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Characterization of cytoplasmic streaming in the
Caenorhabditis elegans zygote with live-cell imaging

and particle-based hydrodynamic simulation

xE & B WK Az
iz Y
g WA B2
B N
eEE WO R HERKE

— 285 —




Cytoplasmic streaming is a type of intra-cellular transport widely seen in plant and
animal cells. Cytoplasmic streaming has been proposed to govern the stirring of
nutrients in a plant, Chara, and the spatial turnover of molecules required for cell
migration in locomotive cells; thus, transportation by cytoplasmic streaming is
important for organisms. In this study, I analyzed cytoplasmic streaming from the
viewpoint of cell mechanics by using Caenorhabditis elegans one-cell stage embryos as
a model system. Cytoplasmic streaming in C. elegans at the one-cell stage is
bi-directional, i.e., the flow near the cell cortex (“cortical flow”) is oriented toward the
anterior, whereas the flow in the central region (“cytoplasmic flow”) is oriented toward
the posterior. Both cortical flow and cytoplasmic flow depend on non-muscle-myosin II
(NMY-2), which is primarily located in the cell cortex. NMY-2 proteins move in the
anterior direction on the cell cortex. The mechanism by which NMY-2 proteins moving
in the anterior direction drive posterior-directed cytoplasmic flow from remote
locations has not been characterized.

In the first chapter of this doctoral thesis, I addressed the mechanism
underlying cytoplasmic flow in C. elegans one-cell stage embryos. I hypothesized that
the anterior-directed force given to the cytoplasm by NMY-2 at the cell surface is
sufficient for generating the flow in the entire cell. In this hypothesis, the
hydrodynamic property of the cytoplasm mediates the cortical force into the entire cell
and the posterior-directed flow in the central region can be explained as hydrodynamic
flow. I validated my hypothesis by comparing flow dynamics in vivo and in silico. In
order to quantify the flow dynamics in vivo, I acquired live images of flow dynamics.
From these images, I quantified the flow velocity distribution of cytoplasmic streaming
using particle image velocimetry (PIV) in collaboration with Dr. Kyosuke Shinohara at
Osaka University. I conducted a three-dimensional hydrodynamic simulation using the
moving particle semi-implicit (MPS) method. My simulation largely recapitulated the
quantified flow velocity distribution of the PIV data. Surprisingly, although I 2 used
the simplest fluid model for the modeling of physical property of the cytoplasm, i.e.,
the Newtonian fluid model, the flow dynamics were recapitulated. I also tried to
describe another mode of streaming using Newtonian fluid dynamics. This type of
cytoplasmic streaming was detected using PIV during the pronuclear migration stage,
a stage when NMY-2-dependent flow weakens. Treatment with nocodazole, which
depolymerizes microtubules, revealed that this cytoplasmic streaming depended on
microtubules, the requisite cytoskeleton for Apronuclear migration. I simulated the
pronuclear migration stage by introducing moving pronuclei as a driving force for
cytoplasmic streaming. The flow of the entire cytoplasm was recapitulated again by
Newtonian fluid dynamics. The agreement of the flow dynamics in vivo and. in silico

indicates that the hydrodynamic properties of the cytoplasm are sufficient to mediate
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~ cytoplasmic streaming in C. elegans embryos. Furthermore, my analysis gave insights
into the physical properties of the cytoplasm. The Newtonian fluid model, the simplest
model, is a good approximation for the observed complex cytoplasmic streaming. -

In the second chapter of this doctoral thesis, I estimated the cortical force
distribution that generates cytoplasmic streaming in C. elegans one-cell stage embryos.
I established a method to estimate the forces that was based on a data assimilation
method in collaboration with Drs. Hiromichi Nagao and Tomoyuki Higuchi at the
Institute of Statistical Mathematics. In this method, I once again utilized PIV data
and MPS simulation. I conducted MPS simulations under various force distributions.
Using the Bayesian statistical method, I estimated the likely force distribution 7z vivo.
I confirmed that the simulation using estimated force distribution recapitulated the
flow dynamics of the streaming in vivo more quantitatively than the simulation shown
in the first chapter in which the force was roughly modified via manual fitting. The
estimated force distribution showed a peak in the posterior region of the cell where the
streaming velocity was fast. I found that the estimated cortical force was not always
spatially proportional to the cortical velocity, i.e., more force was required to drive the
same speed of flow in the anterior region compared to the posterior region. The effect of
pressure, which counteracts the anterior-directed active force, could explain this
result. Apressure gradient existed not only in the 3 posterior region but also in the
anterior region. Since the pressure gradient in the anterior region severely
counteracted the active force in the anterior region, the resultant flow became weak in
the anterior region in simulation. I demonstrated that the influence of pressure
depended on the geometry of the cell. Thus, my method offers a powerful tool to
characterize the forces that drive cytoplasmic streaming.

In typical cytoplasmic streaming, the cytoplasm accepts active forces. To
understand the dynamics of cytoplasmic streaming, it is crucial to characterize the
active force generator and the cytoplasm (the force acceptor). In the first chapter, I
proposed the possibility that the cytoplasm behaves like a simple fluid during
cytoplasmic streaming. In the second chapter, I developed a method that will be useful
to characterize the location of the active force. Thus, my research should contribute to

the comprehensive understanding of cytoplasmic streaming.
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