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In embryonic development, programmed cell shape changes are essential for building functional
organs, but in many cases the mechanisms that precisely regulate these changes remain unknown.
We propose that fluid-like drag forces generated by the motion of an organ through surrounding
tissue could generate changes to its structure that are important for its function. To test this
hypothesis, we study the zebrafish left-right organizer, Kupffer’s vesicle (KV), using experiments
and mathematical modeling. During development, monociliated cells that comprise the KV undergo
region-specific shape changes along the anterior-posterior axis that are critical for KV function:
anterior cells become long and thin, while posterior cells become short and squat. Here, we develop
a mathematical vertex-like model for cell shapes, which incorporates both tissue rheology and cell
motility, and constrain the model parameters using previously published rheological data for the
zebrafish tailbud [Serwane et al.] as well as our own measurements of the KV speed. We find that
drag forces due to dynamics of cells surrounding the KV could be sufficient to drive KV cell shape
changes during KV development. More broadly, these results suggest that cell shape changes could
be driven by dynamic forces not typically considered in models or experiments.

Introduction

In biological processes ranging from wound healing to
cancer metastasis to embryogenesis, cells must move past
one another in a dense environment. Sometimes groups
of cells migrate collectively, such as neural crest cells
in vertebrate embryos [1], lateral line primordia in ze-
brafish [2] or border cells in the Drosophila egg chamber
[3]. In other cases, cells across a tissue intercalate or
invaginate in processes like convergent extension [4] or
gastrulation [5].

These motions involve mechanical processes that span
orders of magnitude in length and time. On shorter
length- and timescales, the distribution and activity of
cytoskeletal and adhesion molecules within a single cell
specify forces that control cell shapes [6, 7]. These forces
can be well-modeled by vertex [8–12] or cellular potts [13–
15] models, which often assume that cells in a tissue are in
mechanical equilibrium. At longer timescales and length-
scales the assumption of mechanical equilbrium breaks
down, as cells exchange neighbors and the tissue as a
whole behaves like a liquid [16–21]. These large-scale be-
haviors are often described in terms of continuum [22] or
active particle-based models [23].

Recent work has attempted to bridge the gap between
these two scales by extracting parameters for large-scale
continuum models, such as the shear modulus or local
deformation rate, from individual cell shapes [12, 24, 25].
However, there is surprisingly little work that goes in the
other direction: investigating how slow dynamics at the
scale of tissues might effect smaller-scale structures and
cell shapes.

One exception is recent work by Cai et al. that high-
lights the importance of global forces generated by slowly
evolving dynamics of environment [3]. Specifically, this
work proposed that the migrating border cell cluster

within the nurse cells of Drosophila egg chamber mimics
the behavior of a sphere moving through a viscous fluid,
and they found that drag forces due to the microenviron-
ment of the migrating border cells strongly influences the
cluster size and speed. While the focus of this study was
on the size and speed, the authors also reported that the
large clusters tend to be more elongated, leaving open
the possibility that drag forces may influence the shape
of the cluster. Additional work confirms that nurse cells
also impose an oppositional force on the migratory clus-
ter [26].

A natural extension of these studies is to ask whether
dynamic mechanical forces, such as drag, that are best
understood as emergent properties of a large number of
cells in a tissue, can help drive specific shape changes in
cells and organs that are important for their biological
function.

Developing embryos provide an excellent platform for
testing this hypothesis. It is well established that dur-
ing embryogenesis individual cells undergo programmed
shape changes to generate emergent macroscopic pat-
terns that are essential for building functional organs [27–
29]. So far, these programmed shape changes have been
largely explained by morphogen gradients or geometric
constraints [30].

In contrast, Kupffer’s vesicle (KV) in the zebrafish em-
bryo (Fig. 1A) provides an example of an organ that un-
dergoes programmed cell shape changes, and yet no mor-
phogen gradient has yet been implicated. KV is a tran-
sient organ that helps to establish the left-right body plan
[31, 32]. Motile cilia on KV cells project into a fluid-filled
lumen to generate asymmetric fluid flows that direct left-
right patterning signals. We refer to KV and analogous
ciliated structures in other vertebrates, which include the
ventral node in mice and and gastrocoel roof plate in
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frogs, as left-right organizers [33]. During morphogenesis
of the KV organ, KV cells undergo region-specific shape
changes that transform an initially symmetric structure
to an organ with striking morphological differences along
the anterior-posterior axis. Cells in the anterior region
develop columnar morphologies whereas the cells located
posteriorly become wide and thin (Fig. 1B-C). These cell
shape changes result in more ciliated cells being tightly
packed into the anterior region to promote asymmetric
fluid flows in KV that define its function for the embryo
(Fig. 1C) [34–36].

One possibility is that these shape changes are driven
by an unidentified morphogen gradient. Previous
work [35] by some of us indicated that forces generated
by myosin II within the KV help drive the programmed
shape change, and that perhaps there were different dis-
tributions of cytoskeletal molecules and forces across the
anterior-posterior axis. Another possibility is highlighted
by work from Compagnon et al. [37] suggesting that extra
cellular matrix at the interface between the anteriorly-
located notochord may also contribute to different me-
chanics on the anterior side of the organ.

A third possibility is suggested here by studying live
images of KV development. Specifically, the develop-
ing KV is roughly spherical, and it moves through the
surrounding tissue as the embryo elongates along its
anterior-posterior axis. Moreover, migrating mesodermal
tailbud cells are also highly dynamic, and very recent
work has demonstrated that the tissue in the tailbud col-
lectively behaves as a fluid [38, 39]. Taken together, these
observation suggests that fluid-like drag forces generated
by the motion of the KV through surrounding tissue may
help drive changes to its structure.

To test whether such a mechanism could help drive
the observed shape changes inside the KV, we develop
a mathematical vertex-like model for the organ and sur-
rounding tissue. We then constrain the model parameters
using our in vivo measurements of the KV speed through
the surrounding tissue and previously published rheolog-
ical data for the zebrafish tailbud [39]. We find that vis-
cous flow of the cells surrounding the KV generates a drag
similar to the one generated by a viscous fluid around a
moving sphere. These drag forces generate shape changes
that qualitatively agree with the asymmetry observed in
experiments: cells are columnar on the anterior side and
cuboidal on the posterior side. Moreover, we find the
forces generated by observed KV speeds are also of the
correct order of magnitude to quantitatively match the
data. More broadly, our results suggest that cell shape
changes during embryonic development could be driven
by large-scale dynamic forces not typically considered in
models or experiments.

FIG. 1. Cell shape changes during Kupffer’s vesicle mor-
phogenesis. (A) Expression of plasma membrane local-
ized GFP (GFP-CAAX) labels KV (arrows) in transgenic
Tg(sox17:GFP-CAAX) embryos. Dorsal and lateral views are
shown. (B) Higher magnification dorsal views of labeled KV
cells at 2 somite stage (ss) when all cells have similar mor-
phologies and 8 ss when anterior cells are elongated and poste-
rior cells are short and wide. Yellow lines bisect KV into ante-
rior and posterior regions. (C) Schematic of how asymmetric
cell shape changes along the anteroposterior axis concentrate
motile cilia in the anterior region to generate asymmetric fluid
flows that are critical for KV function in left-right patterning.

Methods

Mathematical modeling of confluent tissue

We study the KV motion through the surrounding tis-
sue using a 2D vertex-like Self-Propelled Voronoi (SPV)
model [25]. Although Kupffer’s vesicle is a fully three-
dimensional organ, the mechanism we propose here is
axisymmetric about the anterior-posterior axis, and so a
simpler 2D model is sufficient to test the general behav-
ior. Vertex or Voronoi models define an energy functional
which describes cells in terms of their preferred geometry.
For a confluent tissue containing N cells, this energy in
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2D can be written as [8–12]

E =
N∑
i

KA(Ai−A0i)
2+KP (Pi−P0i)

2+
∑
ij,i<j

γij lij (1)

The first term originates from cell volume incompress-
ibility and monolayer’s resistance to height fluctuations.
Ai and A0i are the actual and preferred cross-sectional
areas of cell i. The term of the cell perimeter (Pi) is
a result of subcortical actin cytoskeleton machinery and
adhesive interactions between cells. These two competing
forces balance to a preferred cell perimeter P0i. KA and
KP are the cell area and perimeter stiffness, respectively.
The third term in the Eq. 1 introduces an additional in-
terfacial tension between different cell types i and j. γij
is the value of the interfacial tension and lij is the length
of the interface between adjacent cells i and j [40].

To model the cell dynamics, we assign a constant self-
propulsion speed v0 along the direction of a cell polar-
ization n̂i = (cos θi, sin θi). The dynamics of each cell is
defined by the overdamped equation of motion of the cell
centers ri

dri
dt

= µFi + v0n̂i (2)

where Fi = −∇iE is the mechanical force on cell i and
µ the mobility coefficient or the inverse microscopic fric-
tion.

In principle, each of the cells in the simulation could
be assigned a different self-propulsion speed to model in-
dividual cell motility. For simplicity, we choose to model
the surrounding tailbud cells in the limit of vanishing
motility (vtailbud0 = 0), while the cells comprising the KV
organ move collectively at the same, finite vKV0 . Extend-
ing these methods to incorporate motility of tailbud cells
shifts the fluidity of the surrounding tailbud cells in a
well-characterized way [25], and we do not expect it to
significantly alter the results reported here.

The energy functional can be nondimensionalized by
expressing all lengths in units of

√
A0. This gives rise

to a target shape index or a preferred perimeter-to-area
ratio p0 = P0/

√
A0 which defines the tissue mechanical

properties (material properties) exhibiting a transition
from fluid-like tissue to solid-like tissue [25]. While the
observed cell area and perimeter values are available from
the experimental measurements, we do not have direct
access to the preferred cell shapes p0. Therefore, we do
not introduce any preferred asymmetries in the model to
study solely the impact of cell dynamics on KV forma-
tion. Therefore, we set the preferred area (A0i = A0) and
perimeter (P0i = P0) of all cells to be identical. There
are two remaining independent parameters in the model:
the self-propulsion speed v0 and the cell shape index p0.

To generate a cellular topology of KV and the sur-
rounding tissue that is similar observed in our experi-
ments, we specify 2n KV cells (where n is the number

of anterior or posterior cells) which surround the lumen.
We keep n fixed for all the simulations presented here
as the cell shape changes were shown previously to be
independent of number of KV cells [36]. The KV is em-
bedded in next number of external or surrounding cells.
Note that to ensure numerical stability in our simula-
tions, we also represent the lumen as Voronoi cells with
nlumen being the number of lumen Voronoi cells to ac-
commodate the SPV model (Fig. 4 (A) yellow cells). We
keep the lumen area fixed for simplicity as previously
shown that the cell shape changes do not depend on lu-
men expansion [36]. We simulate this confluent tissue of
total N = 2n+ next + nlumen number of cells with peri-
odic boundary conditions and using molecular dynamics
[41]. We conduct the simulations in two parts: First,
we initialize the cellular structures for a static case in
the absence of any cell motions and simulate the model
using molecular dynamics with 105 integration steps at
step size 4t = 10−3 using Euler’s method. A typical me-
chanically stable state at zero speed is shown in Fig. 4
(A). Second, we assign a self-propulsion speed to the KV
cells v0 = vKV0 to mimic the dynamic motion of the KV
through the tailbud cells and perform 105 integration
steps which is typically sufficient to drive the system to
a steady state where the KV moves at constant velocity
(see below).

In the periodic box, we pin some random external cells
(< 30 cells) in order to avoid global flows of the entire
tissue. Data presented in this study were computed from
the average of 100 separate simulation runs. During in-
tegration steps, KV cells occasionally swap locations (T1
transitions within the KV cells) or lose contact with the
lumen. These rearrangements are unphysical and do not
exist in the experiments; thus, for averaging, we only
consider KV cells without such events.

Measuring speed of KV

Transgenic Tg(sox17:GFP-CAAX)SNY101 [36] embryos
were collected and incubated at 28.5◦C until the 1 somite
stage (ss). Live embryos were positioned laterally in glass
bottom dishes (MetTek) and immobilized in low melting
point agarose. Immobilized embryos were not removed
from the chorion. Embryos were imaged using a Perkin-
Elmer UltraVIEW Vox spinning disk confocal microscope
while maintained at 32◦C. Images of the fluorescent KV
(488 nm laser) and tailbud (differential interference con-
trast) were taken every five minutes at stages between
2 ss and 8 ss (a 3 hour window of development) using
either a 10x objective or 20x objective. Image-J soft-
ware (NIH) was used to create maximum projections and
measure speed of KV movement. Experiments using ze-
brafish were approved by the Institutional Animal Care
and Use Committee (IACUC) at SUNY Upstate Medical
university.
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Results

Movement of Kupffer’s vesicle during development

KV forms in the tailbud of the zebrafish embryo at the
end of gastrulation and undergoes morphogenesis during
early somite stages. At this time, the embryo is elongat-
ing along its anterior-posterior axis (Fig. 2A blue arrows).
We used time-lapse imaging of transgenic Tg(sox17:GFP-
CAAX) embryos [36] that mark KV cells with green flu-
orescence to visualize KV moving through the taildbud
(Fig. 2B-D; Movie 1). Although embryos were immo-
bilized in agarose for imaging, they were left inside the
chorion to allow normal cell movements. Measuring the
speed of KV in five embryos indicated that the rate of
KV movement remains similar between 2-8 somite stages
(ss) (Fig. 1E; Suppl. Table 1). The overall KV speed
ranged between 1.21± 0.68 (average ± one standard de-
viation) and 1.70 ± 0.54 µm/min in the five embryos
(Suppl. Table 1). Since there were no statistically signif-
icant differences in the KV speed relative to the yolk as
a function of time or between embryos, we average the
speed for the entire range and for the five embryos. This
results an average speed of the KV in the experiments
vexpKV = 1.47± 0.71 µ/min.

Constraining the simulation timescale

We calibrate our modeling parameters using our experi-
mental measurements of the KV speed (Fig. 2 (E)) and
previously published rheological data for the zebrafish
tailbud tissue [39].

To compare our simulation time units with time in ex-
periments, we first develop a vertex model that recapitu-
lates the droplet deformation experiments of Serwane et
al. [39] that they used to quantify relaxation timescales
in zebrafish tailbud tissue in vivo. Specifically, they in-
ject a single ferrofluid droplet between the cells of the
progenitor zone (PZ) or presomitic mesoderm (PSM) of
developing zebrafish embryos. When the droplet is actu-
ated, it generates a local force dipole in the tissue deform-
ing only the surrounding neighboring cells small amount
without any apparent cellular rearrangements. By ana-
lyzing the temporal response of the tissue to this force,
they identified two relaxation timescales: 1 sec and 1
min.

Using Eq. 1, we simulate a droplet embedded in a con-
fluent tissue of 400 cells. Inset of Fig. 3 (A) is an example
initial configuration. We represent the droplet as several
Voronoi cells, to prevent numerical instabilities, and de-
fine an explicit line tension γ as introduced in Eq. 1 to
distinguish the droplet cells from the external cells. γ can
also be considered as the surface tension of the droplet.
We then perform a rheology simulation by deforming the
droplet from its original spherical shape. The droplet is
deformed without a net force following the equation of

FIG. 2. Motion of Kupffer’s vesicle relative to yolk. (A)
Schematic of a zebrafish embryo during early somite stages.
Kupffer’s vesicle (KV) develops in the tailbud of the em-
bryo. Blue arrows represent body elongation along the
anterior-posterior axis. D=dorsal, V=ventral, A=anterior,
P=posterior. Boxed area corresponds to images in B-D. (B-
D) Images of a live transgenic Tg(sox17:GFP-CAAX) embryo
at 4 ss (B), 6 ss (C) and 8 ss (D) taken from a time lapse ex-
periment. KV fluorescence (arrow) is superimposed on a DIC
image of the tailbud region. (E) Scatter plot of KV speed
measurements taken at 5 min intervals from 5 embryos and
the average of the data for every 30 min from all embryos (or-
ange x symbols). The 2 ss was used to set t=0. Approximate
somite stages are indicated in gray bars.

motion

dri
dt

= µ(Fi + Fdi) (3)

where

Fdi =

{
f ∗ (xi − xcm)/µ x̂, for droplet cells.

0, otherwise.
(4)

and Fi = −∇iE is the gradient of the energy functional
introduced in Eq.1. f is the constant applied force that
deforms the droplet along the direction x̂ and xcm is the
center of mass of the droplet. Upon application of f , the
droplet relaxes to an ellipsoid along the direction of f and
likewise it goes back to its original spherical shape after
turning off the force f (Movie 2). We characterize the
deformation by a strain ε = (b− a)/a where a and b are
the major and minor axis of the ellipsoid. An example
strain evolution over series of actuation cycles are shown
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FIG. 3. (A) Strain evolution over a series of actuation cy-
cles. Shaded regions correspond to times where the constant
force f was applied. f deforms the droplet until a force bal-
anced state is reached (saturation of the strain). The droplet
relaxes back to its initial shape after the force is turned off.
Inset of (A) represents topology of the simulations. Droplet
is represented as a supracell (purple colored cells) made of
Voronoi units and embedded in the surrounded neighboring
tissue (black colored cells). Dashed line denotes the mid-
section of the droplet and arrows represents the direction of
the deformation. (B) An example strain relaxation curve (cir-
cles) fits to a rheological model (line) with two characteris-
tic relaxation timescales: t1 = 0.27 τ and t2 = 6.15 τ for
p0 = 3.8, pdroplet0 = 3.8, γ = 5.0 and f = 1.0. Inset of (B) is
the relaxation timescales (filled green circles represent shorter
timescale t1 while the open pink squares represent the longer
timescale t2) for various target shape index p0 and droplet
surface tension γ values. Error bars that are not visible are
less than 0.1. Other simulation parameters are KA = 100,
KP = 1.0, µ = 1, pdroplet0 = 3.8, A0 = 1, next = 400 (number
of external cells, black colored cells of (A), not all number of
cells are shown) and ndroplet = 9 (number of droplet Voronoi
units, purple colored cells).

in Fig. 3 (A) where the shaded regions correspond to
times where the constant force f was applied.

The relaxation in strain as a function of time for a
single cycle, shown in Fig. 3 (B), displays at least two
characteristic relaxation timescales. It is common to
model such bimodal relaxation processes using systems
of springs and dashpots, and here we are able to best
fit the response using a generalized Maxwell fluid com-
posed of two dashpot elements and a single spring. For
a fixed p0 = 3.8, pdroplet0 = 3.8, γ = 5.0 and f = 1.0, we

average over 100 separate simulation runs and find two
characteristic relaxation timescales: t1 = 0.251± 0.004 τ
and t2 = 6.381 ± 0.618 τ (average ± one standard er-
ror) where τ is the natural time unit of the simulation.
Rarely, unphysical T1 transitions occurred between the
artificial Voronoi cells within the droplet and generated
spurious forces [40]. Hence, for averaging, we only take
into account the droplets without such rearrangements.

The spring element of the rheological model is an ef-
fective spring composed of the elasticity of the droplet
and the elasticity of the external tissue surrounding the
droplet. Therefore, we next test whether the timescales
we find depend on p0 and γ values. As illustrated in Fig. 3
(B) inset, different p0 and γ parameters yield the same or-
der of magnitude relaxation scales, although larger values
of p0 and smaller values of γ are associated with longer
relaxation times.

Thus, deforming a confluent tissue small amount we
obtain a bimodal relaxation as t1 = 0.1 τ and t2 = 1 τ to
within an order of magnitude. We compare the longer re-
laxation time scale of the simulations, t2, with the longer
timescale reported for the zebrafish tailbud tissue, 1 min
[39]. This gives us a rough approximation for the natural
unit of the simulations as τ ∼ 1 min.

As presented above, we found the average KV speed
as vexpKV = 1.47±0.71 µ/min in the experiments. To con-
vert this value to our simulation units, we also estimate a
cell diameter as 10 µm. Consequently the natural length
scale of our simulations becomes l =

√
A0 ∼ 10 µm.

Taken all together, an order of magnitude estimate for
the speed of KV in simulation units corresponds to
vexpKV ≈ 0.147± 0.071 l/τ .

Mathematical modeling indicates that dynamic
motion of organ can drive cell shape change
We next use our mathematical model to study the mor-
phology of the KV as it moves through the tailbud tis-
sue. Unlike other proposed mechanisms for KV asymme-
try, which all involve explicit, time-invariant mechanical
asymmetries [35–37], the KV model studied here con-
tains no explicit mechanical asymmetry, and so the KV
remains perfectly symmetric in the absence of directed
KV motion. This is illustrated by the simulation snap-
shot in Fig 4(A).

However, when the KV is propelled through surround-
ing tissue, the tissue generates dynamic forces on the
KV that are asymmetric – the forces experienced at the
“front” of the moving object are different from those ex-
perienced at the “rear”. A snapshot from a simulation
with directed KV motion, Fig 4(B), demonstrates that
directed motion of the KV can generate asymmetric cell
shape changes, and the asymmetry is similar to that seen
in experiments: posterior cells that “at the front end” of
the moving KV become short and squat, while those on
the anterior side become elongated (Movie 3).

This is a suggestive result, but it is not clear if the
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parameters we have chosen for the model are relevant or
reasonable for the in vivo motion of the KV. The benefit
of mathematical modeling is that we can next study how
the asymmetry depends on the material properties of the
surrounding tailbud tissue, and whether the experimen-
tally observed KV speed is the right order of magnitude
to generate the shape changes.

To analyze how the material properties of the tailbud
tissue influence KV shape remodeling, we vary the target
shape index p0. Larger values of p0 correspond to elon-
gated, anisotropic cell shapes, while smaller values of p0
correspond to isotropic, roundish shapes. Previous work
has shown that p0 controls the fluidity of the surround-
ing tissue; when the individual motility of tailbud cells is
vanishingly small as assumed here, the tissue is solid like
for p0 < 3.8 and fluid-like for p0 > 3.8 [25].

To compare simulations with experimental data quan-
titatively, we use a metric introduced previously [36],
anterior posterior asymmetry (APA). APA is the aver-
age difference between the length to width ratios (LWR)
of anterior and posterior cells (APA = LWRant −
LWRpos). Previous work showed that APA changes from
approximately 0 to 0.91 ± 0.51 within one standard de-
viation of the average between 2 and 8 somite stages of
zebrafish development [36] (from 12 embryos).

Figure 4 (C) is a plot of steady-state APA as a function
of the self-propulsion speed of KV cells (vKV0 ) and target
shape index of all cells (p0). Our first observation is that
there is a region, in the upper right hand side of the phase
diagram, where the APA achieves values similar to the
APA values observed in vivo experiments (Fig. 4 (C) re-
gion marked by gray circles). Clearly, higher APA values
correlate with more fluidity of the tailbud cells (higher
values of p0) and larger values for the KV propulsion.

In our model, the parameter vKV0 specifies the rate
at which the KV would move if it were not interacting
with any of the tailbud cells. However, interactions with
the tailbud can slow the KV if the tailbud cells act like a
fluid, or they can even stop the KV if the tailbud acts like
a solid, as the elastic response can balance the propulsive
force. Therefore, we explicitly calculate the speed of the
KV in simulations for direct comparison to experimental
measurements. The steady-state velocity, vss, values are
presented in Supp. Fig. 1. The region marked by as-
terisks in Fig. 4 (C) and in Supp. Fig. 1 corresponds to
the estimated speed of KV in the experiments in natural
units (vexpKV ≈ 0.147± 0.071 l/τ). There is a region of pa-
rameter space where both experimental APA values and
vss match the values seen in experiments, illustrated as
boxes with both a circle and an asterisk in Fig. 4 (C).

An example simulation from this regime with p0 = 3.8
is shown in Movie 3, where the APA asymptotes to
a value of APA = 0.96 and an equilibrium speed of
vss = 0.21 after the KV cells are propelled through the
surrounding tissue (vKV0 = 1.4).
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FIG. 4. (A) KV remains symmetric in the absence of directed
KV motion. (B) A snapshot from a simulation with directed
KV motion demonstrates that the dynamics can generate
asymmetric cell shape changes, and the asymmetry is similar
to that seen in the experiments: posterior cells become short
and squat, while those on the anterior side become elongated.
The asymmetric cell shapes are accompanied with dense pack-
ing of the KV cells anteriorly; total number of cells positioned
above the dashed line increases. (C) Parameter scan for an-
terior posterior asymmetry, APA = LWRant − LWRpos, as
a function of self-propulsion speed of the KV cells (vKV

0 ) and
target shape index of all cells (p0). Gray circles correspond to
the range of experimental APA values of 0.91±0.51. Asterisks
correspond to the estimated speed of KV in the experiments
in natural units (vexpKV ≈ 0.147±0.071 l/τ). Blue: anterior KV
cells, pink: posterior KV cells, yellow: lumen Voronoi units,
white: external cells. Number of anterior or posterior cells
n = 7, number of external cells next = 400, and number of
Voronoi units nlumen = 7. Other simulation parameters are
KA = 100, KP = 1.0, µ = 1, A0 = 1, line tension between the
KV cells and external cells γKV −ext = 1, line tension between
the KV cells and lumen cells, γKV −lumen = 1 and line tension
between the external cells and lumen cells, γext−lumen = 100.

Cell shape change is accompanied by asymmetric
cilia distribution
Optical cross-sections through the mid-plane of KV show
that the LWRs become significantly different between an-
terior and posterior cells over development [34–36]. Fur-
thermore, the cells are densely packed in the anterior
half of KV resulting AP asymmetric cilia distribution.
In other words, more cilia are positioned in the anterior
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FIG. 5. Parameter scan for the ratio of number of cells above
(Nant) and below (Npos) the KV mid-plane (Fig. 4 (A) &
(B) dashed lines) as a function of self-propulsion speed of the
KV cells (vKV

0 ) and target shape index of all cells (p0). Gray
circles correspond to the range of experimental Nant/Npos

values of 1.80±0.49 at 8-10 ss. The region marked by asterisks
corresponds to the estimated speed of KV in the experiments
in natural units (vexpKV ≈ 0.147± 0.071 l/τ). Other simulation
parameters are same as in Fig. 4.

region. This difference in the number of cilia between an-
terior and posterior poles has been shown to be required
for asymmetric fluid flows in the lumen that are neces-
sary for the proper left right patterning of the embryo
[35].

In the absence of cell dynamics, mathematical model-
ing indicates that cells do not become as asymmetric as
in wild-type experiments and they are not densely packed
at one side of the organ (Fig. 4 (A)), even though the cells
can change shape slightly under certain conditions [36].
Interestingly, KV motion towards the tailbud cells could
alone drive the asymmetries, resulting in both high APA
values and the tight packing of more ciliated cells into
the anterior region similar to the effects seen in wild-type
experiments. As shown in Fig. 4 (B), more KV cells posi-
tion above the dashed line as a result of the surrounding
tissue flow.

We analyze this observation systematically for a pa-
rameter sweep of vKV0 and p0. We count the number of
cells above (Nant) and below (Npos) the mid-KV, which
is the center of mass of the organ (Fig. 4 (A & B) dashed
line). Our in vivo experiments indicate that ratio of
Nant/Npos = 1.14± 0.19 at 3-4 ss (from 9 embryos) and
it increases to 1.80 ± 0.49 at 8-10 ss (from 13 embryos)
within one standard deviation of the ratio average. We
note that we calculate the standard deviation directly
from the ratio rather than from the variation of the num-
ber of anterior and posterior cells since previous studies

found considerable variability in the number of KV cilia
or cells [34, 35] in wild-type embryos but no effect on
the cell shape changes. In simulations, the Nant/Npos
ratio takes values similar to the values observed in vivo
experiments (Fig. 5 gray circles). The region marked by
asterisks corresponds to the estimated speed of KV in the
experiments in natural units (vexpKV ≈ 0.147 ± 0.071 l/τ)
coinciding with a similar region of the parameter space
presented in Fig. 4 (C), where APA values of the sim-
ulations are similar to the APA values observed in the
experiments (Fig. 4 (C) asterisks).

Tissue drag forces govern cell shape change
Although there are significant uncertainties in both the
estimate of our simulation timescale τ and the KV speed
measured in experiments, our model suggests that the ex-
perimentally observed speeds are the right order of mag-
nitude to dynamically generate the cell shape asymme-
tries seen in the KV.

Next, we wonder whether there is a simple physical ex-
planation for the mechanism driving this shape change.
The observation in Fig. 4 (C) that the simulations are
closest to experiments in the upper-right hand corner
where the environment is fluid-like, suggest an answer.
Specifically, we hypothesize that the viscous flow of tail-
bud cells around the roughly spherical KV generates a
drag force that reshapes the KV, blunting the shape in
the front (which in this case corresponds to the posterior
side of the KV) and extending it in the rear (anterior
side).

To test this hypothesis, we note that an object moving
in a viscous fluid experiences a drag force in the direction
opposite to its motion. The effective force on the mov-
ing KV sphere, in a fluid-like material, can be written

as Feff =
∑2N
i=1

vKV
0

µ − bv where the first term on the
right stands for the self-propulsion of the KV cells and
the second term is an emergent, frictional drag. Here µ
is a model parameter that represents the inverse of the
microscopic friction, b the emergent, macroscopic fric-
tion and v the observed speed of the KV in our sim-
ulations. The terminal velocity (steady-state speed) is
achieved when the drag force is equal in magnitude to
the force propelling the object which in this case self-
propulsion force of the KV. Thus, one can relate the drag
force in terms of model the parameters at balanced state:

Fdrag = bvss =
∑2N
i=1

vKV
0

µ .
To investigate the role of the drag forces on KV cell

shape changes, we keep the mechanical properties (target
shape index pKV0 ) of the KV cells fixed while varying the
mechanical properties of the external cells and the speed
of KV. The solid lines in Fig. 6 shows that APA collapses
and is roughly proportional to the drag force in the fluid-
like tissues where p0 > 3.8, indicating the asymmetric cell
shape changes within the KV can be driven by the drag
forces.

For values of p0 < 3.8, indicated by dashed lines in
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FIG. 6. Anterior-posterior asymmetries vs drag forces for
a fixed target shape index of KV (pKV

0 = 3.8) and various
target shape index values of the surrounding cells (bottom
to top: p0 = 3.2, 3.3, 3.4, 3.5, 3.6, 3.7, 3.8, 3.9, 4.0). Solid lines
correspond to the fluid-like tissues where p0 > 3.8 while the
dashed lines correspond to the solid-like tissue for values of
p0 < 3.8. Other simulation parameters are same as in Fig. 4.

Fig 6, the tailbud tissue in our model is a soft solid with
a yield stress. This means that if the propulsive force is
sufficiently large, the KV can still push its way through
the solid-like material. However, it is clear that the data
no longer collapse, as the force balance that generates the
KV shape involves a complicated balance between the
effective elasticity of the KV and that of the surrounding
tissue.

Although this is an interesting avenue for future study,
our model suggest that this regime of parameter space
with p0 < 3.8 largely corresponds to APA values which
are smaller than that seen in experiments. Moreover, the
ferrofluid droplet experiments in zebrafish tailbud sug-
gest the tissue is fluid-like [39]. Taken together, these
results indicate that drag forces generated by surround-
ing fluid-like tailbud tissue could contribute to observed
KV shape remodeling.

Discussion

We developed a vertex-like model to study the dynami-
cal forces during development of the left-right organizer
(KV) of the zebrafish embryo. By constraining the model
parameters with our in vivo speed measurements of the
KV as well as the rheological data of the zebrafish tail-
bud from the reference [39], we found that viscous flow
of the cells around the KV generates a drag similar to a

viscous fluid flowing past an elastic sphere, and the esti-
mated magnitude of these forces is sufficient to drive cell
shape changes observed in the KV.

More broadly, there are many morphogenetic processes
in development that are apparently tightly-controlled,
but where the mechanisms that control cell shape re-
mains unclear. Currently almost all of the proposed
mechanisms and models involve shape changes that are
either explicitly programmed into individual cells or de-
pendent on time-invariant properties at the level of sin-
gle cells, such as interfacial tensions. Very recent work
emphasizes that large-scale, dynamic forces generated as
groups of cells move through tissue can alter cell motil-
ity [3, 26]. Here we take those ideas further by suggesting
these forces can also also remodel cell shapes and control
seemingly more complex morphogenetic processes.

These results highlight a challenge for modelers and
scientists who study tissues and active matter. It is clear
that the relaxation times measured in our droplet simu-
lations, where deformations are small and induce no cel-
lular rearrangements, are quite different from the relax-
ation times that are measured as we force the KV through
the tissue. In the latter case, the motion of the KV re-
sults in finite deformations with large-scale cell motion
and cellular rearrangements. This suggest that the lin-
ear response of the tailbud might be quite different from
its response to finite deformations, and that it is impor-
tant to develop better constitutive models that develop
coarse-grained equations for tissue motion.

Another counterintuitive result of this work is that the
relatively slow motion of the KV through the tailbud is
sufficient to generate reasonably large drag forces. This
is only possible because the effective viscosity of the tail-
bud tissue is high, with a characteristic timescale of a
minute [39]. Since the speeds and tissue properties we
identified here are quite common in embryogenesis, we
conjecture that dynamic drag may be a mechanism that
helps to control the morphology of other motile organs
or migrating groups of cells in development and beyond.
Possible candidates for this type of analysis include the
zebrafish lateral line [2, 42], where elongation may reduce
the viscous drag, human MCF-7 mammary carcinoma
cells that invade with a morphology similar to the lat-
eral line in zebrafish [43], mammary morphogenesis [44],
mechanics of head formation [45], hair follicle asymme-
tries [46, 47], and neural crest cell migration [1, 48].

One of the important differences between the exper-
imental data and our model is that in experiments we
measure the speed of the KV relative to the yolk, while
in the model we define the speed of the KV relative to
the surrounding tissue. We expect these two speeds to
be similar in magnitude, as others have reported a strong
retrograde flow in the tailbud near the KV [38], and our
own preliminary measurements suggest that the speed of
the KV through tailbud tissue is similar to its speed rel-
ative to the yolk. Future work in this area will focus on a
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systematic comparison between the flow field around the
KV in simulations and experiments.

Another possible difference is that our model assumes
the tailbud tissue is confluent, with no gaps between
cells. In the zebrafish tailbud, it is possible that there
may be small gaps between cells, in which case the vis-
coelasticity will be controlled by the packing density in
addition to cell shape [49, 50]. Nevertheless, we expect
the results developed here are still broadly applicable,
as the drag forces generated by both confluent and non-
confluent models should be fairly similar.

Lastly, we have developed a two-dimensional model
for KV motion through the tissue, but the KV and tail-
bud are manifestly three-dimensional tissues. While the
mechanism we propose – drag forces generating axially-
symmetric shape changes – works very similarly in 2D
and 3D, the precise magnitudes of forces and the pattern
of cell motion in the tailbud will change as a function of
dimension. It will be interesting to see how far we can
push the 2D model quantitatively, although we have also
developed a 3D model with similar mechanics [51] that
we can adapt to the KV geometry if 2D proves insuffi-
cient.

The KV is symmetric at early stages of the develop-
ment and advances to its final asymmetric structure over
developmental time. This remodeling starts around 3-
4 ss and becomes fully asymmetric after 8 ss [34]. Our
model predicts that the asymmetry, quantified by APA,
should track the drag forces, and therefore an open ques-
tion is what might change the drag force as a function
of time. One possibility is a change in speed of the KV
relative to the surrounding tissue. Although there are no
obvious differences in the speed of the KV relative to the
yolk between 2 and 8 ss, it is possible that the retrograde
flow of tailbud cells does change, and that will be a fo-
cus of future study. Alternatively, a global change in the
material properties of the surrounding tissue would also
change the drag force, and this should be investigated as
well.

An important question is how this proposed mecha-
nism might be tested more directly in experiments. One
obvious candidate is drugs, knockdowns, or mutations
that interfere with N-cadherin. Zebrafish tissue becomes
less stiff as a result of impaired N-cadherin function [39],
and our model suggests a change in tissue stiffness will
alter the asymmetries of the KV. However, N-cadherin
mutations are also known to generate defective body axis
extension [52, 53] and the defects in the extension might
also impact the KV speed as the notochord is a midline
structure. Thus, it may not be possible to distinguish
between these effects.

Another obvious intervention would be to interfere di-
rectly with notochord extension, for example using a
laser to ablate part of the notochord, or studying loss-
of-function mutations which cause axis elongation de-
fects. We hypothesize that these experiments would slow

the motion of the KV through the tissue and cell shape
changes might be disrupted.

An important caveat to these proposals is that we know
many important developmental processes are governed
by partially redundant pathways, so that even if one
pathway fails the organism can survive [54]. For exam-
ple, we and others have proposed that differential inter-
facial tensions generated via localization and activation
of cytoskeletal molecules and ECM deposition [35, 37], as
well as differential changes in volume [36], can also drive
cell shape changes. It is possible that these mechanisms
work together with drag forces to robustly generate cor-
rect left-right patterning.

Acknowledgements
We would like to thank Matthias Merkel, Daniel Sussman
and Agnik Dasgupta for fruitful discussions. This work was
supported by NIH grant R01GM117598 (GET, JA, MLM).
Additional support was provided by a grant from the Simons
Foundation 446222 (GET and MLM). Computing infrastruc-
ture support was provided through NSF ACI-1541396.

Code availability
The codes are programmed using open source cellGPU code

[41] available at https://gitlab.com/dmsussman/cellGPU.

The specific code we used to specialize it to the KV geom-

etry can be requested from the corresponding author on a

case-by-case basis.

∗ gerdemci@syr.edu
[1] S. Kuriyama, E. Theveneau, A. Benedetto, M. Parsons,

M. Tanaka, G. Charras, A. Kabla, and R. Mayor, Jour-
nal of Cell Biology 206, 113 (2014).

[2] P. Haas and D. Gilmour, Developmental Cell 10, 673
(2006).

[3] D. Cai, W. Dai, M. Prasad, J. Luo, N. S. Gov, and
D. J. Montell, Proceedings of the National Academy of
Sciences 113, E2134 (2016).

[4] C. Yin, B. Ciruna, and L. Solnica-Krezel, Current Topics
in Developmental Biology 89, 163 (2009).

[5] M. Leptin, Annual review of cell and developmental bi-
ology 11, 189 (1995).
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C. Blasse, B. Aigouy, H. Brandl, G. Myers, G. Salbreux,
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Supplementary Materials

Supplementary Table 1 
 
   KV speed  (Pm/min)  

Embryo Objective 2-4 ss 4-6 ss 6-8 ss Overall 
#1 10x nd 1.44+0.56 1.35+0.39 1.41+0.50 
#2 10x 1.50+1.12 1.36+0.48 1.28+0.69 1.39+0.80 
#3 10x 1.18+0.72 1.36+0.26 nd 1.21+0.68 
#4 10x 1.58+0.81 1.74+0.96 1.31+0.55 1.55+0.79 
#5 20x nd 1.90+0.55 1.48+0.45 1.70+0.54 

KV speed is the average + one standard deviation 
nd=no data 
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FIG. S1. Measured values of the steady-state speed of KV
in the simulations as a function of self-propulsion speed of
KV cells (vKV

0 ) and target shape index of all cells (p0). KV
flows through the surrounding tissue in fluid-like environment
whereas it stalls in the solid material. The region marked
by asterisks corresponds to the estimated speed of KV in the
experiments in natural units (vexpKV ≈ 0.147±0.071 l/τ). Other
simulation parameters are same as in Fig. 4.

For the simulations presented in the main text, we have
modeled a directed body force on the KV cells by apply-
ing a self-propulsion speed, vKV0 . However, in reality such
a directed motion does not exist. Rather, it rises natu-
rally from other forces. In this section, we investigate
whether our results depend sensitively on the assump-
tion of a body force.

During embryonic development, mesodermal cells con-
tinuously rearrange. In convergent extension, cells con-
verge narrowing the tissue with respect to the anteropos-
terior axis, and their subsequent intercalation lengthen
the tissue along the midline. Because the intercalation
along the mediolateral axis increases, the movement ve-
locities of converging cells are not uniform [55]. The no-
tochord, a midline structure posterior to the KV, inter-
acts with the KV cells, and possibly pushes it towards
the posterior body as a result of convergence extension
movements. In addition, the cells next to the notochord
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vKV
instant

A
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A B

FIG. S2. (A) Initial configuration of the model that assigns
indirect forces on the KV. Green: notochord cells, yellow:
cells next to the notochord, blue: anterior KV cells, pink:
posterior KV cells, yellow: lumen Voronoi units, white: ex-
ternal cells. Simulation parameters are p0 = 3.8, A0 = 1,
next = 1000, n = 7, nlumen = 7, KA = 100, KP = 1.0,
µ = 1, line tension between the KV cells and notochord cells
γKV −NC = 2, line tension between the KV cells and external
cells γKV −ext = 2, line tension between the notochord cells
and external cells γNC−ext = 1, line tension between the KV
cells and lumen cells, γKV −lumen = 1 and line tension be-
tween the external cells and lumen cells, γext−lumen = 100.
(B) APA vs instantaneous velocities for the models that as-
sign direct (black points) or indirect forces (red points) on
KV for a fixed p0 = 3.8. Data computed from the average of
100 separate simulation runs. Other simulation parameters
for the model of the direct forces are same as in Fig. 4.

also converge as the notochord extends along the mid-
line. This extension might be the natural pushing force
on KV cells.

To mimic the converging cells and to see if such mo-
tions could also generate shape changes in the KV, we
assign a velocity as a function of position to the noto-
chord cells and the group of cells next to the notochord
(Fig. S2 (A)). Specifically, we set v0i(x) = v0 ∗ (xi−xcm)
where xi is the position of cell i, xcm is the center of mass
of the tissue and the value of v0 = 1.

These converging cells do propel the KV towards the
posterior as illustrated in the Supp. Movie 1. The cells
further from the midline travel faster, and the cells along
the midline extend as a consequence. We then compare
the effect of the direct (vKV0 = 0.4) and indirect forces
on the KV remodeling. For both cases, we calculate the
instantaneous velocity of KV by performing a central av-
erage over the time intervals. Fig. S2 (B) is a comparison
of APA values as a function of instantaneous velocities
in the case of direct and indirect forces on the KV, com-
puted from the average of 100 separate simulation runs.
The fact that the asymmetries are slightly higher in the
case of indirect forces could be the result of different drag
mechanism generated by the larger object or competing
forces between the notochord and surrounding tailbud
cells. Nevertheless, the resulting shape changes and the
dependence of APA on velocity are similar, suggesting
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that any forces that propel the KV through the surround-
ing tissue will generate the observed cell shape changes.

Movie Legends
Movie 1. Time-lapse imaging of KV movement.
A representative experiment tracking fluorescently la-
beled KV in live a transgenic Tg(sox17:GFP-CAAX)
embryo between the 4 and 8 somite stages. Times-
tamp=hour:minute.
Movie 2. Deforming a droplet embedded in a
confluent tissue using Voronoi model. Upon ap-
plication of a constant force, the droplet relaxes to an
ellipsoid along the direction of the force and likewise it
goes back to its original spherical shape after the force

is turned off. The force is applied over periodic cycles in
90◦ different directions.

Movie 3. KV is propelled through the surround-
ing tissue. KV motion generates asymmetric cell shape
changes that the anterior cells (blue cells) become elon-
gated while the posterior cells (pink cells) become short
and squat. Self-propulsion speed of the KV cells is
vKV0 = 1.4 and target shape index of all cells is p0 = 3.8.
See Fig. 4 for the other model parameters.

Supp. Movie 1. Modeling indirect forces on KV.
Converging cells propel the KV towards the surrounding
tissue. See Fig. S2 for the details of the topology and
simulation parameters.
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