actin filaments play a significant role in multiple essential cellular processes, including cell motility, vesicle and 

organelle movement, cell signaling, and cellular mechanosensing mechanisms. However, an important cellular processes, 

mechanosensing, remains debatable. This is because intracellular proteins such as actin filaments, focal adhesion complexes, and 

cell-nuclear junctions are dynamic structures that fluctuate minutely, although their binding is closely related to the 

mechanosensing mechanism. We established an original quasi-super-resolution image analysis method and revealed the 

existence of 3 Hz fluctuations in actin filaments in living cells at approximately 0.2 to 0.5 µm. We speculated that cells sense 

mechanical stresses such as fluid shear stress through the network structure of actin filaments and their connections to the 

substrate and cell nucleus. This study analyzed the fluctuations in actin filaments in the network structure of living cells using our 

quasi-super-resolution image analysis method under static culture conditions. In particular, we focused on the correlations 

between each actin fluctuation in the network structure. Fluorescence images showed that actin networks were well developed in 

the NIH3T3 cells. The maximum amplitude of actin filament fluctuations near the central region of the cell was 0.99 µm. 

Correlation coefficients of actin filament fluctuations in the network remained unchanged between the central and peripheral 

regions, with a maximum value of 0.23. These results suggested that actin filaments fluctuated independently within the network 

structure. Moreover, the distance between two actin filaments changed over time at the connecting point of the three actin 

filaments. These results suggest that strain occurs at the actin filament connecting points even when cells are under static culture 

conditions and that more complex mechanical states arise upon mechanical stimulation. 

Keywords: Actin Filament, Fluctuation, Lifeact-GFP, Living Cell, Network Structure, Super-Resolution Technique 

 

1. Introduction 

Actin filaments in cells play various roles such as 

maintaining cell shape [1] and cell motility, and transmitting 

mechanical stimuli within cells [2]. Actin filaments form an 

intracellular cytoskeletal network structure by connecting 

focal adhesions of cells to substrates [3], intercellular 

adhesion, and linker of nucleoskeleton and cytoskeleton 

(LINC) complexes [4, 5] on the cell nucleus. Transduction of 

intracellular mechanical stress through the actin structure is 

involved in chromosome movement in the cell nucleus [6]. 

Moreover, inhibiting intracellular actin polymerization 

reduces the deformation of cell nuclei when cells are exposed 

to tensile stress [2]. To date, structural changes in F-actin in 

response to mechanical stimuli have been studied as static 

structures in fixed cells. However, living organisms 

effectively use the random movement of proteins on the cell 

membrane by Brownian motion [7] and the movement of 

green fluorescent proteins in the cytoplasm [8]. Based on 

these studies, we hypothesized that the actin filaments would 

also fluctuate. We observed real-time fluctuations in actin 

filaments in living cells and found that the frequency was 
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approximately 3 Hz and the amplitude of the fluctuations was 

approximately 0.2–0.3 µm, which is almost equal to the 

spatial resolution of a fluorescence microscope [9]. Therefore, 

we attempted to develop a quasi-super-resolution image 

analysis method to improve the resolution [9]. Kiuchi et al. 

proposed a super-resolution image analysis method to 

reconstruct an image of a single actin filament from 

fluorescent images captured over a long period [10]. In 

contrast, our quasi-super-resolution image analysis method 

produces an image with improved resolution from a single 

fluorescent image, enabling the rapid movement of actin 

filaments at approximately 10 fps. 

Many cells such as vascular endothelial cells change their 

shape and function in response to fluid shear stress and 

stretch stimuli, and actin filaments play a major role in this 

sensing mechanism [11]. Because the binding of actin 

filaments to the cell nucleus or of actin filaments to the 

substrate [12], and the linking of intercellular binding sites 

[13], is considered important for sensing these mechanical 

stimuli, it is essential to observe the network structure of 

actin filaments in real time. 

Thus, it is vital to analyze the mechanotransduction of 

actin filaments as dynamic structures in network structures 

and clarify the interrelationships of actin filaments within the 

network structures. This study visualized fluctuations in actin 

filaments as network structures in living cells using our own 

quasi-super-resolution image analysis method [9]. The 

correlation between the fluctuations in actin filaments in the 

network structure was analyzed. The mechanical condition of 

some actin filaments based on the results of the F-actin 

fluctuation analysis was considered. The relationship 

between the fluctuations obtained from this analysis was 

evaluated within a network constructed using attached actin 

filaments. The strain at the connecting point due to the actin 

filament fluctuation was analyzed with changes in the length 

of the observation points on the two actin filaments. 

2. Method 

2.1. Cell Culture 

NIH3T3 cells were cultured to observe actin filament 

fluctuations. NIH3T3 cells were cultured in high-glucose 

Dulbecco’s modified Eagle’s medium supplemented with 10% 

newborn calf serum and 1% penicillin-streptomycin. The cells 

were seeded in 0.1% gelatin-coated 25 cm
2
 cell culture flasks. 

When the cells reached 80–90% confluence, they passed at a 

1:4 ratio. 

2.2. Visualization of Intracellular Actin Filaments 

Actin filaments in living NIH3T3 were visualized using 

Lifeact-GFP. Lifeact-GFP was transfected using 

Lipofectamine 3000 (Thermo Fisher Scientific, MA, USA), 

according to the manufacturer’s instructions. Transfected cells 

were selected using 50 mg/mL geneticin (Thermo Fisher 

Scientific) and seeded on gelatin-coated glass-bottomed cell 

culture dishes. 

2.3. Observation of Intracellular Actin Filaments 

When the cells reached confluence, the cell culture dish was 

placed in an incubator on the stage of an inverted microscope 

(IX70, Olympus, Tokyo, Japan). Actin filaments in living 

cells were observed using a x60 objective lens and confocal 

microscope (CSU10 Yokogawa, Tokyo, Japan) and CCD 

(ANDOR, Belfast, UK) connected to an inverted microscope. 

Actin filaments were excited by a 488 nm blue laser and were 

captured 0.1 s with a 70 md exposure time. 

2.4. Quasi-Super-Resolution Technique 

Figure 1 illustrates the process of the 

quasi-super-resolution method. Actin filament fluctuation 

profiles were obtained from fluorescent images along with a 

single filament using the public-domain image processing 

program ImageJ (NIH). The x and y coordinates of the 

fluorescent profile peak of the actin filament were 

determined from the “plot profile” luminance distribution 

analysis tool in ImageJ. These coordinates were plotted on a 

2-dimensiomal plane. A quadratic approximate curve was 

drawn from these coordinates because we assumed that there 

were no inflection points in the single actin filament. 

Fluctuations in the actin filaments were evaluated using this 

approximated curve. 

 

Figure 1. Coordinates of actin filaments were detected on the yellow line in florescence images. The actin filament is assumed to exit on the fluorescent peak as 

indicated by the arrow. 
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2.5. Analysis of Actin Filament Fluctuation Frequency in 

Network Structure 

Actin filament fluctuations every 0.1 s were analyzed 

using the method described in a previous study [12]. This 

study analyzed the actin filament fluctuations every 0.1 s 

from 0 to 0.99 s (1) and (2) indicated the quadratic function 

curves of images that are adjacent in time. 

f1(x) = a1x
2 

+ b1x + c1            (1) 

f2(x) = a2x
2 

+ b2x + c2            (2) 

From point B of f2(x), the normal line was calculated and 

drawn to f1(x), and the y-coordinate of point A was obtained, 

as shown in (3). 
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(5) shows the actin filament fluctuation amplitude every 0.1 

s and the distance from observation point A to point B. 
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The frequency of actin filament fluctuations was 

determined by analyzing the amplitude of the actin filament 

fluctuations. In this study, we assumed that the pattern of actin 

filament fluctuations and the time required for one cycle of 

fluctuation had the same regularity. The cycle of actin 

filament fluctuation was determined by referring to the pattern 

of actin filament fluctuation at other times and the time taken 

for one fluctuation cycle. (6) shows the sum of the obtained 

amplitudes of the actin filament fluctuations divided by the 

number of data points n to obtain the average amplitude L�. 

L� = 
L1+L2+L3+···+Ln

n
              (6) 

Figure 2 shows the amplitude calculations of the actin 

filament fluctuations every 0.1 s in quasi-super-resolution 

images, and the correlation of the fluctuations in the network 

were analyzed. (7) shows the interrelationships of the actin 

filament fluctuations analyzed by the fluctuation amplitudes 

of the actin filaments in the intracellular actin filament 

network structure. Because the direction of actin filament 

fluctuations varied, the interrelationship of actin filaments in 

the structure was evaluated by the correlation coefficients of 

the actin filament fluctuation amplitude every 0.1 s. The 

correlation coefficient r between the fluctuations of actin 

filaments A and B was derived using (7). In (7), LA is the 

amplitude of actin filament A fluctuation during 0.1 s, and L���� 
is the average amplitude of the measured actin filament 

fluctuation during 10 s. LB and L���� were similar. 

r = 
∑ (LAi	- LA

�����)(LBi	- LB
����)n

i=1

�∑ (LAi 	- LA
�����)2(LBi	- LB

�����)2n
i=1

            (7) 

 

Figure 2. Correlation calculations of the actin filament fluctuation amplitude 

every 0.1 s. The averages of actin filament fluctuations were calculated from a 

dataset of 99 fluctuations. Amplitudes of 0.1 s were considered one data, 

regardless of the amplitude scale. 

 
                (a)                            (b) 

Figure 3. Analysis method of stress generated by actin filament fluctuations. 

The strain was evaluated from change of distance, c and c’. 

2.6. Analysis of the Strain at the Connecting Point of Three 

Actin Filaments 

The strain generated by the actin filament fluctuations at the 

connecting points was analyzed (Figure 3(a)). The strain was 

evaluated from the change in the distance between the 

observed points on the two actin filaments. Points k and j and 

k’, and j’ were set on the actin filaments to be the same 

distance from point i (Figure 3(b)). The strain generated at the 

connecting point was evaluated from the distance C and C’ 

that are between points k and j or k’ and j’. 

3. Result 

Figure 4(a) shows a typical clear image of actin filaments in 

living NIH3T3 cells transfected with Lifeact-GFP for a 1 s 

exposure time. The developed actin filament network 
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structure was clearly observed, and the actin filaments were 

connected to each other. Figure 4(b) shows an image of the 

movie captured at 0.1 s intervals. The characteristics and 

numbers in Figure 4(b) were analyzed to determine the 

correlation between the fluctuations. Figure 5 shows a 

quasi-super-resolution image of actin filaments in living cells. 

The amplitudes of actin filament fluctuations were analyzed 

using approximate curves. Table 1 shows the maximum, 

minimum, and average amplitudes of the actin filament 

fluctuations for 10 s. The maximum and average amplitudes of 

the fluctuations near the central region of the cell were 0.99 

µm and 0.27 µm, respectively. The maximum and average 

amplitudes of the fluctuations near the peripheral region of the 

cell were 0.94 µm and 0.29 µm, respectively. Figures 6 and 7 

show representative examples of changes in actin filament 

fluctuation amplitudes near the central and peripheral regions 

of the cell. Each actin filament fluctuation exhibited a 

different pattern. Table 2 lists the correlation coefficients of 

the amplitude of the actin filament fluctuation within the 

network structure. The maximum correlation coefficient was 

0.2, indicating that there was no correlation between 

fluctuations among the many actin filaments in the network 

structure. As shown in Figure 4(b), the cell image is coarse, 

and the connecting points of the actin filaments are indistinct. 

It is difficult to analyze the strain at the connecting points. 

  
                                      (a)                                                (b) 

Figure 4. (a) Still image of actin filament network structure in a living cell at 37°C. (b) This image is from a movie captured at an interval of 0.1 s. Fluctuations 

in actin filaments indicated by arrows were analyzed. 

 
Figure 5. Typical quasi-super-resolution image of actin filaments network structure at 0 sec. Fluctuations in actin filaments were analyzed with quadratic 

functions of approximate curves. 
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Table 1. Maximum, minimum, and average of actin filament fluctuations. 

Actin Filament Fluctuation Amplitude 

 Maximum Amplitude [µm] Minimum Amplitude [µm] Average [µm] 

Center Region 

C① 0.43 0 0.13 

C② 0.67 0 0.17 

C③ 0.91 0 0.28 

C④ 0.63 0 0.17 

C⑤ 0.99 0 0.27 

C⑥ 0.85 0 0.29 

Peripheral Region 

P① 0.47 0 0.16 

P② 0.26 0 0.07 

P③ 0.32 0 0.08 

P④ 0.94 0 0.29 

P⑤ 0.86 0 0.21 

  

                                 (a)                                                         (b) 

Figure 6. (a) Change in amplitude of actin filament C① fluctuations near the central region during 10 s. (b) Change in amplitude of actin filament C③ 

fluctuations near the central region during 10 s. 

  

                                 (a)                                                         (b) 

Figure 7. (a) Change in amplitude of actin filament P① fluctuations near the peripheral region during 10 s. (b) Change in amplitude of actin filament P③ 

fluctuations near the peripheral region during 10 s. 

Table 2. Correlation coefficients of actin filament fluctuations. 

 
Center Region Peripheral Region 

C② C③ C④ C⑤ C⑥ P① P② P③ P④ P⑤ 

Center Region 

C① 0.02 -0.01 0.23 -0.18 0.02 0.06 -0.05 0.23 0.03 0.14 

C②  -0.11 -0.03 -0.07 0.11 0.18 -0.02 0.07 0.02 -0.04 

C③   -0.04 -0.03 -0.21 0.00 0.04 0.20 0.15 -0.02 

C④    0.04 0.10 0.06 -0.16 0.20 0.00 0.02 

C⑤     0.10 -0.12 0.04 0.01 0.02 -0.09 

C⑥      0.07 -0.02 -0.11 0.18 -0.12 

Peripheral Region 

P①       -0.10 0.04 -0.07 0.07 

P②        0.00 0.03 0.05 

P③         0.07 0.01 

P④          0.10 
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Figure 8 shows the changes in the amplitude of the 

fluctuation at y = 61.1 µm in a living cell observed in a 

previous study [9]. Table 3 lists the correlation coefficients of 

the actin filament amplitudes at y = 51.1 µm and y = 61.1 µm. 

The observation coordinate at y = 6.11 µm was near the 

midpoint and y = 5.11 µm was near the end of the actin 

filament. Figure 9 shows actin filaments in other living 

NIH3T3 cells. Actin filament fluctuations were analyzed, as 

indicated by arrows. Fluctuations near the midpoint of the 

actin filaments were analyzed. Table 4 lists the maximum, 

minimum, and average amplitudes of the actin filaments. The 

correlation coefficient of amplitude filament fluctuations was 

low (0.041). 

  

                                 (a)                                                         (b) 

Figure 8. (a) Chang of amplitude of actin filament fluctuation on y = 61.1 µm near the central region during 10 s. (b) Chang of amplitude of actin filament 

fluctuation y = 61.1 µm near peripheral region during 10 s. 

Table 3. Correlation coefficient of actin filament fluctuation amplitude at y = 51.1 µm and y = 61.1 µm. 

Correlation Coefficient of F-actin Fluctuation 

y = 51.1 [µm] -0.03 

y = 61.1 [µm] 0.14 

Table 4. Maximum, minimum, and average of actin filament fluctuations. 

Actin Filaments Fluctuation Amplitude 

 Maximum Amplitude [µm] Minimum Amplitude [µm] Average [µm] 

Center Region 0.54 0 0.19 

Peripheral Region 0.51 0 0.17 

 

 
Figure 9. Still image of actin filaments near the central and peripheral 

regions of the cell at 37°C. Fluctuation of actin filaments indicated by arrows 

were analyzed. 

In the other observed cells, actin fluctuations in the actin 

filament-connected area were analyzed, (Figure 10). The 

analyzed actin filaments are indicated by arrows in Figure 10. 

These actin filaments were clearly connected to each other. 

Figure 11 shows a quasi-super-resolution image of the actin 

filaments at 0.0 s. Table 5 lists the maximum, minimum, and 

average amplitude values of the actin filament fluctuation over 

10 s, obtained using the quasi-super-resolution analysis 

method. Fluctuations were analyzed near the midpoint of the 

actin filaments. The maximum and average amplitudes of the 

fluctuations in actin filaments in the network structure were 

0.78 µm and 0.21 µm, respectively. Table 6 shows correlation 

coefficients of the amplitude of actin filament fluctuations in 

the network structure. The correlation coefficients of the 

amplitude of filament fluctuations were low, and there was 

no correlation with actin filament fluctuations. Figure 12 

shows a quasi-super-resolution image at the connecting point 

of the three actin filaments at 10.8 s. Figure 13 shows the three 

observation points i, j, and k on the three actin filaments. The 

strain state was evaluated from the change in the distance 
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between points j and k starting from point i. Figure 14 shows 

the changes in the distance between j and k over 2 s. Figure 15 

summarizes the changes in the direction of the observation 

points between 0.1 s. The direction at each observation point 

changed randomly over a 2-s period. 

 

                                           (a)                                   (b) 

Figure 10. Fluorescent image of the actin filament network in living NIH3T3 cells at 37°C. Fluctuation in actin filaments indicated by arrows were analyzed. 

 
Figure 11. Quasi-super-resolution image of actin filaments in the network structure at 0 s. Actin filament fluctuations were analyzed with quadratic functions of 

approximate curves. 

Table 5. Maximum, minimum, and average of the amplitude of actin filament fluctuations. 

F-actin Fluctuation Amplitude 

 Maximum Amplitude [µm] Minimum Amplitude [µm] Average [µm] 

F-actin ① 0.57 0 0.15 

F-actin ② 0.48 0 0.15 

F-actin ③ 0.61 0 0.19 

F-actin ④ 0.57 0 0.20 

F-actin ⑤ 0.58 0 0.15 

F-actin ⑥ 0.78 0 0.21 

Table 6. Correlation coefficients of actin filament fluctuations. 

Correlation Coefficients of Actin Filaments Fluctuation 

 F-actin ② F-actin ③ F-actin ④ F-actin ⑤ F-actin ⑥ 

F-actin ① -0.09 0.08 0.09 -0.11 0.09 

F-actin ②  -0.05 0.12 0.07 -0.02 

F-actin ③   -0.29 0.05 0.04 

F-actin ④    -0.01 -0.10 

F-actin ⑤     -0.14 
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Figure 12. Quasi-super-resolution image of connecting point of actin filaments at 10.8 s. 

 
Figure 13. Observation points on three actin filaments of stress analysis. The strain generated by fluctuations in actin filaments was analyzed from changes in 

length between k and j. 

 
Figure 14. Change in strain generated by actin filament fluctuations. This strain change was analyzed for 2.0 s. 
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Figure 15. Rearrangement direction of observed points due to fluctuations every 0.1 s. The changes in rearrangement direction were random at each observation 

point. 

4. Discussion 

This study analyzed the actin filament network structures in 

living NIH3T3 cells transfected with Lifeact-GFP using 

quasi-super-resolution analysis. The quasi-super-resolution 

image analysis used in this study was our original 

methodology [9], and this method is effective for analyzing 

fast fluctuations in intracellular proteins. The observed 

fluctuations in the actin filaments near the central and 

peripheral regions of the cells were not uniform and randomly 

fluctuated without any correlation with each other. In addition, 

actin filament fluctuations near the central and peripheral 

regions of the cells were separately analyzed. No significant 

differences in the amplitude or pattern of actin filament 

fluctuations were found between the central and peripheral 

regions of the cell. In addition, the amplitude and pattern of 

fluctuation of actin filaments differed in each region. This 

difference was caused by differences in the structures 

surrounding the observed actin filaments and their tension 

[14]. The actin filaments observed in this study were limited 

by the spatial resolution of microscopy and differences in the 

expression levels and patterns of Lifeact-GFP. Therefore, the 

actin filaments observed in this study only refer to those that 

could be observed. Moreover, the structure of the 

intracellular actin filament network was developed in three 

dimensions. Different actin filament structures are believed 

to exist at the bottom and top of the cell. In the future, it will 

be necessary to analyze actin filament fluctuations and other 

protein structures in three dimensions. 

No correlation was found between fluctuations in the 

respective actin filaments within the network structure. This 

suggests that actin filaments fluctuate independently of each 

other rather than throughout the network structure. 

Furthermore, we hypothesized that strain was generated by 

disparate fluctuations in the actin filaments at the connecting 

points of the filaments. In Figure 13, the observation points i, 

j, and k are set near the connecting point in the acquired 

image. This structure was thought to comprise two actin 

filaments; however, because the structure could not be 

determined from the image, it was assumed to be connected 

by three actin filaments (Figure 12). The pattern of change in 

the distance between the observation points i and j in Figure 

14 and the fluctuation directions of points i, j, and k in Figure 

15 were random. This suggests that a randomly directed 

strain is generated by actin filament fluctuations at the 

connecting point, even when cells are under static culture 

conditions without any mechanical force application. 

Furthermore, this strain could also occur at protein complex 

structures, such as the LINC and the focal adhesion complex 

to which actin filaments and other cytoskeletons are connected. 

The fluctuation in intermediate filaments in living endothelial 

cells ceased when fluid shear stress was applied to the cells 

[15]. In this study, the acquisition rate of intermediate 

filament fluctuations in endothelial cells was considerably 

less than 1 Hz. This study suggests that fluctuations within 

the cytoskeleton temporarily disappear when cells are 

subjected to fluid shear stress, and that the strain generated 

by cytoskeletal fluctuations also disappears. This 

phenomenon, in which fluctuations in intracellular protein 

structures such as actin filaments stop and strain disappears 

within the protein network structure, is involved in the 

mechanism of cellular mechanosensing. We assumed that 

actin structures play a major role in the mechanosensing 

mechanisms of many types of cells. Therefore, to elucidate 

the mechanosensing mechanism of cells, it is important to 

observe the displacement and response of actin filaments 

immediately after the application of fluid shear stress. 

Furthermore, the observation of three-dimensional structural 

changes in actin filaments is important. Actin filaments are 
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connected to each other, the cell nucleus, and the focal 

adhesion complex at the bottom of the cells in three 

dimensions. 

However, cytoskeletal structures comprising actin filaments 

and microtubules resemble tensegrity structures comprising 

elastic and compression forces [16]. In a future study, a 

tensegrity model that considers real cell dimensions, protein 

structure fluctuations, and physical properties of actin filaments 

[17, 18] and microtubules [19] will be developed. The stress 

caused by fluctuations in actin filaments in the cytoskeletal 

structure will be analyzed using this tensegrity model [20]. The 

properties of intracellular protein structures that change with the 

state of the protein structure [21] have been reported. 

Additionally, microtubules may fluctuate; therefore, various 

parameters should be determined with caution. 

5. Conclusion 

This study analyzed fluctuations in the actin filament 

network of living cells using a quasi-super-resolution analysis 

technique. The actin filaments in the network fluctuated 

independently, and a random strain was generated by the actin 

filament fluctuation at the connecting point. This strain is 

generated when cells are in static culture conditions, and flow 

shear stress is known to stop cytoskeletal fluctuations. These 

results suggest that the strain generated at the connecting 

point by fluctuations in actin filaments is in cellular 

mechanosensing. 
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