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and Fan Song1,2,5,*

SUMMARY

The Laplace pressure is one of the most fundamental regulators that determine
cell shape and function, and thus has been receiving widespread attention.
Here, we systemically investigate the effect of the Laplace pressure on the shape
and function of the cells during cytokinesis.We find that the Laplace pressure dur-
ing cytokinesis can directly control the distribution and size of cell blebbing and
adjust the symmetry of cell division by virtue of changing the characteristics of
cell blebbing. Further, we demonstrate that the Laplace pressure changes the
structural uniformity of cell boundary to regulate the symmetry of cell division.
Our findings provide further insights as to the important role of the Laplace pres-
sure in regulating the symmetry of cell division during cytokinesis.

INTRODUCTION

The Laplace pressure of the cells, which is the difference between intracellular and extracellular pressures,

is generated by water fluxion caused by cell osmolarity change or cortex contraction (Stewart et al., 2011;

Strychalski and Guy, 2016). Note that the Laplace pressure, as originally defined by the Young-Laplace

equation, is the pressure difference between the inside and the outside of a curved surface that forms

the gas/liquid boundary and results from the surface tension of the gas/liquid interface (Butt et al.,

2013). Here, we use the term of Laplace pressure to signify the hydrostatic pressure difference across

the membrane. As a transmembrane pressure, the Laplace pressure is demonstrated not only to be a me-

chanical regulator that can rapidly reassign the cell shape and behavior (Chengappa et al., 2018) and to

span at least two orders of magnitude (Petrie and Koo, 2014; Stewart et al., 2011; Yanai et al., 1996), but

also to play a key role in various cellular processes, including cell migration (Wehner et al., 2003; Yanai

et al., 1996), proliferation (Cayley and Record, 2003), necrosis and apoptosis (Guan et al., 2006; Lang

et al., 2005), as well as the material transportation and the signal transduction (Le Bihan et al., 2006; Li

et al., 2020). Particularly, each cell during mitosis goes through a simple and dramatic shape change pro-

cess (Reichl et al., 2005; Zhang and Robinson, 2005), and the Laplace pressure in the process undergoes

more than a 10-fold change (Sorce et al., 2015). For example, the elevated Laplace pressure induced by

increased intracellular osmolarity is the main cause of cell rounding at mitotic entry (Stewart et al., 2011);

after that, the constriction of both the contractile ring and the polar cortex during cytokinesis contribute

to the increase of the Laplace pressure (Sedzinski et al., 2011), which is deemed to functionally play a

dual role: acting as resistance force to antagonize the contractile ring early in cytokinesis while helping

to drive furrow ingression late in cytokinesis (Zhang and Robinson, 2005). However, despite the increasing

appreciation of physiological significance of this transmembrane pressure, the effects of the Laplace pres-

sure on the cytokinesis process have been still poorly understood so far.

The Laplace pressure during cytokinesis, on the one hand, drives cell blebbing, which is a prominent

cellular and highly dynamic behavior in mitosis (Charras et al., 2008), as well as migration (Charras and Pal-

uch, 2008). The blebs caused by the Laplace pressure are the plasma membrane protrusions on the cortex-

membrane boundary of the cells and occur at the sites with cortex defects or missing linker proteins in the

boundary (Charras and Paluch, 2008; Charras et al., 2006). Blebbing is a common feature of cell physiology

during cytokinesis (Charras, 2008; Charras et al., 2008) and has been observed in, but not limited to, HeLa

cell (Sedzinski et al., 2011), L929 cell (Sedzinski et al., 2011), BSC1 cell (Boucrot and Kirchhausen, 2007),

Swiss 3T3 fibroblast (Burton and Taylor, 1997), NRK cell (Fishkind et al., 1991), BHK21 cell (Erickson and Trin-

kaus, 1976). For the migration of a cell, high pressure triggers protrusions to form the lobopodia while low

pressure produces lamellipodia (Petrie and Koo, 2014). For the mitosis of a cell, however, the biological
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significance of cell blebbing has not been completely understood up to now. The existing studies indicate

that the life cycle of a bleb consists of bleb initiation, bleb expansion, cortex reassembly, and retraction

(Charras and Paluch, 2008). The bleb initiation begins under a proper Laplace pressure when there is a local

defect in the cortex-membrane boundary, while the boundary can restore to a normal state after the cell

cortex reassembly and bleb retraction under another proper Laplace pressure (Alert and Casademunt,

2016). Obviously, the whole bleb evolving processes during cytokinesis are associated intimately with

the change of the Laplace pressure. So, we believe that the Laplace pressure has a fundamental biological

significance on the cell blebbing during cytokinesis.

On the other hand, the change of the Laplace pressure can lead to the cytoplasmic oscillation inside the

cells during cytokinesis. Specifically, the difference between the pressures generated by the different mem-

brane tension of the two poles of the cells gives rise to the back and forth flow of the cytoplasm between the

two poles, which is also related closely to the cell blebbing at the two poles (Sedzinski et al., 2011). Recent

investigations demonstrate that the high Laplace pressure intrinsically puts the cells during cytokinesis in

an unstable state that may cause uncontrolled cytoplasmic oscillations and may finally result in asymmetric

division or division failure (Dorn and Maddox, 2011; Sedzinski et al., 2011). Obviously, the Laplace pressure

is associated with the size symmetry of cell division which determines the activity and vitality of the newborn

daughter cells. However, the effect of the Laplace pressure on cell division has been hardly understood yet.

Although the symmetry of cell division is traditionally deemed to be determined by anaphase spindle,

which releases signals to designate the site for the contractile ring assembly and thus determines the cleav-

age plane (Grill et al., 2003; Kiyomitsu, 2015; Sansregret and Petronczki, 2013), we have reason to speculate

that the Laplace pressure can effectively affects the size symmetry of cell division.

In this paper, by controlling the extracellular osmolarity to adjust the intracellular pressures of the cells,

thus, to regulate their Laplace pressures, we systematically investigate the effects of the Laplace pressure

on the shape and behavior of the cells during cytokinesis. We demonstrate that (i) abruptly changing the

Laplace pressure of the cells results in the geometrically self-similar change of cell shape, thus, a cytokinesis

factor is defined to characterize the real-time shape of a dividing cell; (ii) change to the Laplace pressure of

the cells induces the changes of the distribution and size of cell blebbing: the higher the Laplace pressure

is, the greater the proportion of the blebbing in the earlier stage is, and the sooner the blebbing activity

completes; (iii) change to the Laplace pressure of the cells changes the symmetry via cell blebbing; (iv)

the sufficient accomplishment of cell blebbing directly promotes the size symmetry of cell division, which

highlights the biological significance of the cell blebbing in mitosis; (v) change in the Laplace pressure af-

fects the structure of the cortex, which constitutes the mechanism that the change of the Laplace pressure

can change the cell blebbing and division in mitosis; and (vi) the size symmetry of cell division is substan-

tially determined by the uniformity of cell cortex-membrane boundary. These results contribute to a deeper

understanding of the essential role of the Laplace pressure in cellular life processes.

RESULTS AND DISCUSSION

To investigate the effects of the Laplace pressures of the cells on their shape and behavior changes from

cleavage furrow emergence to contractile-ring contraction accomplishment, we control the extracellular

osmolarities to adjust the intracellular pressures, thus, to regulate their Laplace pressures. In the experi-

ments, once the cleavage furrows of the tested cells just emerge, the isotonic media in which the cells

are being normally cultured are rapidly replaced by the tested media with different osmolarities. Specif-

ically, using micropipette aspiration technique, we measure the change of the Laplace pressure of cells

in respond to hypotonic or hypertonic shocks when cells just enter into cytokinesis. As shown in Figure 1A,

the Laplace pressure, which is measured to be 236 G 57 Pa (n = 8) in isotonic medium, increases by about

39% and 20% in the hypotonic media with 180 and 240mOsm/kg, respectively, and decreases by about 50%

and 74% in the hypertonic media with 360 and 420 mOsm/kg, respectively. Evidently, the Laplace pressure

of a cell decreases with the extracellular osmolarity.

Changing the Laplace pressure triggers the geometrically self-similar change of cell shape

When the isotonic media with 300 mOsm/kg in which the tested cells are normally cultured are rapidly re-

placed by the media with the different osmolarities that can effectively keep the tested cells undergoing

physiologically normal cytokinesis (Kim and Lee, 2002; Oldenhof et al., 2011), we observe that all the cells

during cytokinesis roughly undergo swelling in the hypotonic media with 180 and 240 mOsm/kg and

shrinkage in the hypertonic media with 360 and 420 mOsm/kg in a geometrically self-similar way within
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initial 20 s, and then, continue their unfinished cytokinesis process in the tested media (Figure 1B). By real-

timemeasurements, we find that the mean volume of the cells swell by about 22% and 17% in the hypotonic

media with 180 and 240 mOsm/kg, respectively, and the mean volume of the cells shrink by about 12% and

16% in the hypertonic media with 360 and 420 mOsm/kg, respectively (Figure 1A). This is an indication that

the volumetric change of a cell decreases with the change of its extracellular osmolarities. Together, results

of Figure 1A indicate a positive correlation between the change of the Laplace pressures of the cell and its

volumetric change.

Further, we find that the ratio of the mean curvature of the two forming daughter cells, k = (1/2) (1/R1+1/R2),

to the curvature of the cleavage furrow, 1/r, changes independently with the extracellular osmolarity and

reduces linearly from 1 to 0 when the cells evolve from cleavage furrow emergence to contractile-ring

contraction accomplishment, where R1 and R2 are the real-time effective radii of the two forming daughter

cells, respectively, and r is the real-time radius of the cleavage furrow (Figure 1C). So, we can define Cf = rk

as a cytokinesis factor to characterize the real-time shape of a cell during cytokinesis. Obviously, in the pro-

cess of the symmetric cell division Cf is just the ratio of the radii of the cleavage furrow and the forming

daughter cells. Specifically, Cf = 1 signifies the onset of cytokinesis. Cf decreases from 1 to 0 with the ingres-

sion of the cleavage furrow. When the contractile-ring contraction completes, Cf = 0.

Change to the Laplace pressure induces the changes of the distribution and size of cell

blebbing

In the process of Cf = 1–0, lots of blebs are observed to occur at the surfaces of all the cells in the tested

media with the different osmolarities (Figures 2A, S1; Videos S1, S2, S3, S4, and S5). However, we find that

both the cell blebbing distributions and sizes rely intimately on the extracellular osmolarities. Further, the

statistical results indicate that with the elevation of extracellular osmolarity, the blebbing number and size

of the cells monotonously increase and decrease, respectively (Figure 2B). Note that, the actomyosin

contractility also contributes to increasing the Laplace pressure during cytokinesis (Charras et al., 2008;

Sao et al., 2019). For this reason, blebs also occur even for cells undergoing cytokinesis in isotonic and hy-

pertonic media.

Toobtain the distribution lawof the cell blebbing, thewhole process ofCf is divided into five equal stages based

on Cf values. In the hypotonic medium with the extracellular osmolarity of 180 mOsm/kg, more than 77% of all

the blebs occur in the early stage, Cf = 1–0.8; in the isotonic medium with 300 mOsm/kg, the peak value of the

blebbing proportion, about 31%, occurs in the middle stage, Cf = 0.6–0.4; and in the hypertonic medium with

420 mOsm/kg, the peak value, about 32%, occurs in the late stage, Cf = 0.2–0 (Figure 2C). Therefore, with the

increase of the extracellular osmolarity, the peak value of cell blebbing proportion gradually shifts from early to

late stages of cytokinesis. This is an indication that the distribution of the cell blebbing during cytokinesis varies

with the change of the Laplace pressure: the lower the extracellular osmolarity, i.e. the higher the Laplace pres-

sure, the greater the proportion of the blebbing in the earlier stage.

Particularly, we find that after Cf = 0, cell blebbing is hardly observed at the surfaces of the newborn

daughter cells in the hypotonic media. However, some blebs generated in the late stage still remain

at the surfaces of the newborn daughter cells in the isotonic and hypertonic media (Column 7 and Rows

3–5 of Figure 2A). The residual blebs can automatically fade away within tens of seconds after Cf = 0, which

Figure 1. The change of the Laplace pressure and its effect on the cell volume and shape

(A) The change of the Laplace pressure and volume for the cells undergoing cytokinesis in response to the osmotic shocks.

Error bars are SDs.

(B) Snapshots of the shape changes of the cells during cytokinesis in the initial 20 s after media replacement: the cells swell

in the hypotonic media and shrink in the hypertonic media in a geometrically self-similar way within initial 20 s. The blue

dashed lines outline the boundaries of the cells. The numbers in the upper right and lower left of the panels indicate

recording time (the moment of solution exchange corresponds to 0 s) and the real-time values of the cytokinesis factor Cf,

respectively. Scale bars, 10 mm.

(C) The changes of Cf for the cells undergoing cytokinesis in the media with different osmolarities. The horizontal axis

denotes the time normalized by dividing by the cytokinesis time of each cell. The purple solid line is the fitted line of the

experimental data, and its slope and the coefficient of determination (R-squared) are shown in the lower right. Error bars

are SDs. The inset in the lower left illustrates the definition of Cf, where R1 and R2 are the real-time effective radii of the two

forming daughter cells, respectively, and obtained by real-timely measuring the cross-sectional areas of the two forming

daughter cells, A1 and A2.
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correspond to the time needed for bleb retraction (Charras et al., 2005). This indicates that the cell bleb-

bing during cytokinesis has already ceased after Cf = 0.

The Laplace pressure changes the symmetry of cell division by regulating cell blebbing

We apply a conventional method, f = max (A1, A2)/min (A1, A2), to investigate the size symmetry of two

newborn daughter cells, where A1 and A2 are the projected areas of the two daughter cells formed at

Figure 2. The effect of the Laplace pressure on the blebbing during cytokinesis

(A) Snapshots of the cells undergoing cytokinesis in themedia with different osmolarities. The numbers in the upper right and lower left of the panels indicate

recording time (the moment of solution exchange corresponds to 0 s) and the real-time values of the cytokinesis factor Cf, respectively. The texts on the

bottom point out the ranges of Cf corresponding to the states of the cells in the panels. The texts on the left sides of the images indicate the osmolarities of

the testedmedia which are introduced at roughly Cf= 1. The blue dashed lines outline the boundaries of the cells and the red arrowheads point out the blebs

on the boundaries. Scale bars, 10 mm.

(B) Effects of the extracellular osmolarity on the relative blebbing size and number (n > 30 cells). The relative blebbing size is the maximum ratio of the

projected area of individual bleb to the area of the cell and is explained in the inset. Error bars are SDs.

(C) Blebbing proportions and distributions in the different stages of the cells during cytokinesis in the media with different osmolarities. The osmolarities of

the media are indicated below the horizontal axis. (n > 50, two-way ANOVA followed by Tukey’s test). **P < 0.01; ***P < 0.001; ns, not significant. Error bars

are SDs.

ll
OPEN ACCESS

iScience 24, 102945, September 24, 2021 5

iScience
Article



ll
OPEN ACCESS

6 iScience 24, 102945, September 24, 2021

iScience
Article



Cf = 0, respectively (Kiyomitsu and Cheeseman, 2013; Tan et al., 2015). Obviously, the closer the value of f

gets to 1, the better the symmetry of the daughter cells is. In the experiments above, the mean value and

the standard deviation of f are computed to be Cf D = 1.085 and SD = 0.040 in the isotonic media,

respectively; Cf D = 1.034 (SD = 0.019) and Cf D = 1.049 (SD = 0.029) in the hypotonic media with 180 and

240 mOsm/kg, respectively; and Cf D = 1.114 (SD = 0.055) and Cf D = 1.144 (SD = 0.079) in the hypertonic

media with 360 and 420 mOsm/kg, respectively (Figure 3A). Thus, these results seem to display that

the size symmetry of the daughter cells decreases with the extracellular osmolarity or increases with the

Laplace pressure of the mother cell.

The results in Figures 2C and 3A suggest that the cell blebbing and size symmetry of cell division both regu-

lated by the Laplace pressure may be intrinsically connected or the effect of the Laplace pressure on the

size symmetry of cell division may be associated with the cell blebbing. To study how the Laplace pressure

affects the size symmetry of cell division, we further conduct verification experiments. More specifically,

when the tested cells in the media with the different osmolarities evolve into the late stage, Cf = 0.2–0,

we replace the media with the new media again, each with the osmolarity of 60 mOsm/kg lower than su-

perseded one, and see what will happen to the cell blebbing and the size symmetry of cell division. The

forming daughter cells are still observed to swell in a geometrically self-similar way within initial 20 s after

medium replacement, and then, to continue their unfinished cytokinesis (Figure 3B; Videos S6, S7, S8, S9,

and S10). We find that in the media with osmolarities decreasing from 180 to 120 mOsm/kg or from 240 to

180 mOsm/kg, the cell blebbing hardly occurs and the size symmetry of the daughter cells is almost un-

changed compared with that in the superseded media; while in the media with osmolarities decreasing,

respectively, to 240, 300 and 360 mOsm/kg from 300, 360 and 420 mOsm/kg, quite a few new blebs occur,

and almost no blebs remain after Cf = 0. Our measurements indicate that the mean value of f decreases to

Cf D = 1.068 (SD = 0.035, purple line) from Cf D = 1.085 (black line), to Cf D = 1.078 (SD = 0.037) from Cf D =
1.114, and to Cf D = 1.087 (SD = 0.048) from Cf D = 1.144, respectively (Figure 3C). Therefore, for the cells

evolving into the late stage in the hypotonic media, decreasing the extracellular osmolarity does not cause

the cells to regenerate blebs nor increases the size symmetry of the daughter cells, whereas for the isotonic

and hypertonic media, the opposite is true. This is an indication that only when the Laplace pressure can

trigger cell blebs, can the symmetry of cell division be enhanced, thus highlighting the essential role of

cell blebbing in ensuring symmetric cell division, and suggesting that the Laplace pressure changes the

symmetry of cell division by regulating cell blebbing.

In addition, when the cells in the media with the different osmolarities evolve close to Cf = 0 again in the

experiments here, we replace the media to enhance the Laplace pressures of the cells again. The results

show that once the blebbing of a cell undergoing cytokinesis already completes, the blebbing does not

occur even if increasing the Laplace pressure again (Figure S2). This result means that the blebbing number

of a cell undergoing cytokinesis is limited. Together with the results in Figure 2C, it indicates that the incre-

ment of the Laplace pressure accelerates the completion of blebbing activity during cytokinesis. In other

words, the higher the Laplace pressure is, the greater the proportion of the blebbing in the earlier stage is,

the sooner the blebbing activity completes.

Cell blebbing enhances the symmetry of cell division

To understand the biological significances of cell blebbing during mitosis, we apply Concanavalin A (Con

A) to treat the cells at Cf = 1, which is a tetravalent lectin and can sufficiently inhibit cell blebbing during

Figure 3. The effect of the Laplace pressure on the size symmetry of cell division

(A) Scatterplot of the size symmetry of cell division in the media with different osmolarities. The numbers and the black

solid lines in the scatterplot indicate mean values and their positions, respectively. The green dashed line is the fitted line

of the mean values, its slope and the coefficient of determination (R-squared) are shown in the lower right. The inset

indicates the definition of the size symmetry of cell division. (n > 50, Mann-Whitney test). *P < 0.05; **P < 0.01; ***P <

0.001; ns, not significant.

(B) Snapshots of the cells undergoing cytokinesis in the media with the osmolarities lower than the superseded ones by 60

mOsm/kg. The solution exchange is performed when the cells just enter into the final stage of cytokinesis (Cf z 0.2),

corresponding to 0 s. The red arrowheads indicate the blebs. Scale bars, 10 mm.

(C) Effect of further decreasing extracellular osmolarity on the bleb number retriggered and the symmetry of cell division.

Mean values of f for the initial media with osmolarities of 180–420 mOsm/kg (i.e., the results shown in (A)) and the altered

media with osmolarities lower than the initial ones by 60 mOsm/kg (120–360 mOsm/kg), are marked as black lines and

purple lines, respectively. *P < 0.05; **P < 0.01; ns, not significant (n = 30, Mann-Whitney test). Error bars are SDs.
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cytokinesis by binding to cell surface glycoproteins and acting to cross-link the cell cortex effectively (Rose-

nblatt et al., 2004; Sedzinski et al., 2011). When the normal cultured media are separately replaced by the

same osmolarity media with Con A of 200 and 300 mg/mL, the bleb numbers decrease separately by roughly

68% and 86%, and correspondingly, the mean values of f change to Cf D = 1.120 (SD = 0.050, n = 53) and

Cf D = 1.208 (SD = 0.093, n = 58) from the original mean value Cf D = 1.085, respectively (Figure 4A, Cases③

and ④ in Figure 4B). The results here indicate that inhibiting cell blebbing during cytokinesis effectively

decreases the size symmetry of cell division.

Figure 4. Inhibiting blebbing decreases the symmetry of cell division

(A) Snapshots of the evolution of a cell undergoing cytokinesis in the isotonic medium with Con A of 200 mg/mL. Cell

blebbing decreases significantly relative to that in the absence of Con (A) Scale bar, 10 mm.

(B) Effect of Con A on the bleb number and the size symmetry of cell division. Case①: The cells undergoing cytokinesis in

hypotonic medium (180 mOsm/kg) are treated with Con A of 200 mg/mL after the cell blebbing activities mainly finish (Cf

z 0.6); Case ②: The cells are treated in isotonic medium (300 mOsm/kg) with Con A of 200 mg/mL for 30s when they are

about to enter into cytokinesis. Immunofluorescence image indicates that the Con A of 200 mg/mL can effectively bind to

cell within 30 s, manifested as the roughly unchanged fluorescence intensity of Con A with time after 30 s (Figure S3). Then

the isotonic medium is replaced by a hypotonic solution with osmolarity of 180 mOsm/kg; Case③: The cells undergoing

cytokinesis are treated in isotonic medium (300 mOsm/kg) with Con A of 200 mg/mL; Case ④: The cells undergoing

cytokinesis are treated in isotonic medium (300 mOsm/kg) with Con A of 300 mg/mL. ***P < 0.001; ns, not significant. Error

bars are SDs.
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In particular, when we treat the cells with Con A of 200 mg/mL in isotonic medium (300 mOsm/kg) for 30 s

before introducing hypotonic medium with 180 mOsm/kg, the bleb numbers of the tested cells decreased

by about 70% (n = 51) compared with that for the case where the medium is directly replaced by the hypo-

tonic medium with 180 mOsm/kg and the mean value of f increases significantly to Cf D = 1.117 (SD = 0.066)

from the original mean value Cf D = 1.034 (Case② in Figure 4B). This result demonstrates that the cell bleb-

bing driven by the Laplace pressure is dominant in affecting the size symmetry of cell division in contrast to

changing extracellular osmolarity. So, the sufficiency of the cell blebbing during cytokinesis is directly

responsible for regulating the size symmetry of cell division. Note that treating cells with Con A can lead

to increased cell stiffness and decreased deformability (Chaigne et al., 2013), which possibly break the sym-

metry of cell division. This raises the question that which is the true contributor to the division symmetry. To

answer this question, we carry out a supplementary experiment, in which the tested cells are initially incu-

bated in the hypotonic medium with 180 mOsm/kg, the addition of Con A to cells is implemented after the

blebbing activities basically complete in the stage of Cfz 0.6–0.8.We find the division symmetry of the Con

A-treated cells being almost unchanged (Case ① in Figure 4B), suggesting that it is the cell blebbing that

accounts for the effect of symmetric cell division. In addition, we perform another experiment, in which the

cells undergoing cytokinesis in different media (180, 240, 300, 360, and 420 mOsm/kg) with Con A of

300 mg/mL. In these cases, the cell blebbing hardly occurs during cytokinesis, and the mean values of f

for different groups remain approximately the same, which are about 1.2. This result further highlights

the significance of cell blebbing in ensuring symmetric cell division.

Change to the Laplace pressure makes the structural change of cell boundary

In order to explore the effects of the Laplace pressures generated in the tested media with different osmo-

larities on cell structures, by labeling actin with FITC-phalloidin, we observe the cortex-membrane bound-

ary of the cells evolving close to Cf = 0 in the tested media. We find that there are some defects remaining

within the daughter cell boundaries in the hypertonic media at the end of cytokinesis. Here, these defects

are reflected as actin deficiency or aggregation in the cortex, as clearly observed in immunofluorescence

images, and correspond to detachment of the plasmamembrane from the cell cortex caused by cortex rup-

tures or missing linker proteins. However, in the hypotonic media there is hardly any defect within the two

newborn daughter cell boundaries. The fluorescence-intensity distribution analysis also indicates that

increasing the Laplace pressure facilitates the uniformity of the cortex distribution in the cortex-membrane

boundary of the two daughter cells (Figure 5). We further perform live cell imaging experiments showing

that the occurrence of bleb changes the actin distribution of the two daughter cells (Figure S4). In fact, the

boundary defects are formed in the course of cell rounding immediately prior to cytokinesis (Cadart et al.,

2014; Gauthier et al., 2012). On the one hand, cell blebbing is a pressure-driven membrane protrusion and

occurs at the position of boundary defect (Paluch and Raz, 2013; Strychalski and Guy, 2016). On the other

hand, the defect can be repaired by the blebbing retraction due to the reassembly of cortex during bleb-

bing (Charras and Paluch, 2008; Charras et al., 2006) (Figure S5). Therefore, the high Laplace pressure

generated in the hypotonic media adequately drives the accomplishment of the cell blebbing during cyto-

kinesis and effectively repairs the boundary defects. On the contrary, the low Laplace pressure generated in

the hypertonic media does not adequately accomplish the cell blebbing so that some defects still remain

within the formed daughter cell boundaries. The results here mean that change to the Laplace pressure of a

cell during cytokinesis varies the structure of the cortex by virtue of pressure-driven cell blebbing.

Uniformity of cell boundary determines the symmetry of cell division

We employ a local delivery setup to create a localized diffusion gradient field of Cytochalasin B (CB) from

one pole of a tested cell to the other (Figure 6A). Because the CB acts to inhibit actin polymerization (Ma-

cLean-Fletcher and Pollard, 1980), this gradient field can not only produce the boundary defects but also

prevent the original defects from being repaired by blebbing retraction, thus causing more boundary dam-

ages in the pole closer to the CB source. In addition, CB treatment should also negatively affect the intra-

cellular pressure and the Laplace pressure by disrupting actomyosin contractility, which is detrimental to

the sufficiency of cell blebbing and the repair of the defects in the cortex, as well as the boundary unifor-

mity. We find that the boundary uniformity, which is affected by the imbalance distribution of the boundary

defects between the two cell poles (Figure S6), finally results in asymmetric cell division with a bigger

daughter cell closer to the CB source (Figure 6B).

However, when we replace the isotonic medium by the same osmolarity medium with CB of 0.05 mM to

ensure the two poles of the tested cells having the same environment, i.e. to ensure the daughter cell
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boundaries formed at these poles producing the same defects statistically, we find that it leads to a rela-

tively symmetric cell division compared with the results of local cytochalasin delivery experiment. However,

the formed daughter cells slightly increase in size compared with normal division (Figure 6C). This result

displays that the uniformity of cell boundary effectively determines the symmetry of cell division and the

defects induce softening of the cortex. In addition, we perform a live cell imaging experiment in which

the microtubule marker mCherry-a-tubulin is used to label the mitotic spindle for the Con A treatment

(n = 10) and local CB delivery (n = 10) experiments. As shown in Figure S7, the spindle displays no obvious

instability in response to the treatment of Con A and CB during cytokinesis.

Further, by applying the Young-Laplace equation and damage mechanics, we build a cell shape change

model during cytokinesis to demonstrate that the uniformity of cell boundary determines the symmetry

of cell division. The shape of a cell during cytokinesis can be geometrically assumed as two connected

spherical caps (Yoneda and Dan, 1972) (Figure 6D), its cortex-membrane boundary is deemed to be an

elastic material and the defects within the boundary are considered as the damages of the material. So,

the elastic equations of the cell are written by (Boal, 2012; Lemaitre, 1996)

ti = ð1� fiÞK0εi ði = 1; 2Þ (Equation 1)

where ti (i = 1, 2) are the surface tensions of the cortex-membrane boundaries of the two forming daughter

cells at two poles of the cell; the subscripts, i = 1, 2, separately correspond to the two daughter cells; K0 is

Figure 5. The Laplace pressure changes the cortex structure

(A–C) Experimental results showing the cortex of the cells in media with the osmolarities of (A) 180, (B) 300, and (C) 420 mOsm/kg when the cytokinesis mainly

finishes. The red arrowheads indicate the blebs. The Figures are arranged in three columns, from left to right: (i) bright field images of the representative cells

at the end of cytokinesis; (ii) immunofluorescence images of actin. Actin is labeled with FITC-phalloidin after fixation with paraformaldehyde and

immunofluorescence images are projections of Z stacks of 20 mid-section slices that cover a total depth of 7.32 mm; (iii) cortical distribution measured

counterclockwise from the central furrow (red dot), the blue parts in the curves correspond to the positions indicated by blue arrow heads in (ii), a.u., arbitrary

units. Scale bars, 10 mm.
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the initial boundary elastic modulus at the state that the cleavage furrow of the cell just emerged, and it is

deemed that the same amount of defects are included in the forming daughter cell boundaries of the two

sides of the cleavage furrow; fi (i = 1, 2) stand for the evolving damage factors of the two forming daughter

cell boundary, respectively, which usually satisfy 0 < fi < 1, but satisfy fi = 0 at the initial state that the cleav-

age furrow just emerges. Obviously, as f1 = f2, the two forming daughter cell boundaries are uniform, while

f1sf2, the daughter cell boundaries are not uniform; εi (i = 1, 2) are separately the areal strains of the

daughter cells, and are written by

εi =
p
�
r2 + h2

i

�
� 2pR2

0

2pR2
0

=
1

2

r2 + h2
i

R2
0

� 1 ði = 1; 2Þ (Equation 2)

where R0 is the initial radius of the cell; r is the radius of the contractile ring; Ri and hi (i = 1, 2) are the radii

and heights of the two forming daughter cells, respectively. All the parameters including ti, εi, r, Ri and hi are

functions of time. Geometrically, hi developes from the emergence of the cleavage furrow, hi = R0 to the

accomplishment of the contractile-ring contraction, hi = 2Ri. They geometrically satisfy

r2 = R2
i � ðRi � hiÞ2 ði = 1;2Þ (Equation 3)

The Young-Laplace equation for each daughter cell is expressed as

Dp =
2ti
Ri

ði = 1; 2Þ (Equation 4)

where Dp stands for the Young-Laplace pressure of the two forming daughter cells at the timely state.

Figure 6. Uniformity of Cell Boundary Determines the Symmetry of Cell Division

(A) The local delivery experiment. The red arrows point out the positions of tested cell, delivery region and the tip of local delivery setup, respectively, where

the delivery region is displayed by trypan blue solution. Scale bar, 20mm.

(B) Snapshots of a dividing cell under the effect of localized Cytochalasin (B) The numbers in the upper right and lower left of the panels indicate recording

time (0 s is the onset of drug delivery) and the real-time values of the cytokinesis factor Cf, respectively. Blue arrows indicate the cell pole that is immersed in

the delivery region. The blue dashed lines outline the boundaries of the cell. Scale bar, 10mm.

(C) Snapshots of a dividing cell immersed in the solution with low dose of Cytochalasin B (0.05mM).

(D) Illustration of a dividing cell with unbalanced boundary defects characterized by the damage factor fi (i = 1, 2). The shape of the cell during cytokinesis is

geometrically described as two connected spherical caps, where Ri, hi, fi (i = 1, 2) and r change with the cytokinesis process of the cell.
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Substituting (Equations 1–3) into (Equation 4) yields

f ðh1Þ
f ðh2Þ =

1� f2
1� f1

(Equation 5)

where

f ðhiÞ = 2hi

r2 + h2
i

 
1

2

r2 + h2
i

R2
0

� 1

!
ði = 1;2Þ (Equation 6)

Noting the fact that geometrically hi R r, we readily demonstrate that f(hi) is a monotonically increasing

function with respect to hi by using df(hi)/dhi R 0. According to (Equations 5 and 3), we obtain the results

that if f1 = f2, i.e. the two forming daughter cell boundaries are uniform, then h1 = h2 and R1 = R2, i.e. the cell

division is symmetric; and if f1 > f2, i.e. the two forming daughter cell boundaries are not uniform, then h1 >

h2 and R1 > R2, i.e. the cell division is asymmetric and the daughter cell with a greater extent defect is larger

in size. So, here we prove that the uniformity of cell boundary determines the symmetry of cell division.

Conclusions

In the present work, by virtue of regulating extracellular osmolarity, we detailedly investigate the effects of

the Laplace pressure on the changes of cell morphology during cytokinesis. First of all, we find that the Lap-

lace pressure can directly control the distribution and size of cell blebbing during cytokinesis: the larger the

Laplace pressure of a cell during cytokinesis is, the sooner the blebbing activity completes, at the same

time, the fewer the mean number of blebs is and the larger the mean size of blebs is.

Further, we demonstrate that the variation of the Laplace pressure of a cell during cytokinesis cannot

directly change the symmetry of cell division, but by virtue of changing the cell blebbing during cytokinesis

it can adjust the symmetry. Indirectly, the larger the Laplace pressure is, the more symmetric the newborn

daughter cells are.

Finally, we give the mechanism that the Laplace pressure adjusts the symmetry of cell division by virtue of

changing the cell blebbing during cytokinesis: the cell boundary uniformity at the two sides of the cell

furrow during cytokinesis determines the size symmetry of the two daughter cells.

Traditionally, the main mechanism controlling the symmetry of cell division is that the mitotic spindle di-

rects the assembly and contraction of the contractile ring and guides the formation of a single central

furrow (McNally, 2013; Morin and Bellaı̈che, 2011), wherein both central positioning and proper orienta-

tion of the spindle play a key role (Siller and Doe, 2009). In this course, the polar cortex contractility de-

stabilizes the position of the cytokinetic furrow and makes the shape of the symmetrically dividing cell

inherently unstable (Connell et al., 2011; Ou et al., 2010; Sedzinski et al., 2011). The competition between

contraction dynamics and cortex turnover is responsible for the cytoplasmic flow and unstable cell shape

(Sedzinski et al., 2011). The mechanism presented here is that the Laplace pressure of a cell during cyto-

kinesis changes the boundary structure of the cell by changing the blebbing characteristics in order to

realize adjusting the symmetry of cell division. In fact, these mechanisms are not mutually exclusive but

instead are closely interrelated. On the one hand, the spindle positioning and orientation rely on the pull-

ing forces of microtubule motors such as dynein anchored to the cell cortex (Grill et al., 2003, 2005). The

Laplace pressure-regulated intactness of cortex on both sides of the dividing cells favors the balance of

number of these force generators, which in turn influences the spindle positioning and orientation, and

the symmetry of cell division. On the other hand, the developed mechanically symmetric cell cortex con-

tributes to generating more balanced polar contractile forces, which can stabilize cell shape and favor

symmetric cell division.

It is noteworthy that membrane blebs, primarily viewed as a by-product of cytokinesis, are proposed to act

as valves releasing cortical contractility to stabilize cell shape (Charras, 2008; Sedzinski et al., 2011). Here,

our results uncover the essential role of blebs in regulating the uniformity of cell boundary and symmetric

cell division. In all the experiments above, the existing spindle mechanisms regulating the symmetric cell

division are persistently in effect; however, just varying the Laplace pressures of the tested cells to make the

change of the blebbing during cytokinesis can still effectively affect the symmetry of cell division to the di-

rections that the changes of the pressures expect. Accordingly, the Laplace pressure of a cell during cyto-

kinesis may play a more fundamental role in regulating the size symmetry of cell division.
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Taken together, these results presented here provide further insights into the role of Laplace pressure in

ensuring symmetric cell division and highlight the significance of pressure-driven blebbing, which is en-

dowed with new functions. Moreover, the fact that Laplace pressure can modify the cell boundary structure

to regulate cell division implies that the pressure may play much more fundamental roles in other cell

boundary-dependent cellular processes, such as cell spreading and migration, cancer metastasis, intercel-

lular signal transduction, and further studies are needed.

Limitations of the study

In the present work, we show how the Laplace pressure affects the cell blebbing, division symmetry, as well

as structural change of cell boundary for cells undergoing symmetric cell division. It needs to be explored

further whether these underlying mechanisms elucidated here also apply to the case of asymmetric cell di-

vision. In addition, the dependence of cytokinesis speed and daughter cell fate on the Laplace pressure for

both symmetric and asymmetric cell division remains to be determined.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Prof.

Fan Song (songf@lnm.imech.ac.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

HeLa cells are cultured at 37�C in Dulbecco’s modified Eagle medium (DMEM; Solarbio, China) supple-

mented with 10% fetal bovine serum (Solarbio, Australia origin) in a humidified incubator with 5% CO2.

METHOD DETAILS

Solution exchange assay

To change the extracellular media, we use the device as shown in Figure S8. One of the two injection pumps

is used to extract the original media and the other is used to inject experimental media that have been pre-

heated to 37�C.With the device, the time to exchange the solution is controlled within 20 s. The media with

different osmolarities are obtained by mixing the normal medium (300 mOsm/kg) with sucrose solutions.

Local cytochalasin B delivery

We employ the BioPen system (Fluicell, Sweden) provided by Longfubiotech (China) to conduct the local

delivery of cytochalasin B. The osmolarity of the delivery solution is regulated to be isotonic to avoid os-

motic shock to cells.

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

mCh-alpha-tubulin Addgene Cat#49149; RRID: Addgene 49149

pCMV/pCAG-LifeAct plasmids Ibidi Cat#60101

Chemicals, peptides, and recombinant proteins

Cytochalasin B Solarbio Cat#C8080

Concanavalin A Solarbio Cat#C8110

Concanavalin A, Alexa Fluor 594 conjugate Invitrogen Cat#C11253

FITC-phalloidin Beyotime C2201S

Lipo8000 Beyotime C0533

Experimental models: Cell lines

HeLa cells ATCC CCL-2

Software and algorithms

Prism8 GraphPad Software www.graphpad.com

ImageJ National Institutes of Health https://imagej.nih.gov/ij/
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Cell labeling and imaging

Lifeact-GFP is purchased from Ibidi (Germany) and mCherry-a-tubulin is a gift from Gia Voeltz (Addgene

plasmid # 49149; http://n2t.net/addgene:49149; RRID: Addgene 49149). Lipo8000 (Beyotime, China) is

used for transfection of plasmid in HeLa cells. We use the EVOS FL Auto imaging system (Invitrogen, Amer-

ica) located in a MAWORDE workstation (Longfubiotech, China) to collect images. Live cell imaging of cells

undergoing cytokinesis is performed in a humid atmosphere with 5% CO2 at 37�C, using a 603NA 0.9 wa-

ter objective (Olympus, Japan). To obtain the actin distribution at the end of cytokinesis, cells are fixed with

4% paraformaldehyde and permeabilized with 0.1% Triton-100 followed by staining of actin with FITC-phal-

loidin (Beyotime, China). Immunofluorescence image series are acquired from Z-stacks with a step of

0.366 mm using a 100 3 NA 1.4 oil objective (Olympus, Japan). The images are processed using ImageJ.

Cell volume calculation

We replace the isotonic media with hypotonic or hypertonic media when cells just enter into cytokinesis (Cf

z 1) and obtain the volumetric change based on the image series when the cell volume determined based

on the spherical cap model becomes maximum or minimum. More specifically, the volume of the cell un-

dergoing cytokinesis is determined by

V =
X
i = 1;2

� 2

3
pR3

i + 2pR2
i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
i � r2

q
+pRir

2 +
1

3
p

�
Ri �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
i � r2

q �3

(Equation 7)

Laplace pressure calculation

The Laplace pressure of cells undergoing cytokinesis is measured by micropipette aspiration. Micropi-

pettes are pulled from glass capillaries to a diameter of 4–5 mm using a pipette puller (Narishige, Japan).

The micropipette tip is bent to allow it to approach the cell at a very shallow angle, as close to horizontal as

possible. The micropipette is filled with medium with 70% PBS and 30% serum before mounted on the

micromanipulator (WPI, America). A cell is gently aspirated into the micropipette by applying negative

low pressure pi. For a general case, we can gradually decrease the pressure until it reaches the threshold

value, at which the cell forms a hemispherical protrusion into the micropipette (Tinevez et al., 2009). Then

the tension t, which is often assumed to be a constant using micropipette aspiration, can be calculated by

t = (pe – pi)/[2(1/Rp� 1/Rc)] according to the Laplace law (Tinevez et al., 2009). Here, pe is the pressure in the

medium, Rp and Rc are the radii of the micropipette and the cell in contact with micropipette, respectively.

On this basis, the Laplace pressure Dp of a cell is determined as Dp = 2t/Rc. In contrast, the Laplace pres-

sure varies with time for cells undergoing cytokinesis. To measure the change of the Laplace pressure for

cells undergoing cytokinesis in hypotonic or hypertonic media, we need to change the negative pressure to

make the protrusion in the micropipette to be roughly hemispherical in shape, as similarly done in Ohtsubo

and Hiramoto (1985). Then the change of Laplace pressure is determined when the Laplace pressure rea-

ches maximum or minimum for hypotonic or hypertonic media in our study.

Cf calculation, bleb size and counting

To count bleb numbers, image series are acquired each 15s and Cf values are computed based on its defi-

nition. The Cf values that are closest to 0.2, 0.4, 0.6, and 0.8 are marked and rounded as nodes for stage

partition. The size of a bleb is determined by calculating its projected area, which reaches a maximum

when the bleb starts to retract. We can then obtain the maximum ratio of the projected area of blebs

observed during cytokinesis to that of cells based on the image series. This maximum ratio SB = Max

(Abi/ACell) is defined as the relative bleb size, as illustrated in the schematic diagram of Figure 2B. We count

continuously the number of blebs observed throughout the entire process of cytokinesis. Each bleb form-

ing along the peripheries is successively assigned a number and is tracked until it vanishes. Then the

maximum number assigned to blebs when the contractile-ring contraction completes is the total number

of blebs observed during cytokinesis. If the duration of a bleb spans the different stages of cytokinesis, the

bleb is assigned to the stage that the bleb just forms.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses are performed using GraphPad Prism 8. Statistical Significance is assessed by Mann-

Whitney test or two-way ANOVA followed by Tukey’s test where appropriate. Significance levels are set

to P = 0.05.
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