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Gastrulacao no peixe zebra

Uma camada protetora
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(B) Dorsal

Gastrulation in fish embryos

7.5 hours
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O organizador do embriao de peixe foi descoberto com a experiéncia
classica de transplantacao

(A) Animal Embryonic Embryon

5 shield shield
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the embryonic shield is
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to the dorsal blastopore
lip of amphibians,

(B)

FIGURE 11.40 The embryonic shield



Os organizadores dos embridoes de anfibio e peixe
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Left-Right Axis
Asymmetric distribution of the internal organs
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Asymmetry of organs
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How is body asymmetry generated?



What is the difference?

Lungs

Liver

Spleen

- Stomach

|Large intestine



Laterality defects in humans

Situs solitus Situs inversus totalis Left isomerism (polysplenia)

Situs inversus abdominalis Right isomerism (asplenia)

Fliegauf et al. Nature Rev. Mol.Cell Biol. (2007)



Human patients display a triad of symptoms — Kartagener syndrome

1 - Sinusitis
2 - Bronchiectasis

3 - situs inversus




Afzelius BA

Sinusitis
Bronchiectasis
Infertility

situs inversus

Later Afzelius added infertility to the list...

What is the link?

— Upper respiratory epithelium is ciliated
—_— Lower respiratory epithelium is ciliated
E— Sperm cells have 1 flagellum



A Human Syndrome Caused by Immotile Cilia

Abstract. Four subjects who produced immotile sperm were studied. In three of
the subjects, who had frequent bronchitis and sinusitis, there was no mucociliary

transport, as measured by tracheobronchial clearance. Electron microscopy indi-
cated that cilia from cells of these patients lack dynein arms.

Three of the subjects have situs
inversus totalis
Visceral asymme-
try 1s determined through the move-
ments of cilia of some embryonic epithe-
lial tissues. Afzelius, Science (1976)

central pair

membrane

inner dynein arm
outer dynein arm




What is the embryonic epithelial tissue?

Sulik K, Dehart DB, Inagaki T, Carson JL, Vrablic T, Gesteland
K, Schoenwolf GC. 1994. Morphogenesis of the murine node
and notochordal plate. Dev Dyn 201: 260-278.



What is the embryonic epithelial tissue?

in the mouse embryonic node

Shiratori and Hamada, Development. 2006 Cilia are on the surface of node cells



Human primitive node = L-R organizer
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Node cilia generate a directional fluid flow towards the left

Nonaka et al. Cell (1998)

Mouse mutants with immotile, shorter or absent cilia have laterality defects



A Determinant molecule B Mechanical stress

¥ Determinant molecule
A Nodal flow

( Cilium

§ Left-determinant signal, intra- or inter-cells
Generation of left side-specific character

Nonaka et al. Cell (1998)



How could we test if the direction of fluid flow is important?



Testing the role of the nodal flow

=8

Peristaltic pump
l Depulsators T

(Nonaka et al. Nature 2002)



Alternative models of the proposed signaling events functioning
downstream of nodal flow.

A B

 Nodal Flow  Nodal Flow
—\Morphoge L \L f
Receptor-based ? ( / Mechanosensory
Signaling Cat®¥ Cilia
OFF ON OFF ON
Nodal Nodal
Lefty, Pitx2 Lefty, Pitx2

Clifford J. Tabin, and Kyle J. Vogan Genes Dev. 2003;17:1-6

Cold Spring Harbor Laboratory Press



How does the Fluid Flow confer LR asymmetry?

“The updated morphogen model to NVP model”

== Nodal flow
& NvPs

— Microvilli
— Cilia

“® FGF signals

am 2° signals

Tanaka, Y., Okada, Y. and Hirokawa, N. (2005). FGF-induced vesicular release of
Sonic hedgehog and retinoic acid in leftward nodal flow is critical for left-right
determination. Nature 435, 172-177.



Are these two models compatible?

Extra-embryonic fluid
Right NVP Nodal flow Left
Intracellular
Ca”* release
pithelial cell
X Extra-embryonic fluid
Intracellular
Ca” release

Sensory cilia Motlle cilia Sensory cilia

Fliegauf, M., Benzing, T. & Omran, H. When cilia go bad: cilia defects and ciliopathies. Nat
Rev Mol Cell Biol 8, 880—893 (2007). https://doi.org/10.1038/nrm2278



Physicists asked: How can rotating cilia generate a
laminar flow?




The relevance of numerical simulations

Proc Natl Acad Sci U S A. 2004 May 11; 101(19): 7234-7238. PMCID: PMC409902
Published online 2004 Apr 26. doi: 10.1073/pnas.0402001101 PMID: 15118088
Developmental Biclogy, Physics

Fluid-dynamical basis of the embryonic development of left-right
asymmetry in vertebrates

Julyan H. E. Cartwright,”t Oreste Piro, ¥t and Idan Tuval*t
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Biologists confirmed cilia were tilted

o
3 Final drive force

Efficient 7

phase Cilium

(To left) =

e 2 |nefficient

phase

* (To right)

B

Tilt
No filt

Small tilt

Extensive tilt

PLoS Biol. 2005 Aug; 3(8): e268. PMCID: PMC1180513
Published online 2005 Jul 26. doi: 10.1371/journal.pbio.0030268 PMID: 16035921

De Novo Formation of Left-Right Asymmetry by Posterior Tilt of Nodal
Cilia

Shigenori Nonaka, 1+ 2 Satoko Yoshiba, ! + 3 Daisuke Watanabe, ! * 4 Shingo Ikeuchi, ! + 3 Tomonobu Goto, 5
Wallace F Marshall, 2 and Hiroshi Hamada 1+ 3

Projected pattern r

Cocentric
Circle

Eccentric
Elipse

Eccentric
D-shape




Zebrafish LRO cilia also have a posterior tilt

Anterior

Kramer-Zucker et al., Development (2005)

Polarity of the epithelial cells - planar cell polarity



Physicists asked: How can NVPs be thrown and explode
at low Reynolds number ?

~ pul
7

Re

Re = reynolds number

P = density of the fluid laminar flow occurs at low Reynolds numbers, where

viscous forces are dominant, and is characterized by
U = flow speed smooth, constant fluid motion.
L = characteristic linear dimension

F = dynamic viscosity of the fluid



Problem for the 1st model

Extra-embryonic fluid
Right NVP Nodal flow Left
Intracellular
Ca”* release
pithelial cell
X Extra-embryonic fluid
Intracellular
Ca” release

Sensory cilia Motlle cilia Sensory cilia

Fliegauf, M., Benzing, T. & Omran, H. When cilia go bad: cilia defects and ciliopathies. Nat
Rev Mol Cell Biol 8, 880—893 (2007). https://doi.org/10.1038/nrm2278



Morphological diversity in left-right organizers amongst vertebrate species

Mouse Ventral Node Rabbit Posterior Notochordal Plate

L e

Zebrafish Kupffer's Vesicle Frog Gastrocoel Roof Plate

Transverse view, dorsal is up. Ectoderm is orange, paraxial mesoderm is yellow, endoderm/hypoblast is blue, left-right organizer (LRO) is
purple, and cilia within the LRO are green. (A) The mouse ventral node and (B) the rabbit posterior notochordal plate are situated beneath
the ectoderm and are laterally contiguous with the endoderm. Unlike in rabbit, the ventral pit of the mouse node is enclosed by Reichardt's
membrane. (C) Zebrafish Kupffer’s vesicle is an enclosed sphere with cilia concentrated on the dorsal anterior surface. (D) The Xenopus
gastrocoel roof plate is contiguous with the lateral endoderm, and cilia point into the gastrocoel cavity. Panels are not size-matched.

Figure and description adapted from (Lee & Anderson, 2008a).
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situs solitus situs inversus both organs misplaced one organ misplaced

(ventral views) Heterotaxy



Zebrafish is ideal to study left-right development
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Standing Question!

Tavares et al. eLife (2017)



Confocal microscopy
Tg (foxjla:GFP) + arl13b mRNA

K x.‘: ot "‘as g : !!'
High speed video-microscopy
(2000 fps )



Motile cilia also generate flow in the zebrafish LRO

Light microscopy

Native particles Native particle tracking
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The conserved L-R Asymmetry cascade
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Standing Question!

Nodal = secreted ligand of the TGF-beta (transforming growth factor-beta) superfamily of proteins. Ligands of this family bind various TGF-beta receptors leading to recruitment
and activation of SMAD family transcription factors that regulate gene expression.

Lefty1 = secreted ligand of the TGF-beta (transforming growth factor-beta) superfamily of proteins. Expressed in the notochord as mRNA.

Lefty2 = secreted ligand of the TGF-beta (transforming growth factor-beta) superfamily of proteins. Expressed in the heart field as mRNA.

Dand5 = secreted protein antagonist of BMP and Nodal. Expressed in the Left-Right organizer as mRNA.



Dand5 inhibits Spaw on the right side of the LRO

WT dand5

@ spaw expression @ Spaw protein
@ dand5 expression @ DandS protein
« lefty1 expression @ Spaw bound to Dand5



The conserved L-R Asymmetry cascade
Left . Right

adapted from Mercola, J. Cell Science (2003)



Nodal and Lefty constitute a reaction-diffusion system, a theoretical model that involves two
diffusible molecules, an activator and a feedback inhibitor (Turing, 1952).

A reaction-diffusion system has been proposed to underlie pattern formation during development
because a “self-enhancement and lateral-inhibition” nature of the model can produce “self-

organizing patterns” (Meinhardt and Gierer, 2000, Meinhardt, 2001).

Importantly, this model has a potential to convert a small difference between two separated
regions into a robust difference through local activation and long-range inhibition.

S A .\ P ,\N\

» iffusion

Nakamura et al. Generation of Robust Left-Right Asymmetry in the Mouse Embryo Requires a Self-Enhancement
and Lateral-Inhibition System, Developmental Cell, 2006


https://www.sciencedirect.com/science/article/pii/S1534580706003480
https://www.sciencedirect.com/science/article/pii/S1534580706003480
https://www.sciencedirect.com/science/article/pii/S1534580706003480
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The conserved L-R sequence of events
by in situ hybridization

shh




The heart looping




Ventral

P

Dorsal

Fig. 1. The 52-hpf zebrafish digestive system as visualized in the stable transgenic gutGFP

line. (A) Two-dimensional projection of a confocal stack, ventral view with anterior to the

top. GFP expression occurs in all organs of the digestive system as well as the

endodermal lining of the swim bladder. Scale bar, 100 um. (B) Schematic drawings

(ventral and dorsal views, anterior to the top) showing the identity and location of GFP-

expressing organs at 52 hpf. L, liver; hd, hepatic duct; pd, pancreatic duct; P, pancreas; ib,

intestinal bulb; pi, posterior intestine; pp, posterior region of the pharynx; oe,

oesophagus; sb, swim bladder.



