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Abstract

Cellular structures are hydrodynamically interconnected, such that force generation in one
location can move distal structures. One example of this phenomenon is cytoplasmic
streaming, whereby active forces at the cell cortex induce streaming of the entire cytoplasm.
However, it is not known how the spatial distribution and magnitude of these forces move
distant objects within the cell. To address this issue, we developed a computational method
that used cytoplasm hydrodynamics to infer the spatial distribution of shear stress at the cell
cortex induced by active force generators from experimentally obtained flow field of cyto-
plasmic streaming. By applying this method, we determined the shear-stress distribution
that quantitatively reproduces in vivo flow fields in Caenorhabditis elegans embryos and
mouse oocytes during meiosis Il. Shear stress in mouse oocytes were predicted to localize
to a narrower cortical region than that with a high cortical flow velocity and corresponded
with the localization of the cortical actin cap. The predicted patterns of pressure gradient in
both species were consistent with species-specific cytoplasmic streaming functions. The
shear-stress distribution inferred by our method can contribute to the characterization of
active force generation driving biological streaming.

PLOS ONE | DOI:10.1371/journal.pone.0159917  July 29, 2016

1/18


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0159917&domain=pdf
http://creativecommons.org/licenses/by/4.0/

@’PLOS ‘ ONE

Forces Driving Cytoplasmic Streaming

Research Organization of Information and Systems,
Japan, and by JSPS/MEXT KAKENHI Grant
Numbers 15KT0083, 15H04372, and 16H00816. The
funders had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

Introduction

Cellular components require proper positioning to perform their functions within the cell. The
generation of active forces is essential for moving intracellular materials to their target loca-
tions; motor proteins and cytoskeletons are the force generators responsible this transport [1].
Clarifying the distribution of active forces—i.e., where and to what degree these forces are gen-
erated—is critical for understanding the mechanisms of intracellular transport. In cases where
transported components are directly tethered to the force generators, it can be assumed that
the drag force is proportional to the velocity, according to Stokes’ law. However, inferring force
is difficult when active force generation at one location moves cellular components at a distal
site within the cell via indirect interactions controlled by the hydrodynamic properties of the
cytoplasm [2]. Cell-wide cytoplasmic movement, cytoplasmic streaming, is an example of such
movement. Cytoplasmic streaming is described in several types of animal and plant cells as
hydrodynamic motion driven by active force generators at the cell cortex [3-10]. Specifically,
these generators undergo oriented movement at the cell cortex, inducing shear stress that
drives movement of the entire cytoplasm. The shear-stress distribution should directly reflect
the position and magnitude of active force generation, but its characterization is challenging.

In the Caenorhabditis elegans embryo, cytoplasmic streaming is observed at the one-cell
stage and contributes to the establishment of embryo polarity [11,12] (Fig 1A, S1 Movie). The
active force generator for this flow is the network of actin filaments and non-muscle myosin II
(NMY-2). The network is concentrated at the cell cortex, and contracts to produce movement
in a posterior-to-anterior direction [5]. Based on measurements of cortical tension, it has been
proposed that contraction in the anterior region drives long-range flow, since internal viscosity
overrides external friction [10]. When the cortical myosin moves anteriorly, materials in the
central cytoplasm move in the opposite direction (i.e., posteriorly) [11]. In a previous study, we
speculated that anteriorly directed shear stress generation at the cell cortex drives hydrody-
namic flow in the opposite direction within the cytoplasm, and tested this hypothesis by repro-
ducing the velocity field of the entire cytoplasm using a computer simulation of hydrodynamic
forces [8]. The fact that not only cytoplasmic granules but also injected micro-beads are carried
by cytoplasmic flow supports its hydrodynamic nature [13].

Cytoplasmic streaming with similar bi-directional flow field is also observed in mouse
oocytes during meiosis II [7] (Fig 1B, S2 Movie). The flow along the cell cortex and in the
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Fig 1. Schema depicting flow fields of cytoplasmic streaming. Cell boundaries are shown in black, and
flow directions near the cell cortex and at the cell center are shown in blue and red arrows, respectively. (A)
Cytoplasmic streaming in the C. elegans embryo. The myosin-ll-enriched region is shown in green. (B)
Cytoplasmic streaming in the mouse oocyte. The Arp2/3-enriched actin cap is shown in green, and the
meiotic spindle is shown in orange. (C) Definitions for source and drain poles used in this study.

doi:10.1371/journal.pone.0159917.g001
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central cytoplasm is directed away from the actin-rich cortical cap and towards the cap, respec-
tively. This streaming is thought to facilitate the extrusion of the second polar body by pushing
the meiotic spindle towards the cap [7]. Based on the similarity between this flow field and that
observed in C. elegans embryos, we speculated that cytoplasmic flow in mouse oocytes is driven
by the cortical flow coupled with the hydrodynamic properties of the cytoplasm. However, the
actin cap covers only a limited region of the cortex, and it is therefore unclear whether the
shear stress within this region is sufficient to move an extensive region of the cytoplasm.

In this study, we present a method to computationally infer the spatial distribution of shear
stress at the cell cortex driving cytoplasmic streaming. Our inference is based on fitting the
cytoplasmic flow field calculated with the hydrodynamic simulation to experimentally obtained
values using data assimilation (DA), a Bayesian inference technique used for integrating hypo-
thetical and empirical derived data [14-16]. We applied our method to determine the distribu-
tion of shear stress in C. elegans embryo and mouse oocyte. The resulting estimates allowed us
to test whether the active force generation occurs exclusively within the actin cap of the mouse
oocyte. In addition, we compared the characteristics of the shear stress driving cytoplasmic
streaming in C. elegans embryos and mouse oocytes, from which we speculate on how active
force generation is spatially organized so as to fulfill distinct functions in the two species. The
shear-stress distribution obtained by the DA-based method can provide insight into cyto-
plasmic streaming processes in many species.

Materials and Methods

Assumptions for modeling cytoplasmic streaming in C. elegans embryos
and mouse oocytes

Our hydrodynamic model of cytoplasmic streaming was based on three assumptions. We first
assumed that cytoplasmic flow can be described by Stokes” equation—i.e., the inertia in the sys-
tem can be neglected and the cytoplasm is a Newtonian fluid for which elasticity can also be
discounted. The Reynolds’ numbers for cytoplasmic streaming in C. elegans and mouse are in
the orders of 10™*% and 107%, respectively [17]; these small values indicate that inertia in these
systems is negligible. It has also been shown that elasticity in C. elegans cytoplasmic streaming
is also negligible [10], and that the cytoplasm of Drosophila oocytes can be considered as a
Newtonian fluid for the purposes of cytoplasmic streaming [18].

Our second assumption was that shear stress generated at the cortex is the main force driv-
ing cytoplasmic streaming and that a negligible amount of force is generated within the cyto-
plasm. In C. elegans embryos and mouse oocytes, directed motion of the cortical actin network
at the cell surface is presumed to generate shear stress [5,7,10]. The molecules generating the
force required for cytoplasmic streaming such as actin, myosin II, and actin-related protein
(Arp)2/3 are localized almost exclusively at and move along the cell cortex during this process
[3,5,7,11]. The velocity fields of cytoplasmic streaming in both species were assumed to be con-
sistent with that of the hydrodynamic simulation in which the cytoplasm was considered as a
Newtonian fluid and cortical shear stress as the sole active force [7,8].

The third assumption for our model was that cytoplasmic streaming is symmetric about the
anterior-posterior (AP) axis in C. elegans embryos, and about the axis passing through the cen-
ter of the cell and the meiotic spindle in mouse oocytes. We refer to the two poles of the cell on
this axis of symmetry as source and drain poles (Fig 1C); these represent the points from which
shear stress diverges, and into which shear stress converges, respectively. Axial symmetry
around the source-drain axis has been previously demonstrated in the context of cytoplasmic
streaming in mouse oocytes [7]; we demonstrate the same for C. elegans embryos in the present
study.
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3-Dimensional (3D) visualization of cytoplasmic streaming in C. elegans
embryos

To visualize cytoplasmic streaming in C. elegans embryos, we used the RT130 [vitellogenin
(VIT)-2::GFP] strain (Caenorhabditis Genetics Center, University of Minnesota College of Bio-
logical Sciences, Saint Paul, MN, USA) in which yolk granules uniformly distributed in the
cytoplasm are fluorescently labeled. The multi-view selective plane illumination microscopy
(MuVi-SPIM) approach [19] was used to record cytoplasmic streaming patterns for extend
periods of time with a microscope harboring two illumination (10x, NA = 0.3) and two detec-
tion (25%, NA = 1.1) objectives that enabled fast and light-efficient acquisition of 3D datasets
(Nikon, Tokyo, Japan). Adult worms were anesthetized by embedding in agar cylinders placed
in a levamisole-M9 solution. 3D fluorescence datasets (41-81 planes with 1-um spacing) of
embryos inside the adult worms were acquired from four views (two opposing cameras with 0°
and 90° sample rotation). This cycle was repeated every 5-8 s depending on the experiment.
The highest-quality images obtained from the four views were processed using the 3D particle
image velocimetry (PIV) algorithm.

3D PIV

We developed a 3D PIV algorithm by extending the previously described 2D PIV algorithm
[20] into 3D (S1 Code). Our algorithm first quantified the pixel-level motion of the cytoplasm.
Specifically, from the brightness I(x, y, z, t) of the position (x, y, z) at time ¢, we estimated the
pixel-level motion (&, 1, 4) at position (x, y, z) during the period (¢ to t + At) that maximized
the function R(&, 7, A) = X4 I(x, y, z, )I(x + &y + 1,z + A,t + At). The summation passed through
the 3D interrogation window A. To reduce erroneous estimation, (&, 77, A) was iteratively esti-
mated three times with successively smaller 3D interrogation window sizes. The first, second,
and third interrogation window sizes were (33 x 33 x 1), (29 x 29 x 1), and (25 x 25 x 1), and
the values for (&, n, 1) that would maximize R(&, 1, 1) were searched within the range of (+5,
+5,0), (2, £2, £1), and (£1, %1, 0), respectively. These ranges were kept small in the z direc-
tion since pixel size in this direction (1.0 pm/pixel) was roughly four times greater than those
in the x and y directions (0.26 um/pixel).

After quantifying the pixel-level displacement, 3D sub-pixel displacements (u, v, w) were
calculated using a supercomputer with the following matrix equation:

)IRAEDINS D DA A WA DI/
P IAD DD IN | I el DR 1)
PN IN DDAV D ¥/

Displacement in pixel units was calculated by adding (u, v, w) to (&, 1, 1), after which pixel-unit
displacement was converted into units of pm/s using pixel (voxel) size (0.26 pm/pixel in the x
and y directions and 1.0 pm/pixel in the z direction) and imaging interval. The coordinates (x,
¥, z) of the anterior and posterior poles of the cells in the images were identified using Imaris
software (Bitplane, Zurich, Switzerland). Velocity components along the AP axis were calcu-
lated using MATLAB software (MathWorks, Natick, MA, USA).

2D visualization and PIV of cytoplasmic streaming in C. elegans
embryos and mouse oocytes

We collected germinal vesicle-stage oocytes from the ovaries of female BDF1 mice sacrificed by
cervical dislocation. This study was carried out in accordance with the guidelines for animal
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experimentation of RIKEN Center for Developmental Biology (CDB), Kobe, Japan. The proto-
col was approved by the Animal Care and Use Committee of RIKEN CDB (approval #AH23-
05-04). Female BDF1 mice were purchased from SLC Japan (Shizuoka, Japan). Oocytes were
cultured in M2 medium at 37°C for 12-15 h to allow meiotic maturation. Cytoplasmic stream-
ing was recorded in mature oocytes at metaphase of meiosis II. Transmitted-light images of
oocytes were recorded at 1-min intervals using an LSM710 microscope (Zeiss, Jena, Germany)
equipped with a C-Apochromat 40x/1.2W Corr M27 objective lens and a XLmultiS1 incubator
(PeCon, Erbach Germany) set at 37°C. Cytoplasmic flow was quantified by 2D PIV as
described [8] (S3 Code). The flow field was almost stationary at this stage, and we used the
average flow field over 50 min as the value for each oocyte. For C. elegans, we used quantitative
data obtained in our previous study [8], which includes velocity fields from when the flow was
fastest in individual embryos. The PIV results that were used in DA were not identical to those
of the previous study although the raw data were identical, since the data points were relocated
(see boundary shapes used in DA).

Fluid dynamics simulation performed using the streaming function-
vorticity method

Because we assumed that the cytoplasm was a Newtonian fluid, the Navier-Stokes equation—
which applies to viscous fluids—was used to describe the hydrodynamics of the cytoplasm.
This equation can be solved using the stream function-vorticity method for 2D incompressible
flow [21], which can also be applied to 3D flow with axial symmetry. The stream function (‘V)
and vorticity (Q) are introduced to fulfill v, =12¥,y = —12 and Q = zz)_vz — %Z Here, zand r
refer to the coordinate along the source-drain axis and in the radial direction, respectively, and
v, and v, refer to flow velocity along directions z and r, respectively. Under conditions of low
Reynolds number, the steady state flow follows the following equations and boundary condi-

tions:the vorticity (€2)-transport equation for Stokes flow:
rQ Q. 10Q Q
oz2  Orr ror r

(2)

the Poisson equation for the stream function ‘V:

Y Y 10¥
0= 3
8z2+8r2 r8r+r 0 (3)

and the boundary conditions:

¥ = Q =0 on the central axis; and

¥=0Q=—"+ 24 at the cell surface.

In this boundary condition, 7, 4, v, and R refer to wall shear stress, viscosity, flow velocity
along the surface, and the curvature radius at individual positions on the cell surface, respec-
tively. We specified the shear-stress distribution in our calculations using the B-spline function.
All variables and parameters were non-dimensionalized, and the viscosity and short radius of
the cell were set to 1.0.

We introduced a boundary-fitted curvilinear coordinate grid [22] to solve the above equa-
tions. For C. elegans, the source-drain axis and rotational radius were divided into 56 and 14
grids, respectively (corresponding to 55 and 13 um, respectively, in the actual embryo). For
mouse, the source-drain axis and rotational radius were divided into 25 and 13 grids, respec-
tively. The original (z, ) coordinate system was transformed to a (z, s) coordinate system,
where s is defined by r/F(z) and F(z) is the radius of the cell at position z. Using s and z, Eqs 2
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and 3 can be re-written as:

5Q 5°Q 829 S, 1\ 0Q Q
S +8)—+25,— S,+S — ) ———-5=0 4
( + ) 82 + za a < zz+ rr+ (Z S) 85 (F(Z)S)Z ( )
Y g 82‘1‘ S, \ oY
2 s 2 2 )T L F(z)sQ =
(S +S)62+ Szasa (s +S, (ZS> 5 T (2)sQ = 0, (5)
where
S =S =~ ﬁﬂ;—i), S = Hg {% (dl;f))z — di;g”}, and S,, = 0. The partial of (z, s) was
connected w1th that in the (z, r) system using the equation:
0 0
ar | (s 0\ &
(00 ©
o] \s 1)l 2
0z 0z

The vorticity-transport equation (Eq 4) was solved using the Euler explicit method, and the
Poisson equation (Eq 5) was solved using the successive over-relaxation method [22] with the
above-mentioned boundary conditions.

DA-based estimation of shear stress

The DA procedure is used to estimate the state of a system by statistically comparing experi-
mental and simulation data based on Bayesian statistics (Fig 2A). In this study, DA was used to
obtain the posterior probability density function (PDF) p(@O|Y), which refers to the probability
of the model parameter set @ contingent on experimental data Y. Specifically, @ contains the
positions of the nodes of a B-spline function, which describes the shear-stress distribution (see
Using B-spline to specify shear-stress distribution below), and Y denotes the velocity field experi-

mentally determined by the PIV method. Bayes’ theorem, p(®|Y) = p(Y|®)p(®) , indi-
[ pviep@)de

cates that the posterior PDF, p(@|Y), can be obtained as a product of the prior PDF, p(0), and
the likelihood, p(Y]@), since the denominator—which represents the normalization factor—is
constant. The prior PDF, p(0), is an a priori assumption made based on knowledge of the
parameters (S1 Fig). The likelihood, p(Y|@), is the plausibility of Y conditioned by the given ©.
To obtain the posterior PDF, we used the following procedure (Fig 2B and S3 Code). We
first sampled a sufficient number of @; (i = 1 to Nggp1e) from the prior probability p(@). In
this study, we set Nggp1. as about 120,000. We then performed a hydrodynamic simulation for
each @, and calculated the likelihood p(Y]@;) (i = 1 to Nggmpie) by comparing the simulation
results with the experimental data. Since we carried out sampling based on the prior PDF, the
(non-normalized) posterior probability for i-th sample was identical to the likelihood for that

> 0p(0]Y)

sample. Finally, we estimated the optimum parameter set by -=.————, where the summa-
2_p(@Y
i=1

tion was applied to M samples featuring the largest posterior values. In this study, M was set as
100. We performed two rounds of estimations: first, we estimated @, and then performed the
second round of estimation using the estimated @ as the average of Gaussian distribution in
the prior.
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Fig 2. The DA method and a benchmark test. (A) Overall scheme for estimating the optimum distribution of
stress. (B) Scheme used to automatically calculate optimum stress distribution using the DA method
developed in this study. We used Ngampre = ~120,000 patterns of the shear-stress distribution. (C) In the
benchmark test, we tested if we could estimate the shear-stress distribution (z) = 3 x (1 — 2%)°® driving
streaming in a sphere (black line). Estimation procedures were applied starting from a prior stress distribution
(gray line). The result of the estimation is shown in red. The results converged to the correct answer, which is
indicated by the black line. Dimensionless units were used for both the position and shear stress.

doi:10.1371/journal.pone.0159917.g002

Using B-spline to specify shear stress distribution

Shear-stress distribution was parametrically specified using the B-spline function 7(z), where z
is the position along the source-drain axis and 1(z) is the amplitude of shear stress at position z
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(S1 Fig). The B-spline function interpolates a given set of nodes featuring the z-r coordinates of
(nz;, ;) (i = =2 10 Njp4es + 3). In our analysis, N,,,4.s = 7. To make 7(z) = 0 at the source and
drain poles, we set (nz;, 7;) = (—R, 0) for i = -2, -1, and 0, and (nz;, 7;) = (R, 0) for i = N,jp4es + 1,
Noodes + 2, and N,,40 + 3, where R is half the distance between the source and drain poles. The
nz;for i = 1 to N, ,4.s Was set as shown in (S1A and S1B Fig); 7; for i = 1 to N4, corresponded
to shear-stress amplitude at the individual positions nz;, and was the component of our model
parameter ©; namely, @ = (0, 02, . . ., ONnodes) = (T1> T2s - - > TNnodes)-

Setting prior values

The prior p(®) values were set as the product of each 0; {i = 1 to N,,,4.s}, which were assumed
to follow an independent Gaussian distribution P(6;) {i =1 to N,,,4.s}. This can be written as

Nuodes

p(©) =] P6) (7)

i=1

Examples of the average and standard deviation calculated for each Gaussian distribution
used for C. elegans embryos and mouse oocytes are shown in S1A and S1B Fig, respectively. In
the case of C. elegans, the average of Py(6;) was set by manually fitting the B-spline to the corti-
cal velocity of individual embryos. In the case of mouse oocytes, we did not use distinct priors
for individual oocytes; instead we used an identical prior (S1B Fig). The average of Py(6;) was
set as 2.5 in the region near the source pole, whereas in other locations of the non-dimensiona-
lized system, the value was set as 0.5. We set the standard deviation of Py(;) as 0.75 in our esti-
mation in the non-dimensionalized system. In addition, we sampled shear-stress distribution
under the restriction that all sampled 8; were > 0. This restriction was set under the assump-
tion that the shear stress was acting in the direction from the source to the drain pole. The ini-
tial non-dimensional unit of stress was converted into a realistic unit based on the length and
time scales of cytoplasmic streaming in individual cells.

Setting likelihood values

The likelihood p(Y|@) was calculated by comparing the simulation result obtained using the
specific parameter set @ with experimental data Y at a total of Ni,c4s0, points (S1 Dataset). We
set the z- and r-axes such that they were parallel and orthogonal, respectively, to the source-
drain axis. By allowing v/, ;,,, and v/, g, to be the z and r components of the simulated velocity

at the i-th observation point, and viz_exp and vi,_exp to be the experimental data at the point, we
defined the likelihood as

Niocation

PY1O) = [T PosecVh s Vi Vi s Vi 0597, 01) (8)

z_sim? “r_sim) " z_exp’ "r_exp’
i=1

where P, (Vi . Vi . Vi vl .62 6% 0,)is the 2D Gaussian distribution for (v,, v,) with

z_sim? Tr_sim?) “z_exp? " r_exp?

0.2

zr

. . . . . . 2 2
a mean vector (V',_exp V'y_exp) and a covariance matrix ( ) ) , in which 0,7, 0,7, and o,

O-ZV 0-7

are assumed to be independent of i. Y is the 2Ny, 440, dimensional vector {viziexp, v"uxp}
(i=1,. .., Niscation)- 05> 0,>, and 0, that maximize the likelihood was calculated by

Niocation Niocation
2 1 § i o 2., 2 __ 1 i i 2 (.,
o, = Niocation (VLSim VLEXP) 30, = Nigcation § (Vr_sim Vr_exp) > and

i=1 i=1
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zr

Niocation

1 i i s .

= E (Ve sim = Ve exp) (Vi_sim — Viop) (- By substituting these values into Eq 8, we
i=1

obtained p(Y|®) for individually sampled ©.

Boundary shapes used in DA

The shape of the C. elegans embryo was modeled as capsule-shape—i.e., a cylinder with hemi-
spheres of radius 1.0 at both ends. The long axis length was 55/13 based on the aspect ratio of
real cells (~55 and ~26 pm for the long and short axes, respectively). The shape of the mouse
oocyte was approximated as a sphere with a radius of 1.0.

The positions inside the cell measured in experiments were repositioned in order to fit
within the aforementioned boundary used in the simulation. In the case of the C. elegans
embryo, we obtained images of VIT-2-GFP expressed in individual embryos that were then
rotated using Image] (National Institutes of Health, Bethesda, MD, USA) so that the horizontal
(2) axis was aligned with the AP (source-drain) axis [8]. Images were binarized using Image]J in
order to distinguish the inside from the outside of the cells, after which the points that featured
the maximum (Z,,,,) and minimum (Z,,,;,,) values of the horizontal coordinate inside individ-
ual embryos were designated as the source and drain poles, respectively, with the distance
between them normalized to 55/13. Next, the distances of individual PIV data points from the

. . . . = (7. 7 . . . .
source pole in the horizontal direction were set as T—j% in the non-dimensionalized sys-
- 'max min

tem, where Zpy is the z coordinate of individual PIV data points. To determine a value for 7,
we first calculated the radius of the cell boundary used in the simulation at individual z coordi-
nates. Lastly, the locations of PIV data points, which featured minimum and maximum values
of r for individual z values, were fitted so that they were located at the lower and upper radius
positions in the simulation cell boundary, respectively; in addition, the locations of the data
points between the upper and lower radii were interpolated linearly at individual z coordinates.

In the case of mouse oocytes, we rotated the image of the cell such that the drain and the
source poles were to the left and right, respectively. We obtained the upper and lower outlines
of cells in the images using Image]. With this outline, we defined Z,,,,, and Z,,,;,,, after which
the z distance of PIV data points from the source pole were set as 2.0 x % The subse-
quent steps were the same as those used for C. elegans embryos. The velocity component along
the cell cortex was calculated as the inner product of the velocity vector at the cortex and the
unit vector along the cell boundary.

Calculation of pressure gradient

To compare the pressure gradients resulting from shear stress distribution in C. elegans and
mouse, we calculated pressure gradients in identical shapes (spherical or capsule). We first cal-
culated flow velocity field with the estimated shear stress value. Total shear stress was normal-
ized to 1.5 in our non-dimensionalized system.

We next calculated the pressure using the calculated flow velocity field by integrating the
Stokes equation, which can be written as follows using (z, r) as variables:

op 10u, u, Ju,

oz ror  or + 072

©)

@_lau,_’_@zu,_’_ﬁzur (10)
or ror  0rr 0z

where p and u, represent the pressure and velocity, respectively, in the z direction. Using (z, r)
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as variables, Eqs 9 and 10 were converted to equations using (z, s) with Eq 6, and were discre-
tized using the finite-difference method. A first-order finite-difference scheme was used for all
grid points.

Results

3D visualization and velocity quantification indicate high axial symmetry
of the flow field in the C. elegans embryo

In this study, we assumed that cytoplasmic streaming is axially symmetric, which has been
demonstrated in mice [7]. To demonstrate that cytoplasmic streaming is also axially symmetric
in C. elegans, we performed fast 3D image acquisition by MuVi-SPIM [19] (S3 Movie), which
allowed us to quantify for the first time the entire 3D flow velocity during cytoplasmic stream-
ing (Fig 3). We quantified velocity distribution in 3D using custom-written 3D PIV software;
the velocity field thus determined was consistent with previously reported dynamics of NMY-
2-dependent flow [8,11]. We detected bidirectional motion of the cytoplasm in which velocity
was directed anteriorly in the cortical and posteriorly in the cytoplasmic region (Fig 3A and
3B). Moreover, the maximal flow speed was ~0.1 um/s; the speed was higher in the posterior
than in the anterior half of the cell. To determine whether the speed of cortical flow varies
depending on the angle relative to the AP axis, we quantified the flow velocity distribution in a
plane perpendicular to the source-drain axis; the speed of flow was found to be distributed con-
centrically (Fig 3C), demonstrating that cytoplasmic streaming in C. elegans embryos exhibits
axial symmetry.

A

Anterior — Posterior

C
===
"
HESS .
[ oaaaa— |
-100 (nm/s) 100 (nm/s) )
PtoA AtoP 10F(’Jtc()r;\m/s) 1(Rérllm/s)

Fig 3. Axial symmetry of cytoplasmic streaming in C. elegans embryos. (A) Scheme of 3D flow in C.
elegans embryos. Flow direction near the cell cortex and at the center are shown in blue and red arrows,
respectively. (B, C) Flow field on a plane parallel (B) or perpendicular (C) to the AP axis; the field was
quantified by PIV analysis carried out using SPIM images. White dotted ellipses approximately indicate the
borders of the embryo.

doi:10.1371/journal.pone.0159917.g003
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3D hydrodynamic simulation of cytoplasmic streaming based on a
streaming function-vorticity method

We solved the Stokes’ equation using the stream function-vorticity method [21], which allowed
us to calculate the velocity field of 3D but axially symmetric cytoplasmic flow driven by a
defined magnitude of shear stress at the cortex. This method is suitable for simulating stream-
ing given that cytoplasmic streaming in C. elegans embryos (Fig 3) and mouse oocytes [7] is
axially symmetric. For the purposes of the present study, the streaming function-vorticity
method was more advantageous than was the 3D particle-based method used for simulating
cytoplasmic streaming in our previous study [8], not least because the computational time
required for one round of simulation was 10-100 times shorter.

DA procedure for estimating cortical shear stress driving cytoplasmic
streaming: a benchmark test

We integrated the simulation based on the streaming function-vorticity method into a DA pro-
cedure in order to estimate the distribution of cortical shear stress in vivo from experimentally
derived data for the cytoplasmic streaming flow field (Fig 2B). The DA procedure estimated
the shear-stress distribution by fitting the simulation results to data in the framework of Bayes-
ian statistics [16] by performing hydrodynamic simulations using the shear-stress distribution
of ~120,000 patterns sampled from a probability distribution function that was set a priori.
Posterior probability values of each shear-stress distribution—which quantify the similarity
between simulated and in vivo-quantified total cytoplasmic velocity fields—were then calcu-
lated. Finally, we calculated the estimated shear-stress distribution as a weighted average of the
top 100 shear-stress patterns with the highest posterior probability values.

We performed a benchmark test on our DA procedure in order to test whether it could be
used to estimate a shear-stress distribution whose resultant flow velocity field was known. When
a non-dimensional shear-stress distribution defined as 7o(z) = 3.0 x (1 — z°)*> was applied to the
cortex of a unit sphere with radius 1.0, a stream with a cortical velocity of uy(z) = (1 - 22)°° was
generated [23]. Here, z specified the position along the source-drain axis and the positions of the
source and drain poles were z = +1 and -1, respectively (Fig 1C). For the benchmark test, input
velocity-field data was generated by calculating velocity field under the shear-stress distribution
7o(2), and then we asked if our method could infer 74(z) from the input. The results of the test
showed that the estimated stress distribution was almost identical to 7,(z) (Fig 2C), providing
evidence for the reliability of our estimation method.

Estimation of shear-stress distribution driving cytoplasmic streaming in
C. elegans embryos

We used our DA procedure to estimate the shear-stress distribution driving cytoplasmic
streaming 5 to 7 min before pronuclear meeting in C. elegans embryos (Fig 4A) [8]. Velocity
fields in the entire cytoplasm—which was the input of the stress inference—were quantified
using the 2D PIV method as described in our previous study [8].

We calculated the absolute magnitude of shear stress based on our estimation results and
the following physical parameters of the C. elegans one-cell stage embryo: flow velocity, ~100
nm/s; cell size, ~30 um along short axis; and cytoplasmic viscosity, ~10 Poise [24]. The results
indicated that the maximum amplitude of shear stress was in the order of 0.01 pN/um?. It
should be noted that the absolute value of shear stress depends on the accuracy of cytoplasmic
viscosity, and must be revised when a precise measurement of cytoplasmic viscosity is obtained
[25].
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Fig 4. Estimation of shear-stress distribution in C. elegans embryos. (A) The shear-stress distribution
estimated based on the proposed method. The fitting was performed for six embryos (indicated using distinct
colors). The horizontal axis shows the position along the drain (anterior)-source (posterior) axis, with 0
indicating the drain pole. (B) Color map of the flow field measured experimentally for an embryo (left) and that
of the simulation performed using the shear-stress distribution estimated using data from the same embryo.
The map was normalized relative to maximal velocity. (C, D) Velocity distribution along the central source-
drain axis (C) and cell cortex (D) in vivo and in the simulation performed using estimated shear stress. Velocity
component and position were projected onto the middle AP axis. In vivo and simulation data represent
average values from six embryos and the corresponding six fitted simulations, respectively. Error bars
represent one standard deviation (simulation: black; in vivo: gray). Velocities values are positive or negative
when directed towards the source and drain poles, respectively. Average differences between in vivo and
simulation velocities are indicated by gray triangles. (E) Velocity along the cell cortex in the simulation and in
vivo at individual positions along the cell surface, plotted against estimated shear stress at the same position.

doi:10.1371/journal.pone.0159917.g004

We calculated the velocity field generated by the estimated stress distribution based on our
hydrodynamic simulation. The likelihood of the simulation results using the estimated param-
eters was higher than that using shear stress proportional to cortical velocity (SI Table). This
confirmed that our method improved the fit of the simulation to the experimental data as com-
pared to simple conjecture that flow velocity and shear stress are proportional at a given loca-
tion on the cell surface. Fig 4B shows the flow field in a representative embryo and in the
simulation using the estimated shear stress for the same embryo. We compared the velocity
along the source-drain axis measured in vivo and that in the simulation determined based on
estimated shear stress (Fig 4C and 4D) and found an overall similarity between the flow fields
obtained from the simulation and the in vivo flow fields. The result indicated that the shear-
stress distribution in vivo was well estimated. However, there was also a slight difference
between the flow fields; cortical flow was slower whereas cytoplasmic flow was faster in vivo
than in the simulation. This may be due to unknown mechanisms enabling shear stress in vivo
to be transmitted more efficiently towards the cytoplasmic interior.
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A plot of the estimated shear stress and flow velocity at various locations on the cell surface
indicated that a largely proportional relationship existed between the two parameters in the C.
elegans embryo, except in the low-stress region (shear stress < 0.5 x 107> pN/m?) (Fig 4E),
where the velocities were slightly higher than those expected based on the high-stress region.
This can be explained by a hydrodynamic interaction whereby flow in one region is propagated
to another region. Therefore, shear stress and velocity are not exactly proportional to each other.

Estimation of shear-stress distribution driving cytoplasmic streaming in
mouse oocytes

To test whether our method is applicable to cytoplasmic streaming in other species, we esti-
mated the shear-stress distribution causing streaming in mouse oocytes during meiosis II. A
previous study described a hydrodynamic simulation of this process [7]. However, the velocity
flow field quantified in vivo has not yet been systematically fitted to the simulation results, and
shear-stress distribution has not been estimated. The fitting was achieved by first quantifying
the flow velocity distribution of cytoplasmic streaming in oocytes based on phase-contrast
microscopy images of the equatorial section (S2 Movie) using our 2D PIV program (Fig 5B,
left panel). Since the position of the meiotic spindle was considered as being near the source
pole [7], we used image sequences of oocytes whose meiotic spindles were located near the
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Fig 5. Estimation of shear-stress distribution in mouse oocytes. Estimated shear-stress distribution (A),
velocity distribution (B—D), and stress-velocity relationship for cytoplasmic streaming in mouse oocytes are
shown as in Fig 4 for streaming in C. elegans. The fitting was performed for seven mouse oocytes. The
horizontal axis in (B—-D) shows the position along the drain-source (actin cap) axis, with 0 indicating the drain
pole.

doi:10.1371/journal.pone.0159917.g005
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equatorial section. We assumed the 3D flow field to be axially symmetric based on a previous
study [7]. The measured speed was high near the source pole, as previously reported [7]. The
flow velocity of cytoplasmic streaming was two orders of magnitude slower in mouse oocytes
than in C. elegans. Importantly, we detected a steady cortical flow in a region within ~50 pum of
the drain pole (Fig 5C). This flow distribution did not coincide with the strong localization of
actin and Arp2/3 in a region at least ~50 um away from the drain pole [7].

We used our DA procedure to estimate the shear-stress distribution on the cell surface of
seven mouse oocytes (Fig 5A). The estimated shear stress were found to be three orders of mag-
nitude smaller than those of the C. elegans embryo, reflecting the slower flow speed (~1 nm/s)
and smaller viscosity (1 Poise) of mouse oocyte cytoplasm [26]. The velocity distribution of the
stream throughout the cell was closely recapitulated in the simulation that was based on esti-
mated shear stress (Fig 5B-5D). This concurrence suggests that shear stress at the cell cortex is
the primary force driving cytoplasmic streaming in mouse oocytes. A plot of estimated shear
stress as a function of resultant cortical flow velocity showed a convex curve (Fig 5E); the non-
linearity was more pronounced than that observed in C. elegans embryos (Fig 4E).

The shear stress estimated by fitting using DA was concentrated near the source pole (at
least ~50 pm away from the drain pole; Fig 5A). This was in contrast to the gradual change in
velocity observed along the source-drain axis (Fig 5C and 5D), but was consistent with the
localization of actin and Arp2/3 in vivo—i.e., at least ~50 pm away from the drain pole [7]. The
agreement between the estimated shear-stress distribution and localization of active force gen-
erators supports the notion that our method can locate active forces in actual biological sys-
tems. Our analysis provides evidence that active forces generated at the actin cap on the cell
cortex is transmitted via hydrodynamic properties of the cytoplasm, driving cell-wide stream-
ing in the mouse oocyte during meiosis II.

Relative decreases in pressure near the source pole are greaterin
mouse oocytes than in C. elegans embryos

The normalized shear-stress distributions in mouse oocytes and C. elegans embryos revealed
that shear stress was concentrated to a greater degree at the source pole in the former than in
the latter (Fig 6A). We therefore examined whether the pole-proximal shear-stress localization
observed in mouse oocytes helps to maintain the localization of the meiotic spindle at the cell
periphery, which is a previously proposed role of cytoplasmic streaming in mouse oocytes [7].
We performed the hydrodynamic simulation inside either a spherical- or capsule-shaped cell
where the total amount of shear stress in the cell was normalized but shear-stress distributions
were proportional to those estimated in C. elegans embryos (Fig 4A) and mouse oocytes (Fig
5A). We found the pressure gradient was steeper in the latter than in the former (Fig 6B and
6C). Given that this gradient is considered as a major force responsible for maintaining the
spindle position proximal to the source pole [7], the localized pressure gradient in the mouse
oocyte may ensure effective spindle positioning, which is a feature that may have been acquired
during the course of evolution.

Discussion

Differences in estimates of the spatial distribution of shear stress driving cytoplasmic streaming
in mouse and C. elegans (Fig 6A) may reflect the distinct functions of this process in the two
species. In mouse oocytes, cytoplasmic streaming is critical for maintaining the meiotic spindle
near the cortical actin cap (source pole); the focused shear-stress distribution near the source
pole and corresponding pressure gradient (Fig 6) are favorable for this function. In contrast,
shear stress is more broadly distributed in the C. elegans embryo, which may be preferable for
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doi:10.1371/journal.pone.0159917.g006

the establishment of cell polarity, which is the proposed function of streaming in C. elegans
[12]. The difference in shear-stress ranges measured in the two species can be explained by the
localization of force generators responsible for streaming. In C. elegans, streaming is thought to
be driven by the contractile force of myosin, which is initially localized across the entire cell
cortex [5]. Conversely, in mouse oocytes, the size of the actin cap harboring the Arp2/3 com-
plex is considerably smaller than the uncovered area [7].

Our estimation revealed that hydrodynamic interactions play a critical role in determining
flow speed, as driving forces and flow velocity at cortical regions were not proportional (Fig
5E). The nonlinear relationship can be explained by a hydrodynamic interaction. In mouse
oocytes, the cortical flow velocity peaked at a position ~60 pm from the drain pole and declined
gradually towards the pole (Fig 5C). In contrast, shear stress peaked at ~60 um and decreased
sharply as it approached the drain pole, reaching almost background level at a position ~40 um
from the pole (Fig 5A). The actin cap containing Arp2/3 proteins that drive streaming localize
to a limited region near the source pole [7], which coincides with the position where shear
stress was localized according to our estimate. Thus, active force generation that is limited to
the actin cap is sufficient for generating a hydrodynamic flow with a wider range.

Our estimation method can be used to estimate cellular forces within just a few hours; such
a rapid calculation will allow us to handle large amounts of data on cytoplasmic streaming and
can contribute to our understanding of cell mechanics. For example, our model can be applied
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to the analysis of streaming in C. elegans in which specific genes have been knocked down,
which can provide information on their role in the generation of active forces during cyto-
plasmic streaming. Recently, tissue-level cytoplasmic flow beyond the cell boundary was
reported during ventral-furrow formation in Drosophila [27]. This flow exhibited a fountain-
like flow field and can be explained based on laminar flow hydrodynamics, which is similar to
the cytoplasmic streaming characterized in this study. Thus, the method presented here can be
applied to the estimate of force generated by apical constriction during fly gastrulation.

Conclusion

We established a computational method for inferring the localization of active force generators
based on live-imaging data of the flow field in cytoplasmic streaming. Applying the method to
cytoplasmic streaming in the C. elegans embryo and mouse oocyte revealed that cortical force
generation and flow velocity at a given location were not always proportional. In mouse
oocytes, shear stress induced in a small region of the cell cortex—which coincided with the
actin cap—were sufficient to drive the cell-wide cytoplasmic streaming. Hydrodynamic flow is
involved in many biological processes; our method can serve as a powerful tool for estimating
the position and magnitude of active force generation driving these flows. In particular, corre-
lating local shear-stress amplitude with local dynamics of active force generators such as actin
can provide insight into the mechanics of hydrodynamic flow at the molecular level.

Supporting Information

S1 Code. PIV for 3D data. A code and its manual are included in the zip file.
(ZIP)

S2 Code. PIV for 2D data. A code and its manual are included in the zip file.
(Z1P)

$3 Code. Inference of shear stress using the DA method. Six codes and their manuals are
included in the zip file.
(Z1P)

S1 Dataset. Experimental data of flow fields in cytoplasmic streaming in C. elegans embryos
and mouse oocytes. The dataset was used as input for the inference in this study. The dataset
is in Excel format and contains 13 sheets: six (Cel to Ce6) are from six individual C. elegans
and seven (Mm1 to Mm?7) are from seven individual mice. Each sheet consists of four columns:
D(Sc(z)), Sc(r), v, and v,, where z and r are coordinates of the position along and perpendicular
to the drain-source axis, respectively. v, and v, are z- and r-axis components of the flow veloc-
ity, respectively. Sc(z) and Sc(r) are the scaled z and r, respectively, obtained by multiplying
scaling factors (as described in “Materials and Methods”). D(Sc(z)) is the distance between the
point Sc(z) and the source pole in the z-direction.

(XLSX)

S1 Fig. B-spline interpolation and prior distribution.
(PDF)

S1 Movie. Cytoplasmic streaming in C. elegans embryos. Raw microscopic images of
cytoplasmic streaming in C. elegans embryos, in which yolk granules were visualized using
VIT-2::GFP.

(MOV)
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$2 Movie. Cytoplasmic streaming in mouse oocytes. Raw microscopic images of cytoplasmic
streaming in mouse oocytes (see Visualization of cytoplasmic streaming in mouse oocytes in
“Materials and Methods”).
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S$3 Movie. 3D visualization of cytoplasmic streaming in C. elegans embryos. VIT-2::GFP. C.
elegans embryos were visualized in utero with MuVi-SPIM. Scale bar = 10 pm.
(AVI)

S1 Table. Improvement of log-likelihood of parameters by the estimation method.
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