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“..the genetic instructions and building blocks used by all organisms are the same”

Kelvingrove Art Gallery, 
Glasgow
Source: Yanlan’s iPhone



“ It’s all in our genes ”

Genes                                   Shape
??



OMICs



The importance of mechanical forces

Genes                                                               Shape

Mechanics Cell Extrinsic Factors
- e.g. Basement membrane
- External forces



Get into Shape

Stay in Shape

Get back into Shape

During development, homeostasis and repair, how do 
forces and molecules interact for tissues to:

Role of mechanical forces



Structure of lectures

Day 1: Growth and morphogenesis
 i) some biomechanics background
 ii) case study on vertex modelling of tissue shape control

Day 2: Homeostasis and repair
 i) latest research – new tools and methods
 ii) case study on vertex modelling of tissue repair

Exercise: modelling lymph node mechanics
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1. Mechanical control of growth rates

Many growth factors and 
signalling pathways 
regulate the cell cycle



1. Mechanical control of growth rates

A. Some growth factors are also sensitive to mechanics, e.g. Yki/YAP/TAZ 

Control

Pathway activity

MutantOverexpression

Bryant, Xu, Hariharan, Pan, Halder, McNeill, Hafen, Harvey, Tapon, Jiang labs…

The Hippo pathway limits cell number 



Hippo pathway upstream signals

Sd

Yki

Mats

Sav
Hpo

Wts
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P

Cell-cell contacts
(contact inhibition)

Mechanical 
environment GPCR

signalling

1. Mechanical control of growth rates

when Yki/YAP/TAZ 
in nucleus:
more growth 



1. Mechanical control of growth rates

Role of YAP/TAZ in mechanotransduction. Sirio Dupont,…,Stefano Piccolo. Nature 9 June 2011

A. Effect of mechanics on growth factors – transcriptional co-activators Yki/YAP/TAZ 
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Micropatterning to constrain shape



1. Mechanical control of growth rates

Role of YAP/TAZ in mechanotransduction. Sirio Dupont,…,Stefano Piccolo. Nature 9 June 2011

A. Effect of mechanics on growth factors – transcriptional co-activators Yki/YAP/TAZ . 



1. Mechanical control of growth rates

B. Effect of mechanics on mitosis

Mitotic Rounding Alters Cell Geometry to Ensure Efficient Bipolar Spindle Formation
Lancaster et al., Dev Cell 2013



1. Mechanical control of growth rates

B. Effect of mechanics on mitosis

Mitotic Rounding Alters Cell Geometry to Ensure Efficient Bipolar Spindle Formation
Lancaster et al., Dev Cell 2013

Errors in mitosis!



1. Mechanical control of growth rates

B. Effect of mechanics on mitosis

Tissue Mechanics Regulate Mitotic Nuclear Dynamics during Epithelial Development. 
Kirkland et al., Current Biology 2020



1. Mechanical control of growth rates

C. Effect of mechanics on cell death – non apoptotic extrusion

In the 
mammalian gut,
cells divide in 
the crypt and 
move to the top 
of microvilli, 
where they die 
or extrude while 
alive.
Simons et al, Exp 
Cell Res 2011

In Drosophila, 
cell compression 
due to tissue 
growth changes 
cell shape (red) 
and causes live 
cell
Extrusion.
Marinari et al., 
Nature 2012

Extrusion occurs by cells destined 
to die signalling to surrounding 
epithelial cells to contract an 
actomyosin ring that squeezes the 
dying cell out.
Eisenhoffer et al., Nature 2012
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2. Mechanical control of division orientations

A. Cell shape and cell division orientation

1863: Hofmeister: 
Cell geometry influences mitotic cleavage plans

1893: Hertwig’s Rule: 
Spindles align to longest axis of a cell



Cell geometry dictates cell division orientation

2. Mechanical control of division orientations

A. Cell shape and cell division orientation



2. Mechanical control of division orientations
A. Cell shape and cell division orientation

Experimental and theoretical study of mitotic spindle orientation. 
Thery et al., Nature 2007



2. Mechanical control of division orientations

A. Cell shape and cell division orientation

A default mechanism of spindle orientation based on cell shape is sufficient to generate cell 
fate diversity in polarised Xenopus blastomeres, Bernhard Strauss et al., Development 2006 
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3. Mechanical control of cell shape

A. Different forces affect cell shape in a multicellular tissue

Mao et al., EMBO J, 2013

Local
Cell autonomous

Global
Non cell autonomous

Planar view

Extend junctions
e.g. Ecadherin

Constrict junctions
e.g. Dachs, MyosinII

Compressed by neighbours

Stretched by neighbours



B. How forces are generated – differential tissue growth generates differential stress

3. Mechanical control of cell shape



1. Growth rates

2. Division orientations

4. Planar cell rearrangements

5. 3D tissue sculpting

Mechanical control of cellular mechanisms

3. Cell shape changes



4. Mechanical control of cell rearrangements

A. Convergent / Extension - intercalation 



4. Mechanical control of cell rearrangements

A. Convergent / Extension – intercalation via Myosin II polarisation

Lecuit and Zallen labs



anchor stretch

Myosin-mcherry

E-cad-GFP

Duda et al, Dev Cell
2019

4. Mechanical control of cell rearrangements

Myosin II polarisation is 
sensitive to mechanical forces



rn>ROK RNAi

Ecad-GFP

Wound
Leavers
Remaining

Cell intercalation drive more efficient 
wound closure

Nature Physics: Tetley et al., 2019

4. Mechanical control of cell rearrangements
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5. Mechanical 3D sculpting of tissues

Organogenesis



Works from labs of 
Wieschaus, 
Gartner,
Martin, 
Leptin, 
Suzanne, 
Rauzi,
Dahmann,
Mahadevan, etc Adapted from 

Varner and Nelson 2014

, apoptotic forces, basal expansion, etc

5. Mechanical 3D sculpting of tissues



5. Mechanical 3D sculpting of tissues

Differential planar growth rates induce precise patterns of folds

Finite Element Model of Tissue Folding

Tozluoglu et al., 2019



Uniform growthExperimental differential growth

Differential planar growth rates induce patterns of folds

Tozluoglu et al., 2019



Cellular mechanisms of tissue morphogenesis

Interdependent 
processes 
through complex 
feedback 
mechanisms

Mechanical

Biochemical



Using mathematical models in biology

University College London



What is your question? - Biology is often too complicated! (or biologists like to make it so, too 
many genes, too many variables…
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What is your question? - Biology is often too complicated! (or biologists like to make it so, too 
many genes, too many variables…

Can you simplify the question? – can you frame it more precisely? 

What is your hypothesis? – again, force them to be as precise as possible

What are the experiments / data to support hypothesis?
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Using mathematical / physical models in biology
- working with biologists



Case study 1:
Control of orientation of cell divisions in Drosophila 

• Genetics
• Live imaging
• Computational 2D vertex model 



Drosophila imaginal discs: the organ precursors

Adult wing

larva

Wing imaginal disc

adult



Drosophila imaginal discs: the organ precursors



Drosophila wing growth in proximal - distal axis

proximal distal

P

P

P

P

Distal

Baena-Lopez et al., 2005



How are cell divisions oriented in the wing disc?



Planar polarisation of Dachs correlates with clone shape

Dachs

proximal distal

P D

Dachs-V5



Polarisation of Dachs is required for spindle orientation and tissue growth

Mao et al., Genes & Dev 2011
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Models for how Dachs might orient cell division

 Dachs (a myosin) affects cell 
shape, which orients spindle 

Thery et al., 2007

???

Dachs orients spindle
    directly (somehow)

or



What is your question?

Can you simplify the question?

What is your hypothesis?

Are there experiments / data to support hypothesis?

Can you create a simple mathematical model to test this 
hypothesis?

What experiments can you do to parameterise model and test 
model predictions?

 

Using mathematical models in biology



polarised
constriction

oriented
cell division

P D
oriented 
cell growth

Do cells show elongated growth and then divide in the same axis

and

Does this correlate with the P-D axis?

Proximal Distal  ????



Examine apical cell shape and orientation of cell divisions live

ArmGFP



P D

A”

A’

P D
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A4 A5 A6
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Cells do elongate, and divide perpendicular to long axis…

… even when it is not the P-D axis



Geometry of apical cell-cell junctions
determine orientation of cell division



Dachs can control apical cell geometry
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Mao et al., Genes & Dev 2011
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Measuring junctional tension with laser ablation



1.
6

1.
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Distal rate = 0.69 µm/s, n=55 cuts
Lateral rate = 0.34 µm/s, n=39 cuts

P D
Distal (Dachs present)

Lateral
(Dachs absent)

Increased tension correlates with Dachs localisation

Assume Kelvin-Voigt model: 

𝜀𝜀 𝑡𝑡 = 𝐿𝐿 𝑡𝑡 − 𝐿𝐿 0 = 𝐹𝐹0
𝐸𝐸

(1 − 𝑒𝑒−[ 𝐸𝐸
𝜇𝜇 ∗𝑡𝑡])

Where, 
F0 is the tensile force before laser ablation = initial recoil velocity x µ
E is the elasticity,
µ is the viscosity coefficient.



What is your question?

Can you simplify the question?

What is your hypothesis?

Are there experiments / data to support hypothesis?

Can you create a simple mathematical model to test this 
hypothesis?

What experiments can you do to parameterise model and test 
model predictions?

 

Using mathematical models in biology



Dachs
polarisation

Cell Shape

Spindle

Other epithelial forces
e.g. neighbouring cells

How do forces contribute to epithelial packing??

Need a computational model of an epithelium

Supports Dachs influencing spindle orientation indirectly 
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Using mathematical models in biology



Where do the forces come from?

Apical:
E-cadherin
Actin
Myosin

Adhesive and contractile molecules change force balances within the epithelium

Farhadifar et al., 2007



area 
elasticity

junctional
tension

cortical
contractility∑Potential

Energy of 
Whole system

= + + ∑∑

Nagai, Honda 2001, Farhadifar et al., 2007, etc 

2D vertex model

Quantitative description of forces at apical vertices


[image: image1.wmf]



Area elasticity term

preferred area actual area elastic coefficient

Pressure from volume and height of cell



Junctional line tension term

Length of junctionLine tension coefficient
∝ contractility - adhesion

Force balance between adhesion molecules and contractile molecules 



Perimeter contractility term

Perimeter contractility coefficient Length of cell perimeter

Contractile force of actin-myosin ring



To include Dachs: How would you do it?



To include Dachs: modify line tension term

= |sin (edge angle - PD angle)|
Dachs tension factor



P DIsometric tension & division in long axis
48 hrs simulated growth = ~ 45 min run time



P DPolarized tension & division in long axis



P DIsometric tension & polarized cell division



Clone orientation (deviation from PD 0o)
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Simulation A
Simulation B
Simulation C

Wild type experiment

El
on

ga
tio

n 
ra

tio

Clone orientation (deviation from PD 0o)

Comparing simulations to in vivo

Mao et al., Genes & Dev 2011

Maybe we parameterised (B) to get what we want? – partly true, we needed to parameterise Dachs-Max 



Cell shape vs spindle binding

∆ = angle between daughter cells and dividing cell 
 

PD axis
- ∆

PD axis
∆-

∆+

- ∆ = towards P-D

= away from P-D∆+

cell shape spindle

Mao et al., Genes & Dev 2011



Experimentation

not via direct spindle binding
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		1.1212		51.6238		56.162				-4.5382

		1.1923		9.2632		25.8429				-16.5797

		1.4934		19.0079		9.8273				9.1806

		1.2626		4.8511		9.5498				-4.6987

		1.7831		14.4594		28.4739				-14.0145

		1.8795		0.3207		9.4777				-9.157

		1.0828		41.2598		29.2776				11.9822
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		27.1213		1.69		77.1848		-50.0635				38.0391		1.14929		36.4855		1.5536				63.1355		1.25761		76.0581		-12.9226

		2.61925		1.22949		13.6094		-10.99015				8.13165		1.22467		16.8683		-8.73665				76.1489		1.09651		85.4167		-9.2678

		27.915		1.13678		81.7774		-53.8624				0.064653		1.29999		2.68052		-2.615867				27.351		1.06284		17.3263		10.0247

		22.8888		1.2974		21.7765		1.1123				25.3713		1.27156		26.6051		-1.2338				47.0628		1.09224		47.203		-0.1402

		1.93156		1.34099		89.1908		-87.25924				85.2425		1.17395		89.7867		-4.5442				7.62921		1.19985		5.34835		2.28086

		8.30224		1.11476		12.6919		-4.38966				0.394719		1.12067		19.5701		-19.175381				38.0596		1.3723		50.7067		-12.6471

		4.33135		1.20003		11.7277		-7.39635				77.7176		1.01308		69.4456		8.272				65.9818		1.14363		72.4356		-6.4538

		18.1409		1.26907		77.6972		-59.5563				46.7002		1.06988		48.7328		-2.0326				80.1712		1.06241		75.8742		4.297

		10.8948		1.04748		21.0981		-10.2033				65.3394		1.11247		87.1247		-21.7853				32.2171		1.01247		31.6023		0.6148

		9.79388		1.18275		85.3003		-75.50642				19.5963		1.13942		18.5306		1.0657				75.5388		1.28542		73.2202		2.3186

		12.4584		1.19341		41.6912		-29.2328				16.5622		1.17652		20.9731		-4.4109				67.3529		1.19599		60.3623		6.9906

		0.266995		1.4456		3.48797		-3.220975				53.4101		1.10253		35.4997		17.9104				58.7149		1.0998		60.5443		-1.8294

		21.8072		1.36459		81.6327		-59.8255				23.0846		1.12745		23.3255		-0.2409				59.9148		1.2823		52.9123		7.0025

		10.6807		1.18566		3.38008		7.30062				3.317		1.18395		13.783		-10.466				36.56		1.23959		43.7205		-7.1605

		22.7112		1.23562		50.5976		-27.8864				2.52741		1.08182		20.9925		-18.46509				44.7644		1.04696		48.7468		-3.9824

		10.4515		1.26989		0.332624		10.118876				7.6437		1.24271		13.1639		-5.5202				83.978		1.01413		77.4918		6.4862

		30.0651		1.2111		74.6575		-44.5924				0.796831		1.31701		1.56341		-0.766579				62.7441		1.25086		50.461		12.2831

		7.62492		1.18313		81.3511		-73.72618				12.1475		1.11735		21.7496		-9.6021				29.4285		1.11009		9.88726		19.54124

		3.11327		1.10159		12.4753		-9.36203				27.7509		1.10617		23.0033		4.7476				79.0917		1.03661		67.6716		11.4201

		10.3897		1.08788		16.4928		-6.1031				86.507		1.02286		77.3976		9.1094				81.7324		1.13461		88.3958		-6.6634

		1.38212		1.28154		89.2366		-87.85448				29.8369		1.08198		28.5352		1.3017				72.6019		1.19262		61.8685		10.7334

		1.69569		1.33148		89.7166		-88.02091				30.1303		1.21486		29.3809		0.7494				85.5473		1.11843		89.3161		-3.7688

		4.88662		1.0847		57.2393		-52.35268				10.8113		1.14004		8.62403		2.18727				47.2084		1.12958		73.2095		-26.0011

		14.0173		1.16395		58.2796		-44.2623				41.5015		1.0639		47.1512		-5.6497				83.9786		1.13953		86.1574		-2.1788

		3.37804		1.04006		60.0016		-56.62356				39.4166		1.23664		27.9278		11.4888				79.4625		1.0484		73.0865		6.376

		3.98534		1.14448		12.1923		-8.20696				37.434		1.11931		38.6122		-1.1782				74.0826		1.06095		85.5105		-11.4279

		16.9836		1.16811		49.3638		-32.3802				19.5851		1.20931		11.4125		8.1726				48.7628		1.04009		61.4864		-12.7236

		24.2121		1.32295		68.5891		-44.377				15.15		1.03561		57.7126		-42.5626				38.7292		1.02238		28.6773		10.0519

		3.22014		1.15015		63.7605		-60.54036				18.1589		1.06186		18.3335		-0.1746				33.5934		1.12048		16.444		17.1494

		12.5668		1.16101		73.8315		-61.2647				7.33385		1.22515		4.87798		2.45587				9.22672		1.04742		7.73892		1.4878

		26.3767		1.51149		89.4679		-63.0912				34.028		1.37288		18.2216		15.8064				48.4383		1.19385		39.2433		9.195

		27.2683		1.14708		79.7233		-52.455				10.7796		1.07278		25.2791		-14.4995				8.51317		1.14691		19.8762		-11.36303

		9.77536		1.2577		17.9929		-8.21754				12.6182		1.20437		16.3485		-3.7303				7.67722		1.05712		4.25366		3.42356

		3.28639		1.09751		56.973		-53.68661				4.46496		1.34772		1.06321		3.40175				1.15769		1.18715		2.66022		-1.50253

		22.045		1.06121		29.7391		-7.6941				51.9376		1.19591		46.5849		5.3527				23.0498		1.13121		22.3759		0.6739

		2.42717		1.20984		31.5977		-29.17053				0.683579		1.20586		4.85109		-4.167511				45.4088		1.13896		49.3128		-3.904

		1.37979		1.17498		79.5289		-78.14911				11.9769		1.36021		10.3084		1.6685				58.2619		1.09692		62.1642		-3.9023

		15.5537		1.17383		7.10994		8.44376				19.8544		1.06543		42.9528		-23.0984				68.3278		1.18326		58.7852		9.5426

		31.5983		1.24355		73.4072		-41.8089				69.8757		1.19149		65.5015		4.3742				76.446		1.32654		76.4728		-0.0268

		6.55266		1.04415		41.5648		-35.01214				61.283		1.0747		80.1725		-18.8895				53.338		1.17849		58.7137		-5.3757

		10.0724		1.145		38.1722		-28.0998				31.241		1.02091		30.8955		0.3455				42.7988		1.19648		46.8784		-4.0796

		3.4643		1.25454		56.71		-53.2457				36.2747		1.21964		44.8508		-8.5761				1.66217		1.16108		8.44334		-6.78117

		0.346191		1.21346		44.6328		-44.286609				77.1316		1.08684		81.8201		-4.6885				87.3453		1.0471		87.6434		-0.2981

		14.2833		1.19208		72.2579		-57.9746				13.7558		1.37418		8.99078		4.76502				82.3137		1.12429		75.7542		6.5595

		24.8722		1.1489		64.0297		-39.1575				0.733124		1.20952		20.8906		-20.157476				77.6002		1.14622		70.3995		7.2007

		9.0819		1.16636		80.1621		-71.0802				30.9834		1.05882		7.46664		23.51676				56.2498		1.08465		58.2677		-2.0179

		29.9693		1.29026		74.9133		-44.944				7.13655		1.11556		4.28123		2.85532				2.75483		1.21097		0.629015		2.125815

		16.7783		1.20726		72.118		-55.3397				52.8077		1.23958		55.3091		-2.5014				87.9642		1.14931		88.2386		-0.2744

		2.59272		1.1581		83.7199		-81.12718				6.71169		1.37013		1.04518		5.66651				46.1936		1.03982		25.1906		21.003

		36.4628		1.30506		52.9754		-16.5126				42.846		1.13803		30.6306		12.2154				81.1571		1.2092		88.8076		-7.6505

		20.5714		1.19538		89.7104		-69.139				16.1499		1.11833		24.2705		-8.1206				65.3858		1.18699		58.9007		6.4851

		11.2915		1.19279		81.6682		-70.3767				30.8114		1.25044		48.2044		-17.393				59.1827		1.26178		65.533		-6.3503

		16.7863		1.10356		56.1992		-39.4129				13.5276		1.05305		6.25978		7.26782				87.2145		1.15899		80.573		6.6415

		25.1006		1.21127		88.0966		-62.996				21.3248		1.0184		39.6201		-18.2953				58.5377		1.17986		53.227		5.3107

		28.193		1.25775		69.9411		-41.7481				0.354488		1.31152		0.224443		0.130045				22.9149		1.21342		26.0576		-3.1427

		4.54941		1.11201		2.95047		1.59894				43.9436		1.21322		43.9552		-0.0116				25.9996		1.03683		18.5528		7.4468

		8.6779		1.06496		14.7029		-6.025				6.4268		1.1191		1.6966		4.7302				9.91271		1.08796		9.1869		0.72581

		23.7236		1.25318		82.3734		-58.6498				21.5253		1.10449		16.1306		5.3947				87.0863		1.10548		74.7537		12.3326

		13.1512		1.11845		71.4565		-58.3053				1.18987		1.31482		4.99757		-3.8077				19.1009		1.17726		38.7764		-19.6755

		21.6888		1.08469		84.2516		-62.5628				48.0643		1.05957		47.5447		0.5196				61.6932		1.08608		50.6529		11.0403

		6.47574		1.19893		1.81881		4.65693				13.4239		1.24621		16.6776		-3.2537				23.8942		1.0582		44.6888		-20.7946

		0.993006		1.23652		4.33854		-3.345534				0.7286		1.19271		24.7647		-24.0361				49.8601		1.23603		52.8027		-2.9426

		3.12531		1.17637		84.3177		-81.19239				20.3819		1.13995		28.7346		-8.3527				68.7355		1.43993		61.2708		7.4647

		29.6168		1.34981		80.152		-50.5352				13		1.08866		3.97461		9.02539				83.3304		1.42371		70.5053		12.8251

		28.1096		1.30319		80.8257		-52.7161				10.8378		1.24967		18.3564		-7.5186				1.53994		1.08494		6.46831		-4.92837

		13.3412		1.14438		47.7749		-34.4337				82.847		1.06298		83.1157		-0.2687				9.8163		1.15035		5.40469		4.41161

		3.71125		1.29298		10.0768		-6.36555				70.5098		1.10381		76.6006		-6.0908				14.8606		1.13752		13.8691		0.9915

		10.4126		1.13458		13.8905		-3.4779				29.4269		1.05035		29.701		-0.2741				39.3884		1.17215		32.2153		7.1731

		16.5104		1.27995		77.3685		-60.8581				28.0747		1.06979		28.6399		-0.5652				32.2383		1.08436		8.08666		24.15164

		18.7317		1.22159		63.9116		-45.1799				10.7969		1.07156		3.24684		7.55006				6.4279		1.15227		2.75352		3.67438

		3.14946		1.15307		12.219		-9.06954				11.3832		1.10537		16.7436		-5.3604				25.8258		1.08228		31.6642		-5.8384

		5.49578		1.03556		88.7123		-83.21652				78.5558		1.23809		84.5056		-5.9498				78.1707		1.33254		84.405		-6.2343

		2.84971		1.06598		42.4698		-39.62009				9.29215		1.1501		2.1699		7.12225				38.384		1.17023		63.8507		-25.4667

		28.2966		1.4277		69.477		-41.1804				64.6912		1.18276		65.8323		-1.1411				54.3752		1.17538		36.9106		17.4646

		7.6523		1.08865		40.1294		-32.4771				6.42562		1.2801		16.4801		-10.05448				15.5395		1.14784		24.3		-8.7605

		0.613759		1.02561		23.0953		-22.481541				10.6941		1.25865		14.3692		-3.6751				45.7889		1.16082		41.9882		3.8007

		9.03556		1.12251		29.5897		-20.55414				14.9966		1.11413		15.8997		-0.9031				23.2021		1.16555		22.7835		0.4186

		21.7889		1.25163		38.2637		-16.4748				6.12699		1.02997		13.6334		-7.50641				60.8297		1.35971		52.1773		8.6524

		9.62906		1.121		18.3218		-8.69274				3.93276		1.10594		1.02609		2.90667				70.9589		1.20071		72.3693		-1.4104

		5.49246		1.2598		1.22222		4.27024				5.75521		1.13271		1.17903		4.57618				51.7862		1.23386		73.4282		-21.642

		10.5907		1.13512		47.7077		-37.117				26.0211		1.15824		19.3424		6.6787				47.6068		1.116		33.3713		14.2355

		27.071		1.11622		57.3781		-30.3071				7.69762		1.09079		0.015733		7.681887				0.090681		1.0498		20.237		-20.146319

		25.2915		1.30274		52.7095		-27.418				11.9796		1.07679		21.5002		-9.5206				16.5743		1.14882		1.07626		15.49804

		17.1449		1.23829		88.1849		-71.04				27.1571		1.20029		9.68161		17.47549				21.1322		1.16855		24.5273		-3.3951

		10.2811		1.41543		61.0145		-50.7334				7.55383		1.08468		12.1499		-4.59607				44.0389		1.16914		48.8835		-4.8446

		5.1937		1.25792		80.4289		-75.2352				69.3248		1.06489		52.5292		16.7956				54.9107		1.10318		41.9456		12.9651

		1.56359		1.05721		15.7141		-14.15051				1.55573		1.20155		1.64055		-0.08482				49.8239		1.01818		46.1191		3.7048

		9.60676		1.19682		68.9342		-59.32744				39.0947		1.12113		47.2032		-8.1085				25.3345		1.1446		22.3909		2.9436

		9.50355		1.21916		14.0625		-4.55895				39.0838		1.24492		41.8424		-2.7586				7.01923		1.12232		20.2226		-13.20337

		8.60466		1.20254		55.9252		-47.32054				43.8791		1.21554		39.8741		4.005				36.0955		1.08272		35.9101		0.1854

		24.4957		1.32452		85.4418		-60.9461				38.6325		1.1918		33.4337		5.1988				36.8153		1.18368		51.262		-14.4467

		16.5189		1.083		88.2349		-71.716				26.899		1.22837		31.1106		-4.2116				82.3192		1.17356		82.6905		-0.3713

		4.97138		1.11774		66.483		-61.51162				84.1056		1.18497		86.6094		-2.5038				43.4212		1.11579		50.5216		-7.1004

		8.31653		1.27302		72.7716		-64.45507				12.2225		1.07367		28.5396		-16.3171				46.3819		1.14858		32.8597		13.5222

		5.74986		1.18526		6.19834		-0.44848				0.358909		1.24615		6.18882		-5.829911				31.8459		1.1076		22.6055		9.2404

		21.4341		1.32		62.1984		-40.7643				10.966		1.2565		27.0215		-16.0555				20.2128		1.05404		11.5802		8.6326

		5.09697		1.07808		51.9285		-46.83153				5.6821		1.1304		17.8137		-12.1316				26.1832		1.18514		32.4125		-6.2293

		3.76712		1.07612		5.1532		-1.38608				61.9382		1.17574		57.2692		4.669				28.6996		1.15576		22.2816		6.418

		7.54685		1.23415		84.2363		-76.68945				14.9944		1.23346		20.1941		-5.1997				45.6869		1.02633		29.9875		15.6994

		17.3485		1.07948		58.0791		-40.7306				22.2358		1.14201		16.4819		5.7539				72.45		1.32332		69.2655		3.1845

		14.9851		1.1163		74.5927		-59.6076				16.1277		1.14256		22.5994		-6.4717				37.9914		1.11406		44.4845		-6.4931
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Sheet1

		Dividing cell

		Div cell ER		PDG vs Da		PDG vs Di				"wobble"

		1.5065		53.9627		41.9184				12.0443

		1.4073		65.0115		46.8316				18.1799

		1.5944		69.3411		58.5598				10.7813

		1.2486		88.741		64.6243				24.1167

		1.6184		27.8755		46.2967				-18.4212

		1.4157		75.5297		81.5464				-6.0167

		1.5294		11.8887		37.0974				-25.2087

		1.6342		17.4863		49.1547				-31.6684

		2.0829		17.2275		29.9521				-12.7246

		1.5428		32.7843		50.5804				-17.7961

		1.4698		15.2551		54.3244				-39.0693

		1.6513		0.5355		56.2083				-55.6728

		1.3126		52.5148		26.0266				26.4882

		1.0994		1.7899		22.2879				-20.498

		1.5137		3.5011		32.1952				-28.6941

		1.6827		33.6901		63.8042				-30.1141

		1.08		37.6389		14.9074				22.7315

		1.0863		29.7449		54.9959				-25.251

		1.4182		62.8443		58.7621				4.0822

		1.2576		8.0461		31.1342				-23.0881

		2.0711		88.4053		86.5578				1.8475

		1.4341		51.2825		17.1542				34.1283

		1.2536		3.0529		12.3663				-9.3134

		1.6371		49.4556		55.4588				-6.0032

		1.0429		75.1564		38.4699				36.6865

		1.3225		78.147		64.4742				13.6728

		1.2342		37.5457		12.5491				24.9966

		1.23		68.1986		51.1612				17.0374

		2.2428		0		1.5311				-1.5311

		1.0942		12.704		44.5401				-31.8361

		1.1997		7.7791		11.3845				-3.6054

		1.4333		23.6631		13.3381				10.325

		1.0715		45.1731		60.3031				-15.13

		1.5754		20.5825		2.9777				17.6048

		1.3632		46.6366		48.7718				-2.1352

		1.354		33.2749		9.2561				24.0188

		1.3937		5.6307		26.1216				-20.4909

		1.6009		8.9726		62.4881				-53.5155

		1.1229		3.4893		79.7527				-76.2634

		1.1273		22.1663		21.8043				0.362

		1.1376		57.2648		44.2312				13.0336

		1.2653		63.5661		80.5948				-17.0287

		1.27		10.1247		84.7674				-74.6427

		1.7533		20.3851		36.5267				-16.1416

		1.0647		19.5731		83.4188				-63.8457

		1.3233		36.8257		51.9759				-15.1502

		1.8944		60.9028		44.0607				16.8421

		1.5043		8.1736		9.9641				-1.7905

		1.5731		35.53		33.5192				2.0108

		1.7793		24.0729		16.769				7.3039

		1.1428		37.4557		6.4176				31.0381

		1.491		23.9545		12.9826				10.9719

		1.2875		27.7294		10.4876				17.2418

		1.8722		5.5848		0.866				4.7188

		1.2183		35.2201		32.551				2.6691

		1.4006		28.4742		25.9897				2.4845

		2.1439		21.4809		10.9463				10.5346

		2.018		16.5151		45.4765				-28.9614

		1.6287		15.4486		25.2923				-9.8437

		1.758		62.6836		58.9439				3.7397

		1.0763		42.7559		42.8991				-0.1432

		1.4348		29.1585		22.0166				7.1419

		1.3027		41.7878		37.2012				4.5866

		1.6759		5.3585		33.0337				-27.6752

		1.209		32.4752		84.1728				-51.6976

		1.5278		40.623		59.6986				-19.0756

		1.6185		37.2592		41.4943				-4.2351

		2.4216		43.1899		52.2442				-9.0543

		2.0124		65.3161		62.7213				2.5948

		1.798		3.6787		17.8999				-14.2212

		1.0115		80.89		10.2972				70.5928

		1.1327		74.2714		52.2989				21.9725

		1.8059		61.543		60.1692				1.3738

		1.2148		10.8804		21.2626				-10.3822

		1.3222		41.0854		73.6065				-32.5211

		1.6202		61.7963		15.8315				45.9648

		1.3242		12.8833		0.8886				11.9947

		1.3506		77.0515		4.3367				72.7148

		1.317		12.8502		21.5896				-8.7394

		1.221		30.9062		56.5421				-25.6359

		1.5052		13.2093		69.9443				-56.735

		1.1715		67.2766		85.7877				-18.5111

		1.5204		11.3099		38.6807				-27.3708

		1.3437		67.8973		21.2443				46.653

		1.149		36.2157		33.5383				2.6774

		1.1372		33.7432		15.0028				18.7404

		1.2328		89.0889		88.8819				0.207

		2.2625		54.1153		48.3672				5.7481

		1.1212		51.6238		56.162				-4.5382

		1.1923		9.2632		25.8429				-16.5797

		1.4934		19.0079		9.8273				9.1806

		1.2626		4.8511		9.5498				-4.6987

		1.7831		14.4594		28.4739				-14.0145

		1.8795		0.3207		9.4777				-9.157

		1.0828		41.2598		29.2776				11.9822
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		force PD										dachs 8										no dachs

		daughter		ER		divding cell		daughter - dividing				daughter		ER		dividing cell		daughter - dividing				daughter		ER		dividing cell		daughter - dividing

		27.1213		1.69		77.1848		-50.0635				38.0391		1.14929		36.4855		1.5536				63.1355		1.25761		76.0581		-12.9226

		2.61925		1.22949		13.6094		-10.99015				8.13165		1.22467		16.8683		-8.73665				76.1489		1.09651		85.4167		-9.2678

		27.915		1.13678		81.7774		-53.8624				0.064653		1.29999		2.68052		-2.615867				27.351		1.06284		17.3263		10.0247

		22.8888		1.2974		21.7765		1.1123				25.3713		1.27156		26.6051		-1.2338				47.0628		1.09224		47.203		-0.1402

		1.93156		1.34099		89.1908		-87.25924				85.2425		1.17395		89.7867		-4.5442				7.62921		1.19985		5.34835		2.28086

		8.30224		1.11476		12.6919		-4.38966				0.394719		1.12067		19.5701		-19.175381				38.0596		1.3723		50.7067		-12.6471

		4.33135		1.20003		11.7277		-7.39635				77.7176		1.01308		69.4456		8.272				65.9818		1.14363		72.4356		-6.4538

		18.1409		1.26907		77.6972		-59.5563				46.7002		1.06988		48.7328		-2.0326				80.1712		1.06241		75.8742		4.297

		10.8948		1.04748		21.0981		-10.2033				65.3394		1.11247		87.1247		-21.7853				32.2171		1.01247		31.6023		0.6148

		9.79388		1.18275		85.3003		-75.50642				19.5963		1.13942		18.5306		1.0657				75.5388		1.28542		73.2202		2.3186

		12.4584		1.19341		41.6912		-29.2328				16.5622		1.17652		20.9731		-4.4109				67.3529		1.19599		60.3623		6.9906

		0.266995		1.4456		3.48797		-3.220975				53.4101		1.10253		35.4997		17.9104				58.7149		1.0998		60.5443		-1.8294

		21.8072		1.36459		81.6327		-59.8255				23.0846		1.12745		23.3255		-0.2409				59.9148		1.2823		52.9123		7.0025

		10.6807		1.18566		3.38008		7.30062				3.317		1.18395		13.783		-10.466				36.56		1.23959		43.7205		-7.1605

		22.7112		1.23562		50.5976		-27.8864				2.52741		1.08182		20.9925		-18.46509				44.7644		1.04696		48.7468		-3.9824

		10.4515		1.26989		0.332624		10.118876				7.6437		1.24271		13.1639		-5.5202				83.978		1.01413		77.4918		6.4862

		30.0651		1.2111		74.6575		-44.5924				0.796831		1.31701		1.56341		-0.766579				62.7441		1.25086		50.461		12.2831

		7.62492		1.18313		81.3511		-73.72618				12.1475		1.11735		21.7496		-9.6021				29.4285		1.11009		9.88726		19.54124

		3.11327		1.10159		12.4753		-9.36203				27.7509		1.10617		23.0033		4.7476				79.0917		1.03661		67.6716		11.4201

		10.3897		1.08788		16.4928		-6.1031				86.507		1.02286		77.3976		9.1094				81.7324		1.13461		88.3958		-6.6634

		1.38212		1.28154		89.2366		-87.85448				29.8369		1.08198		28.5352		1.3017				72.6019		1.19262		61.8685		10.7334

		1.69569		1.33148		89.7166		-88.02091				30.1303		1.21486		29.3809		0.7494				85.5473		1.11843		89.3161		-3.7688

		4.88662		1.0847		57.2393		-52.35268				10.8113		1.14004		8.62403		2.18727				47.2084		1.12958		73.2095		-26.0011

		14.0173		1.16395		58.2796		-44.2623				41.5015		1.0639		47.1512		-5.6497				83.9786		1.13953		86.1574		-2.1788

		3.37804		1.04006		60.0016		-56.62356				39.4166		1.23664		27.9278		11.4888				79.4625		1.0484		73.0865		6.376

		3.98534		1.14448		12.1923		-8.20696				37.434		1.11931		38.6122		-1.1782				74.0826		1.06095		85.5105		-11.4279

		16.9836		1.16811		49.3638		-32.3802				19.5851		1.20931		11.4125		8.1726				48.7628		1.04009		61.4864		-12.7236

		24.2121		1.32295		68.5891		-44.377				15.15		1.03561		57.7126		-42.5626				38.7292		1.02238		28.6773		10.0519

		3.22014		1.15015		63.7605		-60.54036				18.1589		1.06186		18.3335		-0.1746				33.5934		1.12048		16.444		17.1494

		12.5668		1.16101		73.8315		-61.2647				7.33385		1.22515		4.87798		2.45587				9.22672		1.04742		7.73892		1.4878

		26.3767		1.51149		89.4679		-63.0912				34.028		1.37288		18.2216		15.8064				48.4383		1.19385		39.2433		9.195

		27.2683		1.14708		79.7233		-52.455				10.7796		1.07278		25.2791		-14.4995				8.51317		1.14691		19.8762		-11.36303

		9.77536		1.2577		17.9929		-8.21754				12.6182		1.20437		16.3485		-3.7303				7.67722		1.05712		4.25366		3.42356

		3.28639		1.09751		56.973		-53.68661				4.46496		1.34772		1.06321		3.40175				1.15769		1.18715		2.66022		-1.50253

		22.045		1.06121		29.7391		-7.6941				51.9376		1.19591		46.5849		5.3527				23.0498		1.13121		22.3759		0.6739

		2.42717		1.20984		31.5977		-29.17053				0.683579		1.20586		4.85109		-4.167511				45.4088		1.13896		49.3128		-3.904

		1.37979		1.17498		79.5289		-78.14911				11.9769		1.36021		10.3084		1.6685				58.2619		1.09692		62.1642		-3.9023

		15.5537		1.17383		7.10994		8.44376				19.8544		1.06543		42.9528		-23.0984				68.3278		1.18326		58.7852		9.5426

		31.5983		1.24355		73.4072		-41.8089				69.8757		1.19149		65.5015		4.3742				76.446		1.32654		76.4728		-0.0268

		6.55266		1.04415		41.5648		-35.01214				61.283		1.0747		80.1725		-18.8895				53.338		1.17849		58.7137		-5.3757

		10.0724		1.145		38.1722		-28.0998				31.241		1.02091		30.8955		0.3455				42.7988		1.19648		46.8784		-4.0796

		3.4643		1.25454		56.71		-53.2457				36.2747		1.21964		44.8508		-8.5761				1.66217		1.16108		8.44334		-6.78117

		0.346191		1.21346		44.6328		-44.286609				77.1316		1.08684		81.8201		-4.6885				87.3453		1.0471		87.6434		-0.2981

		14.2833		1.19208		72.2579		-57.9746				13.7558		1.37418		8.99078		4.76502				82.3137		1.12429		75.7542		6.5595

		24.8722		1.1489		64.0297		-39.1575				0.733124		1.20952		20.8906		-20.157476				77.6002		1.14622		70.3995		7.2007

		9.0819		1.16636		80.1621		-71.0802				30.9834		1.05882		7.46664		23.51676				56.2498		1.08465		58.2677		-2.0179

		29.9693		1.29026		74.9133		-44.944				7.13655		1.11556		4.28123		2.85532				2.75483		1.21097		0.629015		2.125815

		16.7783		1.20726		72.118		-55.3397				52.8077		1.23958		55.3091		-2.5014				87.9642		1.14931		88.2386		-0.2744

		2.59272		1.1581		83.7199		-81.12718				6.71169		1.37013		1.04518		5.66651				46.1936		1.03982		25.1906		21.003

		36.4628		1.30506		52.9754		-16.5126				42.846		1.13803		30.6306		12.2154				81.1571		1.2092		88.8076		-7.6505

		20.5714		1.19538		89.7104		-69.139				16.1499		1.11833		24.2705		-8.1206				65.3858		1.18699		58.9007		6.4851

		11.2915		1.19279		81.6682		-70.3767				30.8114		1.25044		48.2044		-17.393				59.1827		1.26178		65.533		-6.3503

		16.7863		1.10356		56.1992		-39.4129				13.5276		1.05305		6.25978		7.26782				87.2145		1.15899		80.573		6.6415

		25.1006		1.21127		88.0966		-62.996				21.3248		1.0184		39.6201		-18.2953				58.5377		1.17986		53.227		5.3107

		28.193		1.25775		69.9411		-41.7481				0.354488		1.31152		0.224443		0.130045				22.9149		1.21342		26.0576		-3.1427

		4.54941		1.11201		2.95047		1.59894				43.9436		1.21322		43.9552		-0.0116				25.9996		1.03683		18.5528		7.4468

		8.6779		1.06496		14.7029		-6.025				6.4268		1.1191		1.6966		4.7302				9.91271		1.08796		9.1869		0.72581

		23.7236		1.25318		82.3734		-58.6498				21.5253		1.10449		16.1306		5.3947				87.0863		1.10548		74.7537		12.3326

		13.1512		1.11845		71.4565		-58.3053				1.18987		1.31482		4.99757		-3.8077				19.1009		1.17726		38.7764		-19.6755

		21.6888		1.08469		84.2516		-62.5628				48.0643		1.05957		47.5447		0.5196				61.6932		1.08608		50.6529		11.0403

		6.47574		1.19893		1.81881		4.65693				13.4239		1.24621		16.6776		-3.2537				23.8942		1.0582		44.6888		-20.7946

		0.993006		1.23652		4.33854		-3.345534				0.7286		1.19271		24.7647		-24.0361				49.8601		1.23603		52.8027		-2.9426

		3.12531		1.17637		84.3177		-81.19239				20.3819		1.13995		28.7346		-8.3527				68.7355		1.43993		61.2708		7.4647

		29.6168		1.34981		80.152		-50.5352				13		1.08866		3.97461		9.02539				83.3304		1.42371		70.5053		12.8251

		28.1096		1.30319		80.8257		-52.7161				10.8378		1.24967		18.3564		-7.5186				1.53994		1.08494		6.46831		-4.92837

		13.3412		1.14438		47.7749		-34.4337				82.847		1.06298		83.1157		-0.2687				9.8163		1.15035		5.40469		4.41161

		3.71125		1.29298		10.0768		-6.36555				70.5098		1.10381		76.6006		-6.0908				14.8606		1.13752		13.8691		0.9915

		10.4126		1.13458		13.8905		-3.4779				29.4269		1.05035		29.701		-0.2741				39.3884		1.17215		32.2153		7.1731

		16.5104		1.27995		77.3685		-60.8581				28.0747		1.06979		28.6399		-0.5652				32.2383		1.08436		8.08666		24.15164

		18.7317		1.22159		63.9116		-45.1799				10.7969		1.07156		3.24684		7.55006				6.4279		1.15227		2.75352		3.67438

		3.14946		1.15307		12.219		-9.06954				11.3832		1.10537		16.7436		-5.3604				25.8258		1.08228		31.6642		-5.8384

		5.49578		1.03556		88.7123		-83.21652				78.5558		1.23809		84.5056		-5.9498				78.1707		1.33254		84.405		-6.2343

		2.84971		1.06598		42.4698		-39.62009				9.29215		1.1501		2.1699		7.12225				38.384		1.17023		63.8507		-25.4667

		28.2966		1.4277		69.477		-41.1804				64.6912		1.18276		65.8323		-1.1411				54.3752		1.17538		36.9106		17.4646

		7.6523		1.08865		40.1294		-32.4771				6.42562		1.2801		16.4801		-10.05448				15.5395		1.14784		24.3		-8.7605

		0.613759		1.02561		23.0953		-22.481541				10.6941		1.25865		14.3692		-3.6751				45.7889		1.16082		41.9882		3.8007

		9.03556		1.12251		29.5897		-20.55414				14.9966		1.11413		15.8997		-0.9031				23.2021		1.16555		22.7835		0.4186

		21.7889		1.25163		38.2637		-16.4748				6.12699		1.02997		13.6334		-7.50641				60.8297		1.35971		52.1773		8.6524

		9.62906		1.121		18.3218		-8.69274				3.93276		1.10594		1.02609		2.90667				70.9589		1.20071		72.3693		-1.4104

		5.49246		1.2598		1.22222		4.27024				5.75521		1.13271		1.17903		4.57618				51.7862		1.23386		73.4282		-21.642

		10.5907		1.13512		47.7077		-37.117				26.0211		1.15824		19.3424		6.6787				47.6068		1.116		33.3713		14.2355

		27.071		1.11622		57.3781		-30.3071				7.69762		1.09079		0.015733		7.681887				0.090681		1.0498		20.237		-20.146319

		25.2915		1.30274		52.7095		-27.418				11.9796		1.07679		21.5002		-9.5206				16.5743		1.14882		1.07626		15.49804

		17.1449		1.23829		88.1849		-71.04				27.1571		1.20029		9.68161		17.47549				21.1322		1.16855		24.5273		-3.3951

		10.2811		1.41543		61.0145		-50.7334				7.55383		1.08468		12.1499		-4.59607				44.0389		1.16914		48.8835		-4.8446

		5.1937		1.25792		80.4289		-75.2352				69.3248		1.06489		52.5292		16.7956				54.9107		1.10318		41.9456		12.9651

		1.56359		1.05721		15.7141		-14.15051				1.55573		1.20155		1.64055		-0.08482				49.8239		1.01818		46.1191		3.7048

		9.60676		1.19682		68.9342		-59.32744				39.0947		1.12113		47.2032		-8.1085				25.3345		1.1446		22.3909		2.9436

		9.50355		1.21916		14.0625		-4.55895				39.0838		1.24492		41.8424		-2.7586				7.01923		1.12232		20.2226		-13.20337

		8.60466		1.20254		55.9252		-47.32054				43.8791		1.21554		39.8741		4.005				36.0955		1.08272		35.9101		0.1854

		24.4957		1.32452		85.4418		-60.9461				38.6325		1.1918		33.4337		5.1988				36.8153		1.18368		51.262		-14.4467

		16.5189		1.083		88.2349		-71.716				26.899		1.22837		31.1106		-4.2116				82.3192		1.17356		82.6905		-0.3713

		4.97138		1.11774		66.483		-61.51162				84.1056		1.18497		86.6094		-2.5038				43.4212		1.11579		50.5216		-7.1004

		8.31653		1.27302		72.7716		-64.45507				12.2225		1.07367		28.5396		-16.3171				46.3819		1.14858		32.8597		13.5222

		5.74986		1.18526		6.19834		-0.44848				0.358909		1.24615		6.18882		-5.829911				31.8459		1.1076		22.6055		9.2404

		21.4341		1.32		62.1984		-40.7643				10.966		1.2565		27.0215		-16.0555				20.2128		1.05404		11.5802		8.6326

		5.09697		1.07808		51.9285		-46.83153				5.6821		1.1304		17.8137		-12.1316				26.1832		1.18514		32.4125		-6.2293

		3.76712		1.07612		5.1532		-1.38608				61.9382		1.17574		57.2692		4.669				28.6996		1.15576		22.2816		6.418

		7.54685		1.23415		84.2363		-76.68945				14.9944		1.23346		20.1941		-5.1997				45.6869		1.02633		29.9875		15.6994

		17.3485		1.07948		58.0791		-40.7306				22.2358		1.14201		16.4819		5.7539				72.45		1.32332		69.2655		3.1845

		14.9851		1.1163		74.5927		-59.6076				16.1277		1.14256		22.5994		-6.4717				37.9914		1.11406		44.4845		-6.4931
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		Dividing cell

		Div cell ER		PDG vs Da		PDG vs Di				"wobble"

		1.5065		53.9627		41.9184				12.0443

		1.4073		65.0115		46.8316				18.1799

		1.5944		69.3411		58.5598				10.7813

		1.2486		88.741		64.6243				24.1167

		1.6184		27.8755		46.2967				-18.4212

		1.4157		75.5297		81.5464				-6.0167

		1.5294		11.8887		37.0974				-25.2087

		1.6342		17.4863		49.1547				-31.6684

		2.0829		17.2275		29.9521				-12.7246

		1.5428		32.7843		50.5804				-17.7961

		1.4698		15.2551		54.3244				-39.0693

		1.6513		0.5355		56.2083				-55.6728

		1.3126		52.5148		26.0266				26.4882

		1.0994		1.7899		22.2879				-20.498

		1.5137		3.5011		32.1952				-28.6941

		1.6827		33.6901		63.8042				-30.1141

		1.08		37.6389		14.9074				22.7315

		1.0863		29.7449		54.9959				-25.251

		1.4182		62.8443		58.7621				4.0822

		1.2576		8.0461		31.1342				-23.0881

		2.0711		88.4053		86.5578				1.8475

		1.4341		51.2825		17.1542				34.1283

		1.2536		3.0529		12.3663				-9.3134

		1.6371		49.4556		55.4588				-6.0032

		1.0429		75.1564		38.4699				36.6865

		1.3225		78.147		64.4742				13.6728

		1.2342		37.5457		12.5491				24.9966

		1.23		68.1986		51.1612				17.0374

		2.2428		0		1.5311				-1.5311

		1.0942		12.704		44.5401				-31.8361

		1.1997		7.7791		11.3845				-3.6054

		1.4333		23.6631		13.3381				10.325

		1.0715		45.1731		60.3031				-15.13

		1.5754		20.5825		2.9777				17.6048

		1.3632		46.6366		48.7718				-2.1352

		1.354		33.2749		9.2561				24.0188

		1.3937		5.6307		26.1216				-20.4909

		1.6009		8.9726		62.4881				-53.5155

		1.1229		3.4893		79.7527				-76.2634

		1.1273		22.1663		21.8043				0.362

		1.1376		57.2648		44.2312				13.0336

		1.2653		63.5661		80.5948				-17.0287

		1.27		10.1247		84.7674				-74.6427

		1.7533		20.3851		36.5267				-16.1416

		1.0647		19.5731		83.4188				-63.8457

		1.3233		36.8257		51.9759				-15.1502

		1.8944		60.9028		44.0607				16.8421

		1.5043		8.1736		9.9641				-1.7905

		1.5731		35.53		33.5192				2.0108

		1.7793		24.0729		16.769				7.3039

		1.1428		37.4557		6.4176				31.0381

		1.491		23.9545		12.9826				10.9719

		1.2875		27.7294		10.4876				17.2418

		1.8722		5.5848		0.866				4.7188

		1.2183		35.2201		32.551				2.6691

		1.4006		28.4742		25.9897				2.4845

		2.1439		21.4809		10.9463				10.5346

		2.018		16.5151		45.4765				-28.9614

		1.6287		15.4486		25.2923				-9.8437

		1.758		62.6836		58.9439				3.7397

		1.0763		42.7559		42.8991				-0.1432

		1.4348		29.1585		22.0166				7.1419

		1.3027		41.7878		37.2012				4.5866

		1.6759		5.3585		33.0337				-27.6752

		1.209		32.4752		84.1728				-51.6976

		1.5278		40.623		59.6986				-19.0756

		1.6185		37.2592		41.4943				-4.2351

		2.4216		43.1899		52.2442				-9.0543

		2.0124		65.3161		62.7213				2.5948

		1.798		3.6787		17.8999				-14.2212

		1.0115		80.89		10.2972				70.5928

		1.1327		74.2714		52.2989				21.9725

		1.8059		61.543		60.1692				1.3738

		1.2148		10.8804		21.2626				-10.3822

		1.3222		41.0854		73.6065				-32.5211

		1.6202		61.7963		15.8315				45.9648

		1.3242		12.8833		0.8886				11.9947

		1.3506		77.0515		4.3367				72.7148

		1.317		12.8502		21.5896				-8.7394

		1.221		30.9062		56.5421				-25.6359

		1.5052		13.2093		69.9443				-56.735

		1.1715		67.2766		85.7877				-18.5111

		1.5204		11.3099		38.6807				-27.3708

		1.3437		67.8973		21.2443				46.653

		1.149		36.2157		33.5383				2.6774

		1.1372		33.7432		15.0028				18.7404

		1.2328		89.0889		88.8819				0.207

		2.2625		54.1153		48.3672				5.7481

		1.1212		51.6238		56.162				-4.5382

		1.1923		9.2632		25.8429				-16.5797

		1.4934		19.0079		9.8273				9.1806

		1.2626		4.8511		9.5498				-4.6987

		1.7831		14.4594		28.4739				-14.0145

		1.8795		0.3207		9.4777				-9.157

		1.0828		41.2598		29.2776				11.9822
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		27.1213		1.69		77.1848		-50.0635				38.0391		1.14929		36.4855		1.5536				63.1355		1.25761		76.0581		-12.9226

		2.61925		1.22949		13.6094		-10.99015				8.13165		1.22467		16.8683		-8.73665				76.1489		1.09651		85.4167		-9.2678

		27.915		1.13678		81.7774		-53.8624				0.064653		1.29999		2.68052		-2.615867				27.351		1.06284		17.3263		10.0247

		22.8888		1.2974		21.7765		1.1123				25.3713		1.27156		26.6051		-1.2338				47.0628		1.09224		47.203		-0.1402

		1.93156		1.34099		89.1908		-87.25924				85.2425		1.17395		89.7867		-4.5442				7.62921		1.19985		5.34835		2.28086

		8.30224		1.11476		12.6919		-4.38966				0.394719		1.12067		19.5701		-19.175381				38.0596		1.3723		50.7067		-12.6471

		4.33135		1.20003		11.7277		-7.39635				77.7176		1.01308		69.4456		8.272				65.9818		1.14363		72.4356		-6.4538

		18.1409		1.26907		77.6972		-59.5563				46.7002		1.06988		48.7328		-2.0326				80.1712		1.06241		75.8742		4.297

		10.8948		1.04748		21.0981		-10.2033				65.3394		1.11247		87.1247		-21.7853				32.2171		1.01247		31.6023		0.6148

		9.79388		1.18275		85.3003		-75.50642				19.5963		1.13942		18.5306		1.0657				75.5388		1.28542		73.2202		2.3186

		12.4584		1.19341		41.6912		-29.2328				16.5622		1.17652		20.9731		-4.4109				67.3529		1.19599		60.3623		6.9906

		0.266995		1.4456		3.48797		-3.220975				53.4101		1.10253		35.4997		17.9104				58.7149		1.0998		60.5443		-1.8294

		21.8072		1.36459		81.6327		-59.8255				23.0846		1.12745		23.3255		-0.2409				59.9148		1.2823		52.9123		7.0025

		10.6807		1.18566		3.38008		7.30062				3.317		1.18395		13.783		-10.466				36.56		1.23959		43.7205		-7.1605

		22.7112		1.23562		50.5976		-27.8864				2.52741		1.08182		20.9925		-18.46509				44.7644		1.04696		48.7468		-3.9824

		10.4515		1.26989		0.332624		10.118876				7.6437		1.24271		13.1639		-5.5202				83.978		1.01413		77.4918		6.4862

		30.0651		1.2111		74.6575		-44.5924				0.796831		1.31701		1.56341		-0.766579				62.7441		1.25086		50.461		12.2831

		7.62492		1.18313		81.3511		-73.72618				12.1475		1.11735		21.7496		-9.6021				29.4285		1.11009		9.88726		19.54124

		3.11327		1.10159		12.4753		-9.36203				27.7509		1.10617		23.0033		4.7476				79.0917		1.03661		67.6716		11.4201

		10.3897		1.08788		16.4928		-6.1031				86.507		1.02286		77.3976		9.1094				81.7324		1.13461		88.3958		-6.6634

		1.38212		1.28154		89.2366		-87.85448				29.8369		1.08198		28.5352		1.3017				72.6019		1.19262		61.8685		10.7334

		1.69569		1.33148		89.7166		-88.02091				30.1303		1.21486		29.3809		0.7494				85.5473		1.11843		89.3161		-3.7688

		4.88662		1.0847		57.2393		-52.35268				10.8113		1.14004		8.62403		2.18727				47.2084		1.12958		73.2095		-26.0011

		14.0173		1.16395		58.2796		-44.2623				41.5015		1.0639		47.1512		-5.6497				83.9786		1.13953		86.1574		-2.1788

		3.37804		1.04006		60.0016		-56.62356				39.4166		1.23664		27.9278		11.4888				79.4625		1.0484		73.0865		6.376

		3.98534		1.14448		12.1923		-8.20696				37.434		1.11931		38.6122		-1.1782				74.0826		1.06095		85.5105		-11.4279

		16.9836		1.16811		49.3638		-32.3802				19.5851		1.20931		11.4125		8.1726				48.7628		1.04009		61.4864		-12.7236

		24.2121		1.32295		68.5891		-44.377				15.15		1.03561		57.7126		-42.5626				38.7292		1.02238		28.6773		10.0519

		3.22014		1.15015		63.7605		-60.54036				18.1589		1.06186		18.3335		-0.1746				33.5934		1.12048		16.444		17.1494

		12.5668		1.16101		73.8315		-61.2647				7.33385		1.22515		4.87798		2.45587				9.22672		1.04742		7.73892		1.4878

		26.3767		1.51149		89.4679		-63.0912				34.028		1.37288		18.2216		15.8064				48.4383		1.19385		39.2433		9.195

		27.2683		1.14708		79.7233		-52.455				10.7796		1.07278		25.2791		-14.4995				8.51317		1.14691		19.8762		-11.36303

		9.77536		1.2577		17.9929		-8.21754				12.6182		1.20437		16.3485		-3.7303				7.67722		1.05712		4.25366		3.42356

		3.28639		1.09751		56.973		-53.68661				4.46496		1.34772		1.06321		3.40175				1.15769		1.18715		2.66022		-1.50253

		22.045		1.06121		29.7391		-7.6941				51.9376		1.19591		46.5849		5.3527				23.0498		1.13121		22.3759		0.6739

		2.42717		1.20984		31.5977		-29.17053				0.683579		1.20586		4.85109		-4.167511				45.4088		1.13896		49.3128		-3.904

		1.37979		1.17498		79.5289		-78.14911				11.9769		1.36021		10.3084		1.6685				58.2619		1.09692		62.1642		-3.9023

		15.5537		1.17383		7.10994		8.44376				19.8544		1.06543		42.9528		-23.0984				68.3278		1.18326		58.7852		9.5426

		31.5983		1.24355		73.4072		-41.8089				69.8757		1.19149		65.5015		4.3742				76.446		1.32654		76.4728		-0.0268

		6.55266		1.04415		41.5648		-35.01214				61.283		1.0747		80.1725		-18.8895				53.338		1.17849		58.7137		-5.3757

		10.0724		1.145		38.1722		-28.0998				31.241		1.02091		30.8955		0.3455				42.7988		1.19648		46.8784		-4.0796

		3.4643		1.25454		56.71		-53.2457				36.2747		1.21964		44.8508		-8.5761				1.66217		1.16108		8.44334		-6.78117

		0.346191		1.21346		44.6328		-44.286609				77.1316		1.08684		81.8201		-4.6885				87.3453		1.0471		87.6434		-0.2981

		14.2833		1.19208		72.2579		-57.9746				13.7558		1.37418		8.99078		4.76502				82.3137		1.12429		75.7542		6.5595

		24.8722		1.1489		64.0297		-39.1575				0.733124		1.20952		20.8906		-20.157476				77.6002		1.14622		70.3995		7.2007

		9.0819		1.16636		80.1621		-71.0802				30.9834		1.05882		7.46664		23.51676				56.2498		1.08465		58.2677		-2.0179

		29.9693		1.29026		74.9133		-44.944				7.13655		1.11556		4.28123		2.85532				2.75483		1.21097		0.629015		2.125815

		16.7783		1.20726		72.118		-55.3397				52.8077		1.23958		55.3091		-2.5014				87.9642		1.14931		88.2386		-0.2744

		2.59272		1.1581		83.7199		-81.12718				6.71169		1.37013		1.04518		5.66651				46.1936		1.03982		25.1906		21.003

		36.4628		1.30506		52.9754		-16.5126				42.846		1.13803		30.6306		12.2154				81.1571		1.2092		88.8076		-7.6505

		20.5714		1.19538		89.7104		-69.139				16.1499		1.11833		24.2705		-8.1206				65.3858		1.18699		58.9007		6.4851

		11.2915		1.19279		81.6682		-70.3767				30.8114		1.25044		48.2044		-17.393				59.1827		1.26178		65.533		-6.3503

		16.7863		1.10356		56.1992		-39.4129				13.5276		1.05305		6.25978		7.26782				87.2145		1.15899		80.573		6.6415

		25.1006		1.21127		88.0966		-62.996				21.3248		1.0184		39.6201		-18.2953				58.5377		1.17986		53.227		5.3107

		28.193		1.25775		69.9411		-41.7481				0.354488		1.31152		0.224443		0.130045				22.9149		1.21342		26.0576		-3.1427

		4.54941		1.11201		2.95047		1.59894				43.9436		1.21322		43.9552		-0.0116				25.9996		1.03683		18.5528		7.4468

		8.6779		1.06496		14.7029		-6.025				6.4268		1.1191		1.6966		4.7302				9.91271		1.08796		9.1869		0.72581

		23.7236		1.25318		82.3734		-58.6498				21.5253		1.10449		16.1306		5.3947				87.0863		1.10548		74.7537		12.3326

		13.1512		1.11845		71.4565		-58.3053				1.18987		1.31482		4.99757		-3.8077				19.1009		1.17726		38.7764		-19.6755

		21.6888		1.08469		84.2516		-62.5628				48.0643		1.05957		47.5447		0.5196				61.6932		1.08608		50.6529		11.0403

		6.47574		1.19893		1.81881		4.65693				13.4239		1.24621		16.6776		-3.2537				23.8942		1.0582		44.6888		-20.7946

		0.993006		1.23652		4.33854		-3.345534				0.7286		1.19271		24.7647		-24.0361				49.8601		1.23603		52.8027		-2.9426

		3.12531		1.17637		84.3177		-81.19239				20.3819		1.13995		28.7346		-8.3527				68.7355		1.43993		61.2708		7.4647

		29.6168		1.34981		80.152		-50.5352				13		1.08866		3.97461		9.02539				83.3304		1.42371		70.5053		12.8251

		28.1096		1.30319		80.8257		-52.7161				10.8378		1.24967		18.3564		-7.5186				1.53994		1.08494		6.46831		-4.92837

		13.3412		1.14438		47.7749		-34.4337				82.847		1.06298		83.1157		-0.2687				9.8163		1.15035		5.40469		4.41161

		3.71125		1.29298		10.0768		-6.36555				70.5098		1.10381		76.6006		-6.0908				14.8606		1.13752		13.8691		0.9915

		10.4126		1.13458		13.8905		-3.4779				29.4269		1.05035		29.701		-0.2741				39.3884		1.17215		32.2153		7.1731

		16.5104		1.27995		77.3685		-60.8581				28.0747		1.06979		28.6399		-0.5652				32.2383		1.08436		8.08666		24.15164

		18.7317		1.22159		63.9116		-45.1799				10.7969		1.07156		3.24684		7.55006				6.4279		1.15227		2.75352		3.67438

		3.14946		1.15307		12.219		-9.06954				11.3832		1.10537		16.7436		-5.3604				25.8258		1.08228		31.6642		-5.8384

		5.49578		1.03556		88.7123		-83.21652				78.5558		1.23809		84.5056		-5.9498				78.1707		1.33254		84.405		-6.2343

		2.84971		1.06598		42.4698		-39.62009				9.29215		1.1501		2.1699		7.12225				38.384		1.17023		63.8507		-25.4667

		28.2966		1.4277		69.477		-41.1804				64.6912		1.18276		65.8323		-1.1411				54.3752		1.17538		36.9106		17.4646

		7.6523		1.08865		40.1294		-32.4771				6.42562		1.2801		16.4801		-10.05448				15.5395		1.14784		24.3		-8.7605

		0.613759		1.02561		23.0953		-22.481541				10.6941		1.25865		14.3692		-3.6751				45.7889		1.16082		41.9882		3.8007

		9.03556		1.12251		29.5897		-20.55414				14.9966		1.11413		15.8997		-0.9031				23.2021		1.16555		22.7835		0.4186

		21.7889		1.25163		38.2637		-16.4748				6.12699		1.02997		13.6334		-7.50641				60.8297		1.35971		52.1773		8.6524

		9.62906		1.121		18.3218		-8.69274				3.93276		1.10594		1.02609		2.90667				70.9589		1.20071		72.3693		-1.4104

		5.49246		1.2598		1.22222		4.27024				5.75521		1.13271		1.17903		4.57618				51.7862		1.23386		73.4282		-21.642

		10.5907		1.13512		47.7077		-37.117				26.0211		1.15824		19.3424		6.6787				47.6068		1.116		33.3713		14.2355

		27.071		1.11622		57.3781		-30.3071				7.69762		1.09079		0.015733		7.681887				0.090681		1.0498		20.237		-20.146319

		25.2915		1.30274		52.7095		-27.418				11.9796		1.07679		21.5002		-9.5206				16.5743		1.14882		1.07626		15.49804

		17.1449		1.23829		88.1849		-71.04				27.1571		1.20029		9.68161		17.47549				21.1322		1.16855		24.5273		-3.3951

		10.2811		1.41543		61.0145		-50.7334				7.55383		1.08468		12.1499		-4.59607				44.0389		1.16914		48.8835		-4.8446

		5.1937		1.25792		80.4289		-75.2352				69.3248		1.06489		52.5292		16.7956				54.9107		1.10318		41.9456		12.9651

		1.56359		1.05721		15.7141		-14.15051				1.55573		1.20155		1.64055		-0.08482				49.8239		1.01818		46.1191		3.7048

		9.60676		1.19682		68.9342		-59.32744				39.0947		1.12113		47.2032		-8.1085				25.3345		1.1446		22.3909		2.9436

		9.50355		1.21916		14.0625		-4.55895				39.0838		1.24492		41.8424		-2.7586				7.01923		1.12232		20.2226		-13.20337

		8.60466		1.20254		55.9252		-47.32054				43.8791		1.21554		39.8741		4.005				36.0955		1.08272		35.9101		0.1854

		24.4957		1.32452		85.4418		-60.9461				38.6325		1.1918		33.4337		5.1988				36.8153		1.18368		51.262		-14.4467

		16.5189		1.083		88.2349		-71.716				26.899		1.22837		31.1106		-4.2116				82.3192		1.17356		82.6905		-0.3713

		4.97138		1.11774		66.483		-61.51162				84.1056		1.18497		86.6094		-2.5038				43.4212		1.11579		50.5216		-7.1004

		8.31653		1.27302		72.7716		-64.45507				12.2225		1.07367		28.5396		-16.3171				46.3819		1.14858		32.8597		13.5222

		5.74986		1.18526		6.19834		-0.44848				0.358909		1.24615		6.18882		-5.829911				31.8459		1.1076		22.6055		9.2404

		21.4341		1.32		62.1984		-40.7643				10.966		1.2565		27.0215		-16.0555				20.2128		1.05404		11.5802		8.6326

		5.09697		1.07808		51.9285		-46.83153				5.6821		1.1304		17.8137		-12.1316				26.1832		1.18514		32.4125		-6.2293

		3.76712		1.07612		5.1532		-1.38608				61.9382		1.17574		57.2692		4.669				28.6996		1.15576		22.2816		6.418

		7.54685		1.23415		84.2363		-76.68945				14.9944		1.23346		20.1941		-5.1997				45.6869		1.02633		29.9875		15.6994

		17.3485		1.07948		58.0791		-40.7306				22.2358		1.14201		16.4819		5.7539				72.45		1.32332		69.2655		3.1845

		14.9851		1.1163		74.5927		-59.6076				16.1277		1.14256		22.5994		-6.4717				37.9914		1.11406		44.4845		-6.4931





Sheet2

		





Sheet3

		





		





		12.0443

		18.1799

		10.7813

		24.1167

		-18.4212

		-6.0167

		-25.2087

		-31.6684

		-12.7246

		-17.7961

		-39.0693

		-55.6728

		26.4882

		-20.498

		-28.6941

		-30.1141

		22.7315

		-25.251

		4.0822

		-23.0881

		1.8475

		34.1283

		-9.3134

		-6.0032

		36.6865

		13.6728

		24.9966

		17.0374

		-1.5311

		-31.8361

		-3.6054

		10.325

		-15.13

		17.6048

		-2.1352

		24.0188

		-20.4909

		-53.5155

		-76.2634

		0.362

		13.0336

		-17.0287

		-74.6427

		-16.1416

		-63.8457

		-15.1502

		16.8421

		-1.7905

		2.0108

		7.3039

		31.0381

		10.9719

		17.2418

		4.7188

		2.6691

		2.4845

		10.5346

		-28.9614

		-9.8437

		3.7397

		-0.1432

		7.1419

		4.5866

		-27.6752

		-51.6976

		-19.0756

		-4.2351

		-9.0543

		2.5948

		-14.2212

		70.5928

		21.9725

		1.3738

		-10.3822

		-32.5211

		45.9648

		11.9947

		72.7148

		-8.7394

		-25.6359

		-56.735

		-18.5111

		-27.3708

		46.653

		2.6774

		18.7404

		0.207

		5.7481

		-4.5382

		-16.5797

		9.1806

		-4.6987

		-14.0145

		-9.157

		11.9822



1.5065

1.4073

1.5944

1.2486

1.6184

1.4157

1.5294

1.6342

2.0829

1.5428

1.4698

1.6513

1.3126

1.0994

1.5137

1.6827

1.08

1.0863

1.4182

1.2576

2.0711

1.4341

1.2536

1.6371

1.0429

1.3225

1.2342

1.23

2.2428

1.0942

1.1997

1.4333

1.0715

1.5754

1.3632

1.354

1.3937

1.6009

1.1229

1.1273

1.1376

1.2653

1.27

1.7533

1.0647

1.3233

1.8944

1.5043

1.5731

1.7793

1.1428

1.491

1.2875

1.8722

1.2183

1.4006

2.1439

2.018

1.6287

1.758

1.0763

1.4348

1.3027

1.6759

1.209

1.5278

1.6185

2.4216

2.0124

1.798

1.0115

1.1327

1.8059

1.2148

1.3222

1.6202

1.3242

1.3506

1.317

1.221

1.5052

1.1715

1.5204

1.3437

1.149

1.1372

1.2328

2.2625

1.1212

1.1923

1.4934

1.2626

1.7831

1.8795

1.0828



		







Exercise Questions



The Lymph Node: a dynamic homeostatic tissue



FRC Cells, T cells

Geometry and topology of system:



Mechanics of lymph node system:

Questions:
1. Analyze the laser ablation data provided to infer the mechanical properties of the 

lymph node FRC network, with and without ECM (after collagenase treatment). 
Infer: initial tensile force, elasticity, viscosity.

2. Laser ablation measures relative changes in tensile force, how would you 
measure absolute forces?

3. What does the ECM do to the mechanical properties of the FRC network?
4. How would you model the lymph node FRC network? 
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Assume Kelvin-Voigt model: 

𝜀𝜀 𝑡𝑡 = 𝐿𝐿 𝑡𝑡 − 𝐿𝐿 0 = 𝐹𝐹0
𝐸𝐸

(1 − 𝑒𝑒−[ 𝐸𝐸
𝜇𝜇 ∗𝑡𝑡])

Fit data to calculate: 
F0 : the tensile force before laser ablation 
E : the elasticity,
µ : the viscosity coefficient.



Further reading:

Mao et al., EMBO J 2013. 
Differential proliferation rates generate patterns of mechanical tension that orient tissue growth

Farhadifar et al., Current Biology 2007
Influence of cell mechanics… on epithelial packing

Tetley et al., Nature Physics, 2019. 
Tissue fluidity promotes epithelial wound healing

Liang et al., Bio Protoc. 2017, 
Measurement of Mechanical Tension at Cell-cell Junctions Using Two-photon Laser Ablation

Mao and Wickstrom, Nature Reviews MCB 2024,
Mechanical state transitions in the regulation of tissue form and function 
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