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Heart Forming Regions (HFR) at HH7 (23-26h)

18 . 7

* Spatial separation of colors is observed progressing
caudally.




Heart Forming Regions (HFR) at HH9 (29-33h)

* Pink cells begin to contribute to inflow region of the heart
e Cells designated by arrows do not overlap with Nkx2.5(+)
regions until Stage 10

Stage 9 is approx. when conduction system first develops. IFT, left side
initially



~Fusion of the two dorsal
.+ .. aortae forming the
= ..descending aorta (single
if vessel)

. Approximately 18 hours of
*: S time-lapse




Caltech transgenic quail KU TiLa imaging
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A hieniis an eggis way
of making another
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Biophysicall Studies of: Cellular MofiliTy
Versus lissue Motioniin Early:Embryos




Computational Imaging Group
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Rationale:

(Pennisi, Science,
2008)










* Not only do cells move... but the
IS also in constant motion during early

battern formation.

e Since, Cells + ECM = Tissue, it therefore
follows that tissue move.

* [ndeed, embryonic tiSSUes are in
therefore, cellularpatterns form
WithInEarmeving frarmewo Rk
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Motion Analysis of Morphogenesis

'y

Czirok et al, J. Micro. 206:9, 2002



Multi-Scale Digital Microscopy

Acquire Z-Stacks (Tiles) Image Mosaic
Collapse * , i

Brightfield i R TN
‘ 1 Experinient:.

1-2 TBLZS

Collapse ' .

Acquire

Our lab recently developed digital time-lapse microscopy and image processing techniques to capture both
large-scale, macroscopic (tissue-level) and cell-level or microscopic processes in the avian embryo. This is truly
a multi-scale method as the variation in length-scales, from micron to mm, spans three orders of magnitude.

1. Using custom-written software to control the microscope and CCD camera, we rapidly acquire overlapping
image stacks at different x-y locations spanning the entire embryo or some region of interest.

2. The image stacks are then collapsed into a single best-focused plane or tile, and

3. The tiles are then arranged and merged together, thus creating a single mosaick-ed image of the embryo for
a specific illumination mode at a single time point.

4. This process is then repeated for different illumination modes (enabling the capture of various microinjected
fluorescent labels or fluorescent microspheres), and can be done on several embryos (up to six currently) in a
single experiment.

5. A single experiment can generate up to 20 GB of data in the form of images - data storage and automated
analysis is key!






Remember to thank everyone for coming!

Disclaimer: As you can tell from the title, this talk has somewhat of a computational or engineering emphasis, but | promise, there
are no equations and only a couple of mathematical expressions.



Iihree ways, to introduce fluorochomes:

1);Microinjection of; fluorescently tagged
antibodies




Tracks

0.0 hr




Gonsider the caserof primarysvascular
pattern formation:

Lf vascular: pattern, formation
occurs in; a constantly moving milieu (in
warm-blooded embryos) — cerfain
experimental questions then arise:




L) 1o what extent are vascular cells
sreally* moving compared to composite
fissue drift, and where are they going?

2) To what extent is vascular pattern

formation an process? That
is, dependent on biophysical cues in the
microenvironment and

regulated by genes that specify
descrete pattern elements.
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Eighvelociyrendoinelialicellsimovingion
exisiing vascular elements

Ruppretial, Development: 2004




Medial Drift of \Two Networks

Here is a completed movie of an embryo labeled with QH1 for a period of approximately ten hours.
(Point out where somites are and Hensen’s node)

(Click to zoom in). Now you can see at the right a portion of the movie close-up showing the more local or cell-
level remodeling of the vascular network.






A© 1
« Can you guess what [l
the red stuff is?




Important Corollary: If the ECM is
moving then extracellular growth
factors "Morphogens” are also
moving: For example, vascular
x N 2 @ & e
Aendoihelial giowth factor, boliad 2%
2 ¥ PR R + I \

Metibe




OK, but what about vascular
pattern formation in mammals?

Futher, how can | be sure that

genetic circuits are not directly
responsible for a hexagonal
pattern?




Model System -- Explanted Allantois
MOUSE

Future umbilical cord and
vessels

Entirely mesoderm

Vessel formation occurs de
novo, i.e., vasculogenesis




Time-Lapse of Planar Allantois culture

Perryn et al, Develop. Biol. 2008




Mesothelium
spreading
versus
autonomous
endothelial cell
motion?

Perryn et al,
Devel. Biol. 2008




The punch line:

Mouse allantoides make one artery and
one vein if left in situ. In contrast, when
placed in a planar environment the same

tissue makes a hexagonal network.

There can be no GRN in mouse that
governs allantoic morphogenesis under
planar conditions — ispo facto, creation of
a hexagonal pattern is EMERGENT







Target epiblast cells to left or right side of node

primitive streak
epiblast

o] endoderm
migrating cells  displacing
mesoderm hypoblast




Positional fate
maping of cells
using
electroporation
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Gastrulation and the creation of mesoderm




Shared large-scale motion pattern of ECM & cells

%on: green - electroporated

=4
. ’}f H2B :cells

g - | white - mAb labeled FN

DNA Plasmids;
provided by Rusty
Lansford, CalTech




Visualizing Tissue Deformations: Particle
Image Velocimetry (P1V)

Fluid Simulation®
Velocity Field

“Japanese Standard PIV Project;
Zamir et al, 2006 Annals of Biomed Eng

To measure large-scale motions of the embryo, we use an engineering method called particle image velocimetry (PIV).

PIV is typically used for measuring flow dynamics (i.e. blood flow), but it can also be used to measure correlated motion caused by
mechanical deformation of soft tissues.

Here is a demonstration of our PIV algorithm on a standard test sequence of synthetic images simulating fluid flow with some
arbitrary velocity profile. The motion of the yellow particles was determined by the PIV algorithm to best match the direction and
velocity of the simulated flow, represented by the white particles.

It may help to think of the yellow particles as virtual leaves that are float down a stream and passively follow or are convected by the
changing current. The PIV method allows us to calculate the current automatically using only the pixel intensity information in the
images, themselves.

At the right is shown an image of this test sequence projected over time, along with the computed velocity vectors for each PIV virtual
particle. This represents the velocity field.

The main advantages of PIV are that it is a rapid automated technique capable of measuring motion fields very accurately, even for
images or labels whose features would be too difficult to track by eye. The only real disadvantages of PIV are that it requires a
sufficient amount of image information for a robust analysis.
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Cell-autonomous motility (green) with respect ot to
the ECM (red)
Zamir et al, PNAS, 2007




Projections of Cellular Trajectories
and Corresponding Fibronectin Motion

Zamir et al, PLoS Biology, 2008




Fibronectin and H2B- Labeled Epiblast Cell
Displacements are Similar

Zamir et al, PLoS Biology, i2008

left: fibronectin fibril displacments and VMP displacements

right: tracked cell displacements overlaying fluorescent total cell population



Cell Autonomous Motility is Much Less Than
Tissue Motion

sol—
100 -
150+
200—
250 —
300-
50—
400+
450 -
500

Cellular trajectories: total (red); autonomous (green);
Zamir et al, PLoS, 2008

near streak, CCA may be even less than further away from PS
next step, correlate individual cells and nearby FN fibrils
PIV is less accurate near edges and where FN label is not good.



Shared large-scale motion pattern of
ECM & cells during gastrulation

green - electroporated
Zamir et al, unpublished H2B :cells

blue - mAb labeled FN




Deficiencies:

Lack of critical mass of experimental studies on
cellular to tissue level lenght scales.

There is fifty years of reductionism describing genes
and intracellular signaling pathways but relatively
little work on how tissues form and move




Deficiencies:
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Possible Talk Outline

Overarching Scientific/Medical/Engineering Context (1-2
slides).

System Under Study (1-3 slides).

Key Scientific/Medical/Engineering Questions Addressed (1-2
slides).

Current Methodologies Employed (1-2 slides).
System Components (Cell Types, ECM, ...) (2-4 slides)
Key Component Behaviors (2-4 slides).

Deficiencies of Current Methods/Approaches, Needs (1-2
slides).

Results, Focusing on HOW they are Expressed (1 slide).
Possible Applications of CBO/CBMSL/Repository (1-2 slides).

Ll il




Guidance

* Think top down.

» Think about how you Describe your Experimental
Results/Simulations to Others.
— What Components (Cell, ECM...) are Involved?

— What Behaviors, Morphologies,...are Crucial to these
Components in your Particular Problem?
+ Start as Generically as Possible.
+ Treat Cells Initially as Black Boxes.
+ Add Detail Hierarchically.
+ Separate Control (differentiation) from Behaviors.

» Stop when you become Quantitative.
— What Language do you Use to Describe Locations?

— Do all Components (Cells) of a Given Type Share
the Same Behaviors? 24




Requests for Talks and Talk Structure

» Focus on Goal of Identifying in Your Work:
— Key Components.
— Component Behaviors.
Collective Behaviors.
Commonality/Uniqueness of Components/Behaviors.
Key Scientific Questions.
Methodological Needs.
Utility/Applications of CBO/CBMSL/Repositories.
» How could simulations advance understanding (for
experimentalists)?

* What experimental information is missing (for
simulators)?

L) il &




A simple way to break left-right asymmetry
in avian embryos

Cheng Cui, Charles Little and Brenda Rongish

Cui C, Little CD, Rongish B}.
Anat Rec, April 2009

Gros J, Feistel K,Viebahn C, Blum M, Tabin CJ.
Science, May 2009

situs inversus leads to reversement of organ placement; may not be aware
unless report with appendicitis with pain on your left side. portion due to
defects in cilia



Early embryogenesis and left-right asymmetry:
Hensen’s node as the “organizer” of gastrulation

(Hensen'.s nOdeIpn’mitive streak)

. endoderm
migrating cells  displacing
mesoderm hypoblast

Kupffer's vesicle is a ciliated organ of asymmetry in the zebrafish embryo that initiates
left-right development of the brain, heart and gut; organizer in mice



Observed counterclockwise rotation
of the “nodal’ cells

L Track R electroporated *H2B-GFP:
biased to embryo left

o
o
o
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tracks are 20
consecutive frames;

vV L-5990

green = most recent 5

frames

dorsal view *courtesy of R. Lansford, Caltech




Clockwise rotation of the node in one sector;
“fork” is observed 60-100 um from node

Track
electroporated

H2B-GFP
biased to embryo R
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Proposed model of asymmetric gene expression
Dorsal View
Fgf8

Caudal
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A presumptive tip cell "overtaking”
the existing tip cell

This allows a multicellular sprout “keep up” with the
constantly expanding bulk tissue




Time-Lapse of Planar Allantois culture

Perryn et al, Develop. Biol. 2008




Mouse allantois explant

sprout formation

+ base tip
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Vasculogenesis in a quail embryo

sprout formation
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Preferential attraction to elongated cells

mean cell spe'ed rate of sproht widéning '
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sprout anisotropy
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Aleader cell and...

cell-cell adhesion only preferential adhesion to elongated cells
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Tiel nuclear GFP
transgenic quail -
approximately 40
hours of fime-lapse







