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Wound healing A complex process 

  

Blood clotting

Inflammation

Tissue growth

Tissue remodelling Martin (1997) Science

Time
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Wound healing 
Wound healing gives us a window into fundamental processes of 
development

Better understanding of chronic wounds which are wounds that 
do not heal – sometimes for years

Chronic wounds are a huge burden on the health system

Falanga et al, Nat Rev Dis Primers 8, 50 (2022)
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Wound healing in model organisms 

Wood, Jacinto et al (2002) Nat. Cell Biol.

Zebrafish 

Ong et al (2014) Nanotoxicology

LIVING !

Drosophila melangoster

Mouse 
https://www.mpg.de/10973406/mice
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Overview 
1. Quantifying wound 
healing at cellular scales

2. From statistical mechanics 
to active processes

E

S

3. Analysis of fluctuating 
tissue growth and repair
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Confocal microscopy

Leica sp8 confocal

Fluorescent	protein
GFP (green !luorescent	protein)

• First isolated from 
the jellyfish

• Flies can be genetically 
modified to have 
fluorescent	protein	
fused	on to other proteins  
we would like to image

RFP (red fluorescent protein)
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Imaging drosophila pupa
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Imaging drosophila pupa

• Collect confocal videos
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Imaging drosophila pupa
Laser ablation wound

Nov 2024 Athilingam  et al, Sem. Cell. Dev. Bio, (2021)

18 hours after puparium 
formation



Imaging drosophila pupa
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How does the 

epithelium heal ? 

Compare wounded to healthy tissue



Imaging drosophila pupa
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How do 

cell shape
cell motion 
cell division

evolve during 
reformation of 
epithelia? 

Compare wounded to healthy tissue



Why mathematics is needed
• BIG data is difficult to collect and fuzzy (noisy) 

• How do you extract the “signal” from the “noise” ? 

Nov 2024

Q: What (else) should one measure ?

Razzell et al, Development (2014)

cell shape
cell motion 
cell division

wound

<latexit sha1_base64="QaijekK1esmz7TOqs265VnQCDuw=">AAACNnicbZDNTsJAFIWn+If4V3XpZiIxcUVaRMQd0Y1LNIIktJLpMMCEmbaZmZqQpm/ig7h2qy/gxp0x7nwEB6gGgZPc5Mu59+bmHi9kVCrLejMyS8srq2vZ9dzG5tb2jrm715BBJDCp44AFoukhSRj1SV1RxUgzFARxj5E7b3A56t89ECFp4N+qYUhcjno+7VKMlLbaZjl2LjwP3iT3cRE6inIi4fnJL5X+vFN7GpO2mbcK1lhwHuwU8iBVrW1+OZ0AR5z4CjMkZcu2QuXGSCiKGUlyTiRJiPAA9UhLo4/0JTce/5fAI+10YDcQunwFx+70Roy4lEPu6UmOVF/O9kbmwp7HF9mtSHUrbkz9MFLEx5P73YhBFcBRhrBDBcGKDTUgLKh+AeI+EggrnXROZ2PPJjEPjWLBLhfs61K+WklTyoIDcAiOgQ3OQBVcgRqoAwwewTN4Aa/Gk/FufBifk9GMke7sg38yvn8A70epQw==</latexit>

R2⇥93⇥42⇥512⇥512Each video is data of dimension 



Physical models are needed for …

• Observation 

• Analysis 
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• Explanation 



Dynamics of wound healing 

Nov 2024



divisions

motion

shape
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Deep Learning 

Example Layer:

0.98 Dog
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Deep learning



Image segmentation models

Use U-net architecture to segment images into 
categories

OutputInput

U-net 
model

U-net
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Training models – finding best weights

𝑌 = 𝑀(𝑾, 𝑋)
Where 𝑀 is the model, 𝑾 is a vector of the weights and 𝑋, 𝑌 the in and 
outputs.
Loss function

𝐿 𝑾, 𝑋 = ( *𝑌 − 𝑀 𝑾,𝑋 )!
*𝑌 is the ground truth. To optimize the loss function we use stochastic 
gradient descent.

𝑾 = 𝑾	 −	 𝑙"	𝛁𝐿 𝑾, 𝑋#
Where 𝑙"	is the learning rate.
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Model True 
Positives

False Positive False 
Negative 

F1 score

U-NetCellDivision3 797 216 310 0.752
U-NetCellDivision10 1057 28 50 0.964

F1 score = !$!
!$!%	'!%'"
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Detected cell divisions
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Xiv: 10.1101/2023.03.20.533343 
Nov 2024

Division density in living epithelial tissue in vivo
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Division density in living epithelial tissue in vivo

•Epithelial cell divisions are oriented according to lines of 
tissue tension 

•Wounding triggers a delayed and synchronised (whose 
orientations are not affected by wound) wave of cell 
divisions back from the leading edge

•Spatio-temporal cell division analyses following wounding 
reveal spatial synchronicity that scales with wound size 

•Additional deep learning tools enable rapid analysis of 
cell division orientation 



divisions

motion
shape
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Overview 
1. Quantifying wound healing 
at cellular scales

2. Statistical mechanics of 
active processes

3. Analysis of fluctuating 
tissue growth and repair
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Local energy 
conservation

<latexit sha1_base64="w35DGSG4mI8Rqs60pvN34ksGPdQ=">AAACA3icbZDNTgIxFIXv4B/iH+rSTSMxcUVmjEaWRDcuMWGABCakUzrQ0HYmbceETFi6dqvP4M649UF8BN/CArNQ4CRNvpxzb9qeMOFMG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUEeqTmMeqE2JNOZPUN8xw2kkUxSLktB2O72d5+4kqzWLZNJOEBgIPJYsYwcZa/rh/h5r9csWtunOhVfByqECuRr/80xvEJBVUGsKx1l3PTUyQYWUY4XRa6qWaJpiM8ZB2LUosqA6y+WOn6MI6AxTFyh5p0Nz9u5FhofVEhHZSYDPSy9nMXJuFYp3dTU1UCzImk9RQSRb3RylHJkazQtCAKUoMn1jARDH7BURGWGFibG0l24233MQqtK6q3k3Vfbyu1Gt5S0U4g3O4BA9uoQ4P0AAfCDB4gVd4c56dd+fD+VyMFpx85xT+yfn6BRqyl1g=</latexit>

kBT

Many 
“particles”

Interactions

Traditional (Soft)  
Condensed Matter

Active 
Matter

Tissue is “active matter”
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active matter
E-coli bacteria swarm

S. Thutupalli et al., NJP 13, 073021 (2011)

Self-propelled colloids

 Starling murmurations
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Thermodynamic equilibrium
“coarse-grained” system with “many” degrees of freedom

         “Hamiltonian”

      Equilibrium = steady state with
       Gibbs-Boltzmann distribution
Canonical Ensemble

          which maximises entropy

  Macroscopic properties  

System

Environment

{ri}
<latexit sha1_base64="ztbmdnGr3mgI6+1Msit6aFphKs8=">AAACB3icbZDLSgMxGIX/qbdab1WXboJFcFVmqmCXBTcuK9iLdIaSSTNtaJIZkoxQhj6Aa7f6DO7ErY/hI/gWpu0stO2BwMc5/0+SEyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJbJOax6oZYU84kbRlmOO0mimIRctoJx7ezvPNElWaxfDCThAYCDyWLGMHGWo9+hlSfIX/aL1fcqjsXWgUvhwrkavbLP/4gJqmg0hCOte55bmKCDCvDCKfTkp9qmmAyxkPasyixoDrI5g+eogvrDFAUK3ukQXP370aGhdYTEdpJgc1IL2czc20WinV2LzVRPciYTFJDJVncH6UcmRjNSkEDpigxfGIBE8XsFxAZYYWJsdWVbDfechOr0K5Vvatq7f660qjnLRXhDM7hEjy4gQbcQRNaQEDAC7zCm/PsvDsfzuditODkO6fwT87XL2P+mSo=</latexit>

i 2 {1, . . . , N}
<latexit sha1_base64="5kQ4GaiCjOn+UIP1hv+8+fLz5To=">AAACGHicbZDLSgMxGIUz9VbrbdSN4CZYBBelzFTBLgtuXEkFe4HOUDKZTBuaSYYkI5ShPohrt/oM7sStOx/BtzBtZ6FtDwQO5/w/4f+ChFGlHefbKqytb2xuFbdLO7t7+wf24VFbiVRi0sKCCdkNkCKMctLSVDPSTSRBccBIJxjdTPvOI5GKCv6gxwnxYzTgNKIYaRP17RMKPcqhl0G3Aj0WCq1gBd55k75ddqrOTHDZuLkpg1zNvv3jhQKnMeEaM6RUz3US7WdIaooZmZS8VJEE4REakJ6xHMVE+dnsggk8N0kIIyHN4xrO0r8bGYqVGseBmYyRHqrFbhqu7IJ4VdxLdVT3M8qTVBOO5/9HKYNawCklGFJJsGZjYxCW1JwA8RBJhLVhWTJs3EUSy6Zdq7qX1dr9VblRzykVwSk4AxfABdegAW5BE7QABk/gBbyCN+vZerc+rM/5aMHKd47BP1lfvx7sniw=</latexit>

N � 1
<latexit sha1_base64="Ihf3VC5d0Kk1q1yv49CTq7IZVUs=">AAACBXicbZDLSgMxGIX/qbdab1WXboJFcFVmqmCXBTeupIK9QDuUTJqZhiaZIckIZejatVt9Bnfi1ufwEXwL03YW2vZA4OOc/yfJCRLOtHHdb6ewsbm1vVPcLe3tHxwelY9P2jpOFaEtEvNYdQOsKWeStgwznHYTRbEIOO0E49tZ3nmiSrNYPppJQn2BI8lCRrCxVuce9aMIeYNyxa26c6FV8HKoQK7moPzTH8YkFVQawrHWPc9NjJ9hZRjhdFrqp5ommIxxRHsWJRZU+9n8uVN0YZ0hCmNljzRo7v7dyLDQeiICOymwGenlbGauzQKxzu6lJqz7GZNJaqgki/vDlCMTo1klaMgUJYZPLGCimP0CIiOsMDG2uJLtxltuYhXatap3Va09XFca9bylIpzBOVyCBzfQgDtoQgsIjOEFXuHNeXbenQ/nczFacPKdU/gn5+sXD/KX1Q==</latexit>

~r = (r1, . . . , rN )
<latexit sha1_base64="B22BxfBQERjElruqShI1bgrRIQI=">AAACHXicbZDLSsNAGIUn9VbrLepShMEiVCglqYLdCAU3rqSCvUATwmQybYdOMmFmUiihKx/EtVt9BnfiVnwE38Jpm4W2PTBwOOf/Gf7PjxmVyrK+jdza+sbmVn67sLO7t39gHh61JE8EJk3MGRcdH0nCaESaiipGOrEgKPQZafvD22nfHhEhKY8e1Tgmboj6Ee1RjJSOPPPUGREMBYQ3sCQ8uwwdFnAly1B49/DCM4tWxZoJLhs7M0WQqeGZP07AcRKSSGGGpOzaVqzcFAlFMSOTgpNIEiM8RH3S1TZCIZFuOjtjAs91EsAeF/pFCs7SvxspCqUch76eDJEayMVuGq7s/HBV3E1Ur+amNIoTRSI8/7+XMKg4nKKCARUEKzbWBmFB9QkQD5BAWGmgBc3GXiSxbFrVin1ZqT5cFeu1jFIenIAzUAI2uAZ1cAcaoAkweAIv4BW8Gc/Gu/FhfM5Hc0a2cwz+yfj6BbJUn24=</latexit>

T
<latexit sha1_base64="X9Qs9qz9JVXC2nOYGtTS9xIIsIE=">AAAB/3icbZDLSgMxFIbPeK31VnXpZrAIrspMFeyy4MZlC71BO5RMeqYNTTJDkhHK0IVrt/oM7sStj+Ij+Baml4W2/SHw8f/nkOQPE8608bxvZ2t7Z3dvP3eQPzw6PjktnJ23dJwqik0a81h1QqKRM4lNwwzHTqKQiJBjOxw/zPL2EyrNYtkwkwQDQYaSRYwSY616o18oeiVvLncd/CUUYalav/DTG8Q0FSgN5UTrru8lJsiIMoxynOZ7qcaE0DEZYteiJAJ1kM0fOnWvrTNwo1jZI407d/9uZERoPRGhnRTEjPRqNjM3ZqHYZHdTE1WCjMkkNSjp4v4o5a6J3VkZ7oAppIZPLBCqmP2CS0dEEWpsZXnbjb/axDq0yiX/tlSu3xWrlWVLObiEK7gBH+6hCo9QgyZQQHiBV3hznp1358P5XIxuOcudC/gn5+sXoXiWBA==</latexit>

H (~r )
<latexit sha1_base64="bfru20CDHezQNUgCfxH8vhWu7wg=">AAACGnicbZDLSsNAFIYn9VbrLepON4NFqCAlqYJdFtx0WcFeoAllMp20Q2cmYWZSKKHgg7h2q8/gTty68RF8C6dtFtr2hwMf/zmHw/mDmFGlHefbym1sbm3v5HcLe/sHh0f28UlLRYnEpIkjFslOgBRhVJCmppqRTiwJ4gEj7WB0P+u3x0QqGolHPYmJz9FA0JBipI3Vs89SDyMG61PoXcOSKW9MMJQGrnp20Sk7c8FVcDMogkyNnv3j9SOccCI0ZkipruvE2k+R1BQzMi14iSIxwiM0IF2DAnGi/HT+wxReGqcPw0iaEhrO3b8bKeJKTXhgJjnSQ7Xcm5lrewFfZ3cTHVb9lIo40UTgxf0wYVBHcJYT7FNJsGYTAwhLal6AeIgkwtqkWTDZuMtJrEKrUnZvypWH22KtmqWUB+fgApSAC+5ADdRBAzQBBk/gBbyCN+vZerc+rM/FaM7Kdk7BP1lfv6dWnlw=</latexit>

⇢(~r) =
1

Z
exp [�H/T ]

<latexit sha1_base64="gh4sgMeQlYdA0D1hmdNkMd0ASCE="></latexit>Tr (⇢) = 1
<latexit sha1_base64="FFiQlxjcJ+j76Z0EY4ccm+KUqHU=">AAACJHicbVC7SgNBFJ31GeNr1dJmMArahN0omEYI2FhGyEPIhjA7mU0GZ3aWmbtiWPIDfoi1rX6DnVjY2PsXTh6FJjlwuYdz7uVyT5gIbsDzvpyl5ZXVtfXcRn5za3tn193bbxiVasrqVAml70JimOAxqwMHwe4SzYgMBWuG99cjv/nAtOEqrsEgYW1JejGPOCVgpY57HMhQPWY1PcSBYBGc4kD3Fca28V4fzvAV9nHHLXhFbww8T/wpKaApqh33J+gqmkoWAxXEmJbvJdDOiAZOBRvmg9SwhNB70mMtS2MimWln42+G+MQqXRwpbSsGPFb/bmREGjOQoZ2UBPpm1huJC71QLpJbKUTldsbjJAUW08n9KBUYFB4lhrtcMwpiYAmhmtsXMO0TTSjYXPM2G382iXnSKBX982Lp9qJQKU9TyqFDdIROkY8uUQXdoCqqI4qe0At6RW/Os/PufDifk9ElZ7pzgP7B+f4FW8+i9A==</latexit>

Tr ⌘
Z

~r
<latexit sha1_base64="5H55w9ZlSF3t2U5LtNqgtYEfZDo=">AAACLHicbVDLSgNBEJz1GeMr6tHLYBA8SNiNgjkGvHiMkBdkQ5iddJIhM7ObmdlgWPITfohnr/oNXkS8Cv6Fk4egSQq6Kaq6abqCiDNtXPfdWVvf2NzaTu2kd/f2Dw4zR8dVHcaKQoWGPFT1gGjgTELFMMOhHikgIuBQC/q3E782BKVZKMtmFEFTkK5kHUaJsVIrc5nG/iAm7d8ugvAhKasx9mEQsyH2mTStxB8CxWrcymTdnDsFXibenGTRHKVW5ttvhzQWIA3lROuG50ammRBlGOUwTvuxhojQPulCw1JJBOhmMv1qjM+t0sadUNmSBk/VvxsJEVqPRGAnBTE9vehNxJVeIFbJjdh0Cs2EySg2IOnsfifm2IR4khxuMwXU8JElhCpmX8C0RxShxuabttl4i0ksk2o+513l8vfX2WJhnlIKnaIzdIE8dIOK6A6VUAVR9Iie0Qt6dZ6cN+fD+ZyNrjnznRP0D87XDy6Up8c=</latexit>

A = hA(~r)i = Tr (A⇢)
<latexit sha1_base64="6lWkqteO/6oP5zrz6JkoonlFRig="></latexit>

⇢(~r) )
<latexit sha1_base64="gVdai4Q6NPYoj2OxBJaFrPLZlI0=">AAACHnicbZDLSsNAGIUnXmu8RV0KMliEuilJFSy4KbhxWcVeoAllMp00QyeZMDOplNCdD+LarT6DO3Grj+BbOG2z0LYHBg7n/D/D//kJo1LZ9rexsrq2vrFZ2DK3d3b39q2Dw6bkqcCkgTnjou0jSRiNSUNRxUg7EQRFPiMtf3Az6VtDIiTl8YMaJcSLUD+mAcVI6ahrnZjQFSGHJXdIMBTn0L2G7j3thwoJwR+7VtEu21PBRePkpghy1bvWj9vjOI1IrDBDUnYcO1FehoSimJGx6aaSJAgPUJ90tI1RRKSXTe8YwzOd9GDAhX6xgtP070aGIilHka8nI6RCOd9NwqWdHy2LO6kKql5G4yRVJMaz/4OUQcXhhBXsUUGwYiNtEBZUnwBxiATCShM1NRtnnsSiaVbKzkW5cndZrFVzSgVwDE5BCTjgCtTALaiDBsDgCbyAV/BmPBvvxofxORtdMfKdI/BPxtcv/3igyw==</latexit>
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Thermodynamic equilibrium
Example : stabilised colloidal suspension

Interaction potential

“Hamiltonian”

Phase diagram

(colloidal fluids, gels, glasses, crystals)

6

7

8

9

1

2

4

5

3

r1
<latexit sha1_base64="4wU90CEIVp/34jBncOPmG2uZhIc=">AAACA3icbZDNSgMxFIXv+FvHv6pLN8EiuCozVbDLghuXFZy20A4lk2ba0CQzJBmhDF26dqvP4E7c+iA+gm9h2s5C2x4IfJxzL0lOlHKmjed9OxubW9s7u6U9d//g8Oi4fHLa0kmmCA1IwhPVibCmnEkaGGY47aSKYhFx2o7Gd7O8/USVZol8NJOUhgIPJYsZwcZagYtU3++XK17Vmwutgl9ABQo1++Wf3iAhmaDSEI617vpeasIcK8MIp1O3l2maYjLGQ9q1KLGgOsznj52iS+sMUJwoe6RBc/fvRo6F1hMR2UmBzUgvZzNzbRaJdXY3M3E9zJlMM0MlWdwfZxyZBM0KQQOmKDF8YgETxewXEBlhhYmxtbm2G3+5iVVo1ar+dbX2cFNp1IuWSnAOF3AFPtxCA+6hCQEQYPACr/DmPDvvzofzuRjdcIqdM/gn5+sXkiGXBA==</latexit>

r5
<latexit sha1_base64="mXka2gEXW2g/3AJUkICB2H9dC1w=">AAACA3icbZDNTgIxFIXv4B+Of6hLN43ExBWZQY0sSdy4xMQBEpiQTulAQ9uZtB0TQli6dqvP4M649UF8BN/CArNQ4CRNvpxzb9qeKOVMG8/7dgobm1vbO8Vdd2//4PCodHzS1EmmCA1IwhPVjrCmnEkaGGY4baeKYhFx2opGd7O89USVZol8NOOUhgIPJIsZwcZagYtU76ZXKnsVby60Cn4OZcjV6JV+uv2EZIJKQzjWuuN7qQknWBlGOJ263UzTFJMRHtCORYkF1eFk/tgpurBOH8WJskcaNHf/bkyw0HosIjspsBnq5Wxmrs0isc7uZCauhRMm08xQSRb3xxlHJkGzQlCfKUoMH1vARDH7BUSGWGFibG2u7cZfbmIVmtWKf1WpPlyX67W8pSKcwTlcgg+3UId7aEAABBi8wCu8Oc/Ou/PhfC5GC06+cwr/5Hz9ApiNlwg=</latexit>

r6
<latexit sha1_base64="tBtzaOnB0Ek3iu5JItBsKy9QIsE=">AAACA3icbZDNTgIxFIXv4B+Of6hLN43ExBWZQaMsSdy4xMQBEpiQTulAQ9uZtB0TQli6dqvP4M649UF8BN/CArNQ4CRNvpxzb9qeKOVMG8/7dgobm1vbO8Vdd2//4PCodHzS1EmmCA1IwhPVjrCmnEkaGGY4baeKYhFx2opGd7O89USVZol8NOOUhgIPJIsZwcZagYtU76ZXKnsVby60Cn4OZcjV6JV+uv2EZIJKQzjWuuN7qQknWBlGOJ263UzTFJMRHtCORYkF1eFk/tgpurBOH8WJskcaNHf/bkyw0HosIjspsBnq5Wxmrs0isc7uZCauhRMm08xQSRb3xxlHJkGzQlCfKUoMH1vARDH7BUSGWGFibG2u7cZfbmIVmtWKf1WpPlyX67W8pSKcwTlcgg+3UId7aEAABBi8wCu8Oc/Ou/PhfC5GC06+cwr/5Hz9Apoolwk=</latexit>

Vij = U(|ri � rj |)
<latexit sha1_base64="O/cEO1e8WfBsWFsYdclmDngLcIw=">AAACI3icbZDNSsNAFIUn/tb6V3XpZrAIdWFJqmA3QsGNywqmLbQhTKaTdtrJJMxMhJLmAXwQ1271GdyJGxc+gG/htI2gbQ8MfJxzL8M9XsSoVKb5aaysrq1vbOa28ts7u3v7hYPDhgxjgYmNQxaKlockYZQTW1HFSCsSBAUeI01veDPJmw9ESBryezWKiBOgHqc+xUhpyy0U87DhJnSQXtulcdLxfChSl8Jz+MuD8ZmeMsvmVHARrAyKIFPdLXx3uiGOA8IVZkjKtmVGykmQUBQzkuY7sSQRwkPUI22NHAVEOsn0mBSeaqcL/VDoxxWcun83EhRIOQo8PRkg1Zfz2cRcmnnBMrsdK7/qJJRHsSIcz/73YwZVCCeFwS4VBCs20oCwoPoEiPtIIKx0rXndjTXfxCI0KmXroly5uyzWqllLOXAMTkAJWOAK1MAtqAMbYPAInsELeDWejDfj3fiYja4Y2c4R+Cfj6wdajKMU</latexit>

H(~r) =
1

2

X

i 6=j

Vij

<latexit sha1_base64="MNhdo5xLPCz0q+PxAO5Dp3KXKLc="></latexit>

microscopic                      MACROSCOPIC 



Nov 2024

Driven systems
“slow” d.o.f.            Langevin equation

addition of ➟ non-equilibrium driving

    

Driving in bulk 

e.g. active matter

Classical 

ṙi = �riH+ vi(~r) + fi(t)
<latexit sha1_base64="RflU/3cjNByYLOg8PD77KvFLlsM="></latexit>

ri(t)
<latexit sha1_base64="ZGUJZW9K0Frd4GQ+e6eD2bBc/zA=">AAACBXicbZDNTgIxFIXv4B/iH+rSTSMxwQ2ZQRNZkrhxiYmACUxIp3SgodOZtHdMCGHt2q0+gzvj1ufwEXwLC8xCgZM0+XLOvWl7gkQKg6777eQ2Nre2d/K7hb39g8Oj4vFJy8SpZrzJYhnrx4AaLoXiTRQo+WOiOY0CydvB6HaWt5+4NiJWDzhOuB/RgRKhYBSt1dY9Qcp42SuW3Io7F1kFL4MSZGr0ij/dfszSiCtkkhrT8dwE/QnVKJjk00I3NTyhbEQHvGNR0YgbfzJ/7pRcWKdPwljbo5DM3b8bExoZM44COxlRHJrlbGauzYJond1JMaz5E6GSFLlii/vDVBKMyawS0heaM5RjC5RpYb9A2JBqytAWV7DdeMtNrEKrWvGuKtX761K9lrWUhzM4hzJ4cAN1uIMGNIHBCF7gFd6cZ+fd+XA+F6M5J9s5hX9yvn4BZ+yYCw==</latexit>

hfi(t)i = 0
<latexit sha1_base64="Y+NB+NQWc9gy1iY5dBumzluhdYU=">AAACN3icbZDLSsNAFIYnXmu9VV26GSyCbkpShboRBDcuK9hWaEqZTE/SoZNJmDkRSuij+CCu3eoDuHInuvQNnKZdeDsww8/3nzOXP0ilMOi6L87C4tLyympprby+sbm1XdnZbZsk0xxaPJGJvg2YASkUtFCghNtUA4sDCZ1gdDn1O3egjUjUDY5T6MUsUiIUnKFF/UrDL87IIw2gJtSXEKLdmYokUBr2BT3CY+prEQ0t1zN+Tt1+perW3KLoX+HNRZXMq9mvfPiDhGcxKOSSGdP13BR7OdMouIRJ2c8MpIyPWARdKxWLwfTy4nETemjJgIaJtkshLej3iZzFxozjwHbGDIfmtzeF/3pB/B/uZhie9XKh0gxB8dn9YSYpJnQaIh0IDRzl2ArGtbBfoHzINONooy7bbLzfSfwV7XrNO6nVr0+rF2fzlEpknxyQI+KRBrkgV6RJWoSTe/JInsiz8+C8Om/O+6x1wZnP7JEf5Xx+AV3GqyY=</latexit>

hfi(t)fj(t0)i = 2✓�ij�(t� t0)
<latexit sha1_base64="z1GCKzdVdToaAsp3xk7zn6Derng="></latexit>

T = ⇣ = 1
<latexit sha1_base64="XJcOyKhoaTAukdlkSnAT184s1+M=">AAACC3icbZDLSgMxGIUz9VbrrerSTbAIrspMFeymUHDjskJv0A4lk2ba0CQzJv8ItfQRXLvVZ3Anbn0IH8G3MG1noW0PBD7O+X+SnCAW3IDrfjuZjc2t7Z3sbm5v/+DwKH980jRRoilr0EhEuh0QwwRXrAEcBGvHmhEZCNYKRrezvPXItOGRqsM4Zr4kA8VDTglYy8d1XOk+MSC4gr1evuAW3bnwKngpFFCqWi//0+1HNJFMARXEmI7nxuBPiAZOBZvmuolhMaEjMmAdi4pIZvzJ/NFTfGGdPg4jbY8CPHf/bkyINGYsAzspCQzNcjYz12aBXGd3EgjL/oSrOAGm6OL+MBEYIjwrBve5ZhTE2AKhmtsvYDokmlCw9eVsN95yE6vQLBW9q2Lp/rpQLactZdEZOkeXyEM3qIruUA01EEUP6AW9ojfn2Xl3PpzPxWjGSXdO0T85X7+juZm3</latexit>

vi 6= ri�(~r)
<latexit sha1_base64="ElbkLk+05WFXhrVQZs0ukNs+D9Q=">AAACK3icbVDLSgMxFM3UV62vqks3wSJUhDJTBbssuHFZwT6gU0omvW1DM5khyRTK0I/wQ1y71W9wpbh14V+Ymc5C2x64cHLOvTfJ8ULOlLbtDyu3sbm1vZPfLeztHxweFY9PWiqIJIUmDXggOx5RwJmApmaaQyeUQHyPQ9ub3CV+ewpSsUA86lkIPZ+MBBsySrSR+sUr7KZLYgmDOZ72GXYFmCIeJ8mhMWa47E6BYnnZL5bsip0CrxInIyWUodEv/riDgEY+CE05Uarr2KHuxURqRjnMC26kICR0QkbQNVQQH1QvTt8zxxdGGeBhIE0JjVP170RMfKVmvmc6faLHatlLxLWe56+Tu5Ee1noxE2GkQdDF/cOIYx3gJDg8YBKo5jNDCJXMfAHTMZGEahNvwWTjLCexSlrVinNdqT7clOq1LKU8OkPnqIwcdIvq6B41UBNR9IRe0Ct6s56td+vT+lq05qxs5hT9g/X9CwDApnw=</latexit>

i 2 {1, . . . , N}
<latexit sha1_base64="5kQ4GaiCjOn+UIP1hv+8+fLz5To=">AAACGHicbZDLSgMxGIUz9VbrbdSN4CZYBBelzFTBLgtuXEkFe4HOUDKZTBuaSYYkI5ShPohrt/oM7sStOx/BtzBtZ6FtDwQO5/w/4f+ChFGlHefbKqytb2xuFbdLO7t7+wf24VFbiVRi0sKCCdkNkCKMctLSVDPSTSRBccBIJxjdTPvOI5GKCv6gxwnxYzTgNKIYaRP17RMKPcqhl0G3Aj0WCq1gBd55k75ddqrOTHDZuLkpg1zNvv3jhQKnMeEaM6RUz3US7WdIaooZmZS8VJEE4REakJ6xHMVE+dnsggk8N0kIIyHN4xrO0r8bGYqVGseBmYyRHqrFbhqu7IJ4VdxLdVT3M8qTVBOO5/9HKYNawCklGFJJsGZjYxCW1JwA8RBJhLVhWTJs3EUSy6Zdq7qX1dr9VblRzykVwSk4AxfABdegAW5BE7QABk/gBbyCN+vZerc+rM/5aMHKd47BP1lfvx7sniw=</latexit>

N � 1
<latexit sha1_base64="Ihf3VC5d0Kk1q1yv49CTq7IZVUs=">AAACBXicbZDLSgMxGIX/qbdab1WXboJFcFVmqmCXBTeupIK9QDuUTJqZhiaZIckIZejatVt9Bnfi1ufwEXwL03YW2vZA4OOc/yfJCRLOtHHdb6ewsbm1vVPcLe3tHxwelY9P2jpOFaEtEvNYdQOsKWeStgwznHYTRbEIOO0E49tZ3nmiSrNYPppJQn2BI8lCRrCxVuce9aMIeYNyxa26c6FV8HKoQK7moPzTH8YkFVQawrHWPc9NjJ9hZRjhdFrqp5ommIxxRHsWJRZU+9n8uVN0YZ0hCmNljzRo7v7dyLDQeiICOymwGenlbGauzQKxzu6lJqz7GZNJaqgki/vDlCMTo1klaMgUJYZPLGCimP0CIiOsMDG2uJLtxltuYhXatap3Va09XFca9bylIpzBOVyCBzfQgDtoQgsIjOEFXuHNeXbenQ/nczFacPKdU/gn5+sXD/KX1Q==</latexit>

E

S

Z

S
|vi| / S

<latexit sha1_base64="JFJc+AbcJr2wg7wdN8F8PrmMd1A=">AAACI3icbVC9TsMwGHT4LeWvwMhiUSExVUlBomMlFsai0h+piSLHcVqrjmPZTqUq7QPwIMys8AxsiIWBB+AtcNsM0PYkS6e7+2x/FwhGlbbtL2tjc2t7Z7ewV9w/ODw6Lp2ctlWSSkxaOGGJ7AZIEUY5aWmqGekKSVAcMNIJhnczvzMiUtGEP+qxIF6M+pxGFCNtJL9Uhu78kkyScApdyrXfhJORTyfQFTIROoFNk7Ir9hxwlTg5KYMcDb/044YJTmPCNWZIqZ5jC+1lSGqKGZkW3VQRgfAQ9UnPUI5iorxs/o8pvDRKCKNEmsM1nKt/JzIUKzWOA5OMkR6oZW8mrvWCeJ3cS3VU8zLKRaoJx4v3o5RBs/msMBhSSbBmY0MQltSsAPEASYS1qbVounGWm1gl7WrFua5UH27K9VreUgGcgwtwBRxwC+rgHjRAC2DwBF7AK3iznq1368P6XEQ3rHzmDPyD9f0LlE+kZQ==</latexit>
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Driven systems
Langevin equation ➟ Fokker-Planck 

Many particle density

Q: Is there an equivalent to equilibrium for these systems? 

A: Yes, but we must generalize the idea of a steady state

  Non-equilibrium steady states 

@

@t
P (~x; t) +

NX

i=1

riJi = 0

Ji = �✓riP � (riH� vi)P
<latexit sha1_base64="rPQGLOfUtCvuwADiwub4rQzkKHE="></latexit>

P (x1, . . . , xN ; t) =

*
NY

i=1

� (xi � ri(t))

+

<latexit sha1_base64="jys7ApcqcVTxVKN8YgLiY16IoFY="></latexit>
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A theorem
Active matter has non-equilibrium steady states characterized by 
2 quantities

1) A stable many particle distribution (like equilibrium)

2) A deterministic dynamical system (unlike equilibrium) 

    

The system follows the typical trajectories

The stationarity condition

      (*)

⇢ss(~x) ⌘
1

Z
exp [�h(~x)]

<latexit sha1_base64="1HqLdnB1eiCATuBhMAlr4/adnwo="></latexit>

Vi = vi �riH+ ✓rih
<latexit sha1_base64="P4ofXsev/KXRwLCaKboXWnYwK5s=">AAACMnicbZDLSsNAFIYn9VbrrerSzWARBLEkVdCNILjpUsFeoAnhZDq1g5NJmDkplND38EFcu9VX0J24EnwIp7XgrQdm+Pj/czicP0qlMOi6z05hbn5hcam4XFpZXVvfKG9uNU2SacYbLJGJbkdguBSKN1Cg5O1Uc4gjyVvR7cXYbw24NiJR1zhMeRDDjRI9wQCtFJZrpWYo6Bkd2P+Q+goiCRZzn4Gk9RE9oD72OcK31Q/LFbfqTor+B28KFTKty7D87ncTlsVcIZNgTMdzUwxy0CiY5KOSnxmeAruFG96xqCDmJsgnt43onlW6tJdo+xTSifpzIofYmGEc2c4YsG/+emNxphfFs+ROhr3TIBcqzZAr9rW/l0mKCR3nR7tCc4ZyaAGYFvYEyvqggaFNuWSz8f4m8R+atap3VK1dHVfOT6cpFckO2SX7xCMn5JzUySVpEEbuyAN5JE/OvfPivDpvX60FZzqzTX6V8/EJHIin8A==</latexit>

X

i

ri (⇢ssVi) = 0 ) h(~x)
<latexit sha1_base64="oGnDrhBDIgxHNJpcrzTvfNWRxjk="></latexit>

h~x(t)i = ~X(t) = (X1(t), . . . , XN (t))
<latexit sha1_base64="4dW6ptkwNoV1j6Als4AQeh4VSb8="></latexit>

d

dt
~X = ~V [h( ~X)]

<latexit sha1_base64="Ip7GknQzUV1JIefkXizwO8sFHBQ=">AAACLHicbZDNSgMxFIUz/tb6V3Xp5mIRKkiZqYLdCAU3LivYH2iHkslk2tBkZkgyhTL0JXwQ1271GdyIuBV8C9NOF9r2QODjnHsJ93gxZ0rb9oe1tr6xubWd28nv7u0fHBaOjpsqSiShDRLxSLY9rChnIW1opjltx5Ji4XHa8oZ307w1olKxKHzU45i6AvdDFjCCtbF6hcs8pD50IzMDvp5Ad0QJtOE2gyZ0BlDKvAtwe4WiXbZngmVw5lBEc9V7hZ+uH5FE0FATjpXqOHas3RRLzQink3w3UTTGZIj7tGMwxIIqN51dNYFz4/gQRNK8UMPM/buRYqHUWHhmUmA9UIvZ1FyZeWKV3Ul0UHVTFsaJpiHJ/g8SDjqCaXPgM0mJ5mMDmEhmTgAywBITbfrNm26cxSaWoVkpO1flysN1sVadt5RDp+gMlZCDblAN3aM6aiCCntALekVv1rP1bn1aX9nomjXfOUH/ZH3/Amq2pOc=</latexit>
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Summary

equilibrium    ness  

⇢(~r) =
1

Z
exp [�H/T ]

<latexit sha1_base64="gh4sgMeQlYdA0D1hmdNkMd0ASCE="></latexit>

⇢ss(~x) ⌘
1

Z
exp [�h(~x)]

<latexit sha1_base64="1HqLdnB1eiCATuBhMAlr4/adnwo="></latexit>

~Jeq = 0 ) d ~X

dt
= 0

<latexit sha1_base64="OcrDyAH5WAizA4jXdtJiEzPkEqI="></latexit>

~Jss = ⇢ss~V ) d ~X

dt
= ~V

<latexit sha1_base64="ttLWhn8jQxzYSJUd+BRu4cy8Oak="></latexit>

~V = ~v � ~rH+ ✓~rh
<latexit sha1_base64="LQQbuI6RHCDj4lwcPOOfDmm4K/8="></latexit>

X

i

ri (⇢ssVi) = 0 ) h(~x)
<latexit sha1_base64="oGnDrhBDIgxHNJpcrzTvfNWRxjk="></latexit>

sufficient but not necessary
PRE 101, 042107 (2020)



Quantifying the tissue 
dynamics on a cellular scale
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Analysis of shapes
Let’s look at cells of healthy unwounded  tissue in detail 

Stage of development   

Nov 2024

Polygon
5-16 sides

Athilingam  et al, Sem. Cell. Dev. Bio, (2021)



Analysis of shapes
Cell shapes & protein distributions

Area

Centre

Nov 2024

Shape tensor

Protein distribution tensor



Analysis of shapes
Cell shapes & protein distributions

Area

Centre

Nov 2024

Shape tensor

Protein distribution tensor



Analysis of shapes
Cell shapes & protein distributions

Eigenvalues of shape tensor
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Eigenvectors ➡ orientation



Analysis of shapes
Cell shapes & protein distributions

Q-tensor
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➡ elongated cell

Average over N cells

Mean

Variance 

<latexit sha1_base64="bk8FGGQL+OqZZIBQd2jcYWsWqS4="></latexit>

QQ̂ =
1

N

NX

↵=1

q̂↵
<latexit sha1_base64="5A2eeRSTnAkhiWTMhkya2o8i+a4="></latexit>

�2
q =

1

N

NX

↵=1

���q̂↵ � Q̂
���
2

<latexit sha1_base64="HnYtzeLAToRop7DprhkEU6PfV28=">AAACHHicbZDLSgMxGIUz9VbrbdSlLoJFcFHKTBHtsuDGlVSwF+gMJZPJtKGZZEgyQhm68UFcu9VncCduBR/BtzBtZ6FtDwQO5/w/4f+ChFGlHefbKqytb2xuFbdLO7t7+wf24VFbiVRi0sKCCdkNkCKMctLSVDPSTSRBccBIJxjdTPvOI5GKCv6gxwnxYzTgNKIYaRP17VMPsWSIoEc57EG3Uqt4OBRaVeAd9Pt22ak6M8Fl4+amDHI1+/aPFwqcxoRrzJBSPddJtJ8hqSlmZFLyUkUShEdoQHrGchQT5WezKybw3CQhjIQ0j2s4S/9uZChWahwHZjJGeqgWu2m4sgviVXEv1VHdzyhPUk04nv8fpQxqAaekYEglwZqNjUFYUnMCxEMkEdaGZ8mwcRdJLJt2repeVd37y3KjnlMqghNwBi6AC65BA9yCJmgBDJ7AC3gFb9az9W59WJ/z0YKV7xyDf7K+fgHM6Z+M</latexit>

↵ 2 [1, 2, · · · , N ]



Analysis of shapes
Cell shapes & protein distributions
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Average over cells

mean and variance

<latexit sha1_base64="ha0SSdaLIugnGAyLdATKPR7/qmU=">AAACAnicbZDLSgMxGIX/qbc63qou3QSL4KrMiGiXBTcuK9gLtEPJpJk2NMmMSUYoQ3eu3eozuBO3voiP4FuYaWehtQcCH+f8P0lOmHCmjed9OaW19Y3NrfK2u7O7t39QOTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNObvK880iVZrG8N9OEBgKPJIsYwSa33IeBN6hUvZo3F/oPfgFVKNQcVL77w5ikgkpDONa653uJCTKsDCOcztx+qmmCyQSPaM+ixILqIJu/dYbOrDNEUazskQbN3d8bGRZaT0VoJwU2Y72c5ebKLBSr7F5qonqQMZmkhkqyuD9KOTIxyvtAQ6YoMXxqARPF7BcQGWOFibGtubYbf7mJ/9C+qPlXNf/ustqoFy2V4QRO4Rx8uIYG3EITWkBgDM/wAq/Ok/PmvDsfi9GSU+wcwx85nz82yJba</latexit>q0

<latexit sha1_base64="ha0SSdaLIugnGAyLdATKPR7/qmU=">AAACAnicbZDLSgMxGIX/qbc63qou3QSL4KrMiGiXBTcuK9gLtEPJpJk2NMmMSUYoQ3eu3eozuBO3voiP4FuYaWehtQcCH+f8P0lOmHCmjed9OaW19Y3NrfK2u7O7t39QOTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNObvK880iVZrG8N9OEBgKPJIsYwSa33IeBN6hUvZo3F/oPfgFVKNQcVL77w5ikgkpDONa653uJCTKsDCOcztx+qmmCyQSPaM+ixILqIJu/dYbOrDNEUazskQbN3d8bGRZaT0VoJwU2Y72c5ebKLBSr7F5qonqQMZmkhkqyuD9KOTIxyvtAQ6YoMXxqARPF7BcQGWOFibGtubYbf7mJ/9C+qPlXNf/ustqoFy2V4QRO4Rx8uIYG3EITWkBgDM/wAq/Ok/PmvDsfi9GSU+wcwx85nz82yJba</latexit>q0

<latexit sha1_base64="ha0SSdaLIugnGAyLdATKPR7/qmU=">AAACAnicbZDLSgMxGIX/qbc63qou3QSL4KrMiGiXBTcuK9gLtEPJpJk2NMmMSUYoQ3eu3eozuBO3voiP4FuYaWehtQcCH+f8P0lOmHCmjed9OaW19Y3NrfK2u7O7t39QOTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNObvK880iVZrG8N9OEBgKPJIsYwSa33IeBN6hUvZo3F/oPfgFVKNQcVL77w5ikgkpDONa653uJCTKsDCOcztx+qmmCyQSPaM+ixILqIJu/dYbOrDNEUazskQbN3d8bGRZaT0VoJwU2Y72c5ebKLBSr7F5qonqQMZmkhkqyuD9KOTIxyvtAQ6YoMXxqARPF7BcQGWOFibGtubYbf7mJ/9C+qPlXNf/ustqoFy2V4QRO4Rx8uIYG3EITWkBgDM/wAq/Ok/PmvDsfi9GSU+wcwx85nz82yJba</latexit>q0



Analysis of shapes
Cell shapes & protein distributions
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Average over cells

mean and variance

<latexit sha1_base64="ha0SSdaLIugnGAyLdATKPR7/qmU=">AAACAnicbZDLSgMxGIX/qbc63qou3QSL4KrMiGiXBTcuK9gLtEPJpJk2NMmMSUYoQ3eu3eozuBO3voiP4FuYaWehtQcCH+f8P0lOmHCmjed9OaW19Y3NrfK2u7O7t39QOTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNObvK880iVZrG8N9OEBgKPJIsYwSa33IeBN6hUvZo3F/oPfgFVKNQcVL77w5ikgkpDONa653uJCTKsDCOcztx+qmmCyQSPaM+ixILqIJu/dYbOrDNEUazskQbN3d8bGRZaT0VoJwU2Y72c5ebKLBSr7F5qonqQMZmkhkqyuD9KOTIxyvtAQ6YoMXxqARPF7BcQGWOFibGtubYbf7mJ/9C+qPlXNf/ustqoFy2V4QRO4Rx8uIYG3EITWkBgDM/wAq/Ok/PmvDsfi9GSU+wcwx85nz82yJba</latexit>q0

<latexit sha1_base64="ha0SSdaLIugnGAyLdATKPR7/qmU=">AAACAnicbZDLSgMxGIX/qbc63qou3QSL4KrMiGiXBTcuK9gLtEPJpJk2NMmMSUYoQ3eu3eozuBO3voiP4FuYaWehtQcCH+f8P0lOmHCmjed9OaW19Y3NrfK2u7O7t39QOTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNObvK880iVZrG8N9OEBgKPJIsYwSa33IeBN6hUvZo3F/oPfgFVKNQcVL77w5ikgkpDONa653uJCTKsDCOcztx+qmmCyQSPaM+ixILqIJu/dYbOrDNEUazskQbN3d8bGRZaT0VoJwU2Y72c5ebKLBSr7F5qonqQMZmkhkqyuD9KOTIxyvtAQ6YoMXxqARPF7BcQGWOFibGtubYbf7mJ/9C+qPlXNf/ustqoFy2V4QRO4Rx8uIYG3EITWkBgDM/wAq/Ok/PmvDsfi9GSU+wcwx85nz82yJba</latexit>q0

<latexit sha1_base64="ha0SSdaLIugnGAyLdATKPR7/qmU=">AAACAnicbZDLSgMxGIX/qbc63qou3QSL4KrMiGiXBTcuK9gLtEPJpJk2NMmMSUYoQ3eu3eozuBO3voiP4FuYaWehtQcCH+f8P0lOmHCmjed9OaW19Y3NrfK2u7O7t39QOTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNObvK880iVZrG8N9OEBgKPJIsYwSa33IeBN6hUvZo3F/oPfgFVKNQcVL77w5ikgkpDONa653uJCTKsDCOcztx+qmmCyQSPaM+ixILqIJu/dYbOrDNEUazskQbN3d8bGRZaT0VoJwU2Y72c5ebKLBSr7F5qonqQMZmkhkqyuD9KOTIxyvtAQ6YoMXxqARPF7BcQGWOFibGtubYbf7mJ/9C+qPlXNf/ustqoFy2V4QRO4Rx8uIYG3EITWkBgDM/wAq/Ok/PmvDsfi9GSU+wcwx85nz82yJba</latexit>q0
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“Noisy” dynamics of tissue
Microscopic degrees of freedom, “atoms” 

Positions

Shapes 
<latexit sha1_base64="8iB6iAE2jv99pkclObLIG6FsvsQ="></latexit>

U =
X

i 6=j

[W0(ri � rj) +W2(ri � rj)Tr (qiqj)]

<latexit sha1_base64="syFSxubLnMjNO8+/EWM3VlPfmMA="></latexit>D
⇠↵�i (t)⇠↵

0�0

j (t0)
E
= Cq�↵↵0���0�ij�(t� t0)

<latexit sha1_base64="I6sJnzEmiiVWBwECWg4yP+nrDcU="></latexit>D
⌘↵i (t)⌘

↵0

j (t0)
E
= Cv�↵↵0�ij�(t� t0)

ri(t)

qi(t)

<latexit sha1_base64="ny104qn3cs5Y4u0JTp4JER1eGQQ="></latexit>
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“Noisy” dynamics of tissue
Collective degrees of freedom
Density 

Shape

Velocity

Coarse grain  ➡ Hydrodynamic equations

✓
1

Area

◆

<latexit sha1_base64="/o+cnujb0wc5rlRRZhvsKEkCm3U=">AAACKHicbVDLTgIxFO3gC/GFunTTSExwQ2YMRpYYNy4xkUfCENIpHWhop5P2jpFM+AU/xLVb/QZ3hq07/8LyWChwkiYn55x7m3uCWHADrjtxMhubW9s72d3c3v7B4VH++KRhVKIpq1MllG4FxDDBI1YHDoK1Ys2IDARrBsO7qd98YtpwFT3CKGYdSfoRDzklYKVuvugLFkIRpx72lQ1iXwbqOfVNiG/tnvEY+5r3B3DZzRfckjsDXiXeghTQArVu/sfvKZpIFgEVxJi258bQSYkGTgUb5/zEsJjQIemztqURkcx00tlFY3xhlR4OlbYvAjxT/06kRBozkoFNSgIDs+xNxbVeINfJ7QTCSiflUZwAi+j8/zARGBSetoZ7XDMKYmQJoZrbEzAdEE0o2G5zthtvuYlV0rgqeeXS9UO5UK0sWsqiM3SOishDN6iK7lEN1RFFL+gNvaMP59X5dL6cyTyacRYzp+gfnO9ffRml1g==</latexit>

+ other fields … 
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“Noisy” dynamics of tissue
Linearised fluctuating hydrodynamics  
Density

Shape

Velocity

Deterministic + Fluctuations
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“Noisy” dynamics of tissue
Correlation functions
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“Noisy” dynamics of tissue
Example

Compare to unwounded - major change only in b close to wound !!



Wound-induced epithelial signals
Calcium wave – one of the first signals that 
occurs within seconds of wounding (using act > 
trpm-RNAi). Does it drive these cell behaviours?

JNK signalling – Associated in literature with 
shape changes in development (using act > 
bskDN)

Inflamma5on
Test wound healing aCer geneDc macrophage 
ablaDon (using srp > reaper)

Calcium wave, JNK signalling and inflammation
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Calcium wave, JNK signalling and inflammation
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• Quan%fy how perturba%ons change parameters



membraneconclusions and perspectives  
machine learning tools  have been developed and are being used to 
observe fruitfly pupa wounds in wing tissue

We can thus analyse the tissue behaviour at the cellular scale with 
unprecedented detail (in particular fluctuations!)

We are beginning to come up with mathematical models that give  
explanations of some of the emergent behaviour that we see ….

… but we are definitely closer to the beginning of the story  than the 
end
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