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Chapt:dmhel Ubi quitous Language of Cel l ul ¢

Spati otemporal Waves

1. TMThe Rhythm of Life: Oscillations Across Bi ol
Oscillatiodd kendphwawemena are dominant features of bi o
range of spatial and temporal scal es. We observe thes
various systems. At t he rmeoacetciudnasr areev eilnt rbiinoscihceantilcyala s ¢

di sassembly or -eeacgyvatiowmatyohes with significant un
t her mal( 10 oN esxet , organelles within a cell rhythmically |
i nternal( 20aAtanhciegher organizational l eve(l3F),neomaldi palt £ e

(4a)nd breat hi Begmearhgyd hamsd t hese recurring dynamics are e:

The extensive range and diversity of these patterns ma
occur over milliseconds, |l {(kgwhal e omhepgisk e fwitdhiow eme

as circadi(arin Somye hamse confined within the microscopic b

span tissues or even influence behavioirl atisthat éevieheof
of scales at which spatiotempor al rhyt hms manifest in |
forms and play key structural and regulatory roles in
randem chaotic behavior, many of these processes exhil

suggesting the existence of wunderlying principles that
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a) IntraceTheliant tewellul ar scale presents a compl ex | &
individual cell s, bi ochemical and mechani cal systems ¢

spontaneous rhythmic patterns.

A wektablished exampl e of t (i99 wahriec hc aalccti uans os bi glLiat 0
mechani sms across a wide range (olf0,celiis ¢ ly@leXx)ednidnc| ud
hepat o(clyX)effThese calcium signals are not random bursts b
that travel through the cytopl asm. Their frequency, ar
enabling cells to regul ate (rlédgpenxdes (tdds )FEdtemeil st gmmals

integr al to cellul ar proclelses)emetabol | £4,7 phue ad(elgdiiesy ¢ b @

and programmedlO)el | death

I n addition to calcium signaling, met abolic processes
oscil l(20)6ows exampl e, are a wel/l characterized-instanc
organize into periodic cycles. I n yeast cel |l popul at i

feedback | oops, gener ati ng roengcuel natrr aotsicoinlsl (@2 ugohth saAsi PN AribeH
(22) Remarkabl vy, these oscillations can persist across
spanning di fferent cel | types and organi sms. Thi s pe

architecture is sufficientd tat sgpensamgagtest shythtami c edd tsi wair

responding to environmental stimuli, but actively genet
Another notable example of intracellular rhythmicity i
primarily propagate within the cellular cortex along

dynamic patéirnsmoho®emwmnpahymearipoiRideTheae i waves are t)

sebfgani zed and can appear as spiral, circular, or tra\
i nvol vement in spati al organization within the cell, ¢
and sbhpe¢g@d4)Actin waves have been observed in a wide r

cel(l2zéanbi ct yoqt2el,,i Pwih)er e t hey play roles in chemotactic
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b)YTi ssueAltevéle: ti ssue | evel, oscillations assume a di st

primarily regulate processeasgcawiet hisciihdtviodsaloftehl sa,c
forces, all owing groupwsclfsyredHrsonioz aatcitont oigse t vhietral Sf or
i ncluding the maintenang¢é&lpdortirsaclo ed fq s3tdijzod pacadpdsrdtg peese S |
(33)A prominent example is found in cardiac tissue. T
pacemaker <cells |l ocated in the sinoatrial node, whi ch
These i mpul ses propagat e tohrrda uingh etdh evamnvyeosc(adrfdd)iderp gaysard az @
a tightly regulated sequence of contractions as they t
heart pumps blood efficiently and rhythmically, with ¢t
being composefi ohdbwvi duahscell s.

An example of oscillation operating at faster timescal
are central to the brain function. Neur onal oscillatio
i nhibitory interactionnesuraanr opsosp BibatTdhre@m®mn noescctieldl at i ons a
categorized into distinct frequency bands (al pha, bet a
cognitive 3fouynanttiedaresti ngly, neur esrcall eo & ceimploa tail o rc orr @fi Inea
brain regions, enabling efficient communication and in
the brain | everages rhythmicnatctonliyytampngcess dnf bdem
regul ate the timing of peBEePphiioncodrmabiumgatti, ormnids aes p®n
sl eep, as slho3dwn wihnerFei gnacroscopic brain waves propagate
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c) Orgamtl|l éehel organ | evel, oscill-atabespmahefastthatsar

for the regulation of complex physi olloegvieclalr hfyutnhcsi oanrse

muscul ar contraction pathergashabidteseipalti staktsis in
Peristaltic waves are periodic, mostly wunidirectional
propel the contents of the intestine through the dig

coordinated by the e(EMS)a dieensveo urse tswosrtke mo f neurons e

intestinal wal l-guttcdmdnfoduisglroyant ¢ heemient r al nervous system

(Meissner’s Plexus)

initiated and sustained through intrinsic neuwrd4a2l) circu
enabling reliable function even in the absence of <cons
and neur al circuits is illustrated in Fig. 1.4, which
and the dynamicdg rafctperniss tdaulrtiingg ddmui d filling and disc
b Longitudinal muscle Gathering
contraction ,/of circular muscles
Distal Proximal
a 4 ==
Longitudinal muscle Artery, Veins & 90 - r
Nerves on Serosa - === *
Submucosal Plexus redarmce il c A !\_,‘L,“’_'//m ===

|— Areaof contraction —| |— Area of relaxation —|

Epithelium

<€ Direction of Propulsion

C Longitudinal muscle y Gatlherlng I
Submucosa Myenteric plexus contraction ' Of circular muscles

Misscilarié iiscasa (Auerbach's plesus) Distal Proximal

_‘ -
|— Receiving segment — |— Propulsive segent -
< Direction of Propulsion
Figada&tructure and function of the small i nt
(a) Organization of circular and |l ongitudinal muscl es
(b)) Muscle contractions favoring fluid filling with re
di scharge with Reprodygcadlef formwSasi dharan et al ., 2023

Communi cati onds3)Bi ol ogy.



These dynamics reveal t hat peristalsis is more than a

ensures directional movement, while its temporal patte
absorption. Peri st aletldfrcg avmiveed eanetrigwi(thiy pwmatshien t hant ass
responses to external stimuli. Their robustness and acf
internal dynami cs.

| mportantlew,elorogsacni | | ati ons persist in the absence of ¢
by feedback | oops, excitable medi a, and tightl4d2)coupl
provide | ocalized regulation and resilience to pertur
fundamental strategy for organizing function at the sc
1.2 Wtwds Fail: Rhythmic Dysregulation in Heal
As outlined in the previous section, sustained functi
continuous propagation of structured, rhythmic activi

through desynchronizati om¢ghmorsitZ antiin@n,orc &mxcgiswe vrei sg t
states. This underscores that biological function is ¢

coordination of activity across systems.

A salient example i ¢$dpbpwhardi act aerdlye dtmi acal wavefor ms
their coherence. Such disruptions can |l ead to irregul a
mai ntain circulatory output. . I'n severrardadeas, | utrlei ©ordys

cardiac deat h.

I n the central nervous system, abnor mal oscillatory be
I n epilepsy, excessive synchroni zat(idgnchfarmeteonaledadty
amplitude, uncontrolled wave propagation across brain
Dysregulation of neural rhythms are also seen in condi

wherein abnor maabiatnide sacitn vgampm phayl m Karykirnsloenbds di se
Y



di sturbances primarily affect motor <circuits, contri bt
schizophreni a, it interferes with perception, attentio

in effective communi battionrbgtwaen di fferent

Devel opment al di sorders further underscore the iimport
cl ock, an oscillatory gene expression network orchest

resulting in spinal mal f ot mafsd.&8)nSi nsiulcahr | ys oanmgdergi teamb rs

coordination of mitotic waves is <critical fovi tiprecis
di sturbances |l eading to (i49)eversible structural def ect
At the cellular I evel, particularly within the cytoskel
cell behavior. I'n healthy migrating cell s, actin wave

membr ane protrusi ongsneannd dWhreenc ttihemsael wmaovwes become fragm

may | ose polarity, exhibit erratic midr5a0t)Aowi soal f akhi mf
of actin wave disruption and recovery is depicted in [
gl obal depol ymerDii zatyiomne édlfisyacftolnl awed by the gradual re

structures.



untreated latrunculin A patches waves recovered

Figub®i sruption and r ec oDiecrtyy oosftedallciguifmo Iwlawwisn g n
treat ment .

Actin structures are | ost upon depolymerization and gr
was h®etpr oduced from Gerisch et al.,(2D04, with per miss

Similar wave disruptions have (badrd Iliinmmuende tdobSd anbodd)i omr

where abnor mal cytoskel et al activity contributes to
responses. These findings demonstrate that coordinatec
cellular stability, whemeae icoaddysopagulfavioomabtantpr me

evasi on.

Al together, these examples reveal that disease can ari ¢
also from its disorder, mi sti ming, or spatial mi scoor d
extend across entiriagtiascseasr albngern ssco pl e: bi ol ogi cal
of correctly patterned rhyt hms, precisely coordinated
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1.3 Restoring the Wave: Therapeutic Strategie
I f the breakdown of rhythmic activity |l eads to dysfunc
proper wave dynamics forms a key therapeutic goal. Gi
mai ntaining health, undannyg ienteecrtwe nctailon sc,heimcclal |, and me
designed to reintroduce, stabilize, or reshape wave pa
In cardiol ogy, defibrillation is a classic example. Thi
to reset the chaotic electrical activity of the heart

cardiove

wh e

n int

rter a&ef ipbrroivitidaetnolresno g(ultGdbns by generating or ¢

rinsic wave propagation is impaired. Catheter

targeting and disrupting the tissuepb)ehstercatit el tyhat mou,j

architecture through which waves propagate.

I n neurol ogy, deep brain stimulation (DBS) has becom
reston®&®)particularly in disorders such as Parkinsono:
pul ses to specific brain regions, DBS can modul ate ab

Similarly, respon¢$RN&@hwWeviagstsi melratei eni mul ati on (VNS)

epileptic activity, aiming to reduce seizure frequency

neu

ral d(yS5n7aymi c s

Phar macol ogi cal strategies also play a critical rol e
channel s or modul ate neurotransmitter l evel s can i nf
excitability and (rbeBt, woS®Pk\c boappcbiacheyg are under acti ve
range of systems, including neural circuits, cardiac t
gene expression is essential for proper function.
Emerging therapeutic approaches are beginning to move |
to restore their spatial coherence and organization.
therapy, aligning wavefr esmtoswnadrmosismptriovyegue umazs i baemor
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restoration of timing alone. At both the tissue and i1
using tools |ike optogenetics have shown préfhmaaped i n mo
metastasis in gas(®6.1)Thceasnec esrt rcaetlelgileisnersef | ect a gr owi ng
heal thy rhythms often requires tuning both their tempor
applications remain in the early stagestudifiegevehbDpmeans:
elucidate the underlying regulatory pathways. Developi

a deeper mechanistic understanding of these complex re

1.4 Frono PRaxtetlesr ns: QuantThfrypiughp VapvevecHModt IFdbmow

Optical flow is a foundational technique in classical computer vision used to estimate motion by analyzing
the apparent pixel displacement across successive image frames. It provides a dense vector field that
describes the apparent motion of objects or patterns in the scene. The fundamental assumption behind
optical flow is that changes in image intensity over time are caused by object motion rather than illumination
variation. More formally, it assumes that the intensity of a pixel at a given location remains constant as it

moves within a short time interval 3-0. This leads to the brightness constancy constraint (in 2D):

O e D 30 O

Expanding the right-hand side using a first-order Taylor approximation yields:

i~ s " . g 17O 1T O, 1O
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(left) and temporal changes (right) are confbd)neOd ttioc aclo n
flow analysis applied to the images in A. The spatial
the resulting flow field (center). In the right panel,

decreasiintgy i me¢ tewesen
froBo.Q 62)

frameBRepSocdlekdaf s@ad®, WOh per mi ssi

NO



Applying the assumption of constant brightness, and dividing by 30, we obtain the optical flow constraint

equation:
1R IR o,
! ! To
Here,6 —and0 — arethe horizontal and vertical components (of x-y plane) of the optical flow vector,

and 1O —h— represents the spatial intensity gradient. However, this equation alone provides one

constraint with two unknowns (6fD) making the system underdetermined at each pixel location. The Lucas-
Kanade method (63) addresses this by assuming that the flow vector is constant within a small spatial
neighborhood around each pixel. We can see a demonstration of this in Fig. 1.6 how the flow vectors within
a small neighborhood are pretty uniform. This gives us several versions of the optical flow equation, one
for each pixel in the neighborhood, resulting in a (overdetermined) system with more equations than

unknowns:

oo é 5 o . N . . . . [ . . 5.
ot oy @ mtwhere 0 is an € ¢ matrix of intensity gradients “OhO in the neighborhood, and wis a

¢  p vector of corresponding temporal gradients "Q The least-squares solution to this system is obtained

as:

Pseudo-inverse is calculated to ensure a solution whenever inverses are ill-defined. The same equations
can be extended to three dimensions for analyzing 3D timelapses. The corresponding optical flow constraint

equation would be:

N



where 0 — is the vertical component of the 3D flow vector.

The choice of neighborhood size directly impacts the quality and spatial resolution of the flow estimate.
Larger neighborhoods improve robustness by aggregating more information, especially in low-texture or
noisy regions, but can over-smooth and blur fine motion boundaries. In contrast, smaller neighborhoods
preserve localized motion details but are more sensitive to noise. A Gaussian-weighted neighborhood is
often preferred to emphasize the center pixel and suppress boundary effects which we have implemented
in our work here. The choice of the smoothing parameters did not change our results significantly within a

reasonable range as shown in a demonstrative power spectrum of gut motion over 1-minute (Fig. 1.7).

10° ,/’/ original
[—— original { smoothed OF,sig=0.5,kernel=15
:::m:: g:.::q:g.i‘karr::l‘-f ! smoothed OF,sig=2,kernel=15
4 sig=2,kernel | :
10 smoothed OF sig=10,kernel=25 | | _ 4 smoothed OF,sig=10,kernel=25
L i 1
3 N1
& L
2 R
£ ]
= 3
2 E
(=)
[
i o
H
1 15

0 0.5
Frequency (Hz) i

1 11 1.2 1.3 14 1.5
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Figavr®ensitivity of gut motion spectra to
Power spectra of crayfish hindgut motion computed over a 1-minute segment using different optical flow
neighborhood sizes and Gaussian smoothing widths. The original curve (green) cor r e s p 6.5ahd
a 3x3 pixel kernel. The y-axis represents motion power (squared amplitude), and the x-axis shows
frequency. The similarity across curves indicates that motion estimation is robust to parameter variations

within a reasonable range.

To improve temporal coherence and suppress random fluctuations, the image sequences used in this

dissertation were temporally smoothed using a Gaussian filter over 5 consecutive frames (64). This mild
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temporal smoothing ensures that the computed gradients are not dominated by stochastic noise or abrupt
local fluctuations, especially important when analyzing dynamic cytoskeletal processes like actin wave

propagation.

Preprocessing steps play a crucial role in ensuring the reliability of the optical flow computation. In
particular, for the actin dynamics analysis in developing neurons, two key corrections were applied: jitter
correction, to align frames and eliminate sub-pixel motion artifacts caused by mechanical drift or sample
instability; and bleach correction, to normalize intensity decay over time due to photobleaching, thus
preserving the validity of the brightness constancy assumption. Additionally, the imaging frame rate must
be appropriately chosen. A frame rate that is too high risks capturing frame-to-frame noise or redundant
data with negligible true motion, which can violate the assumptions of smooth spatial and temporal
transitions. On the other hand, a frame rate that is too low may miss rapid events or result in displacements
that exceed the small-motion assumption required for the Taylor expansion, thereby breaking the optical

flow constraint.

Frame rates in this dissertation were selected based on the characteristic timescale of motion in each
system. For gut motility experiments, although movies were originally acquired at 30 frames per second
(FPS), we analyzed them at a reduced rate of 3 FPS to capture motion effectively on the scale of seconds.
In contrast, for analyzing actin dynamics in developing neurons, we adopted a slower imaging rate of 0.5
FPS, as actin waves tend to propagate more gradually and require longer timescales to manifest discernible
motion. Together, the combination of Lucas-Kanade optical flow, Gaussian temporal smoothing, and careful
preprocessing provides a robust and adaptable framework for quantifying spatiotemporal motion across a

range of biological systems and is applied throughout all experimental chapters of this thesis.
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15Di ssertation Overview: A Journey Through Div

The following dhapeetatiodn thhuisl d upon the conceptual
introducti on. Each chapter examines a distinct bi ol ogi
cruci al rol e, roa ga@ainn gc ofmmaimi mat t on net woetkal t dy nsaunbi ccesl.
Despite the diversity of systems studied, these invest
rhythmic patterns emerge, how they coordinate activity

can be empl oyed kehaguuiaonrt.i fBacshucphr oj ect combines exper.i
computational tools to study the architecture of biolo

that waves are not confined to a partheyl aepsteseatunef |

robust | anguage through which diverse biological syste
Chapter 2 investigates how the central nervous system
the crayfish hindgut, a tractable invebtaibmatri snodb&sbi i
mul ti modal approach thatlt ycomhi s@®cdptailcalnafllyewsanand el
characterizes gut motility across a range of neur og ¢

uncharacterized wave regimes with di st idinecnio nsspahtaitoet e mp ¢
mi sali gnment bet ween ENS and CNS input can disrupt rt
foundati on for understanding how neuromodul ation suppo

may contribute to dysmotility disorders.

Chapter 3 investigates actsihmpdeydnagrhiicad icreld sst rodc ytthees ,c es
whose complex cytoskeletal behaviors are increasingly
within tripartite symapseax.dehRotcuwusitmgpcyghepri this chapt

behavior and reveals that these waves are highly respo

and -nandom propagation. Usb aagedc uasn almy soipst,i ctah ehfadttowdy d
astrocytes generate bursty and spatially heterogeneous
findings suggest that astrocytes may use internal cyt oc

NT



and other glial cells. Disruptions to these rhythms col

with conditions such as gliosis and neuroinflammati on.
Chapter 4 ediprheorrseisonado actin dynamics in developing neu
growth cones. It examines how nanotopographic cues i nf|
devel opment. While actiynkegveo|l asei kngwowth ploae navig
with environment al physical features remain poorly wund
centroid tracking algorithms, our anal ysi sucdemean sctarnat
significantly alter wave organization and influence n

chapter provides a framework for studying how sensit.i

devel opment .

Chapter 5 extends t e meamail yrsals @yt otstkkree et al dynami c s
approxi mation of the intracellular environment -compare
driven mechanochemical waves Dirmstowd pdashv eMi Dpgese yaonsdt e s iy 8 In

di scoidBymapplying andibmemch noanrakdiimye dtswtidomeé optical fl o

on these i maging datasets, the study quantifies how mec
to rmohogenesis and cell mi gration. The comparison reve:
i mpact our ability to resolve dynamic wave structures.
Together, these chapters form a cohesive investigation
rhythmic structure ac-tessl smat éekiel Frcopnt esgghet al remo

di ssertation positsenkdat nbe¢abnhy buntheoprédepnce of wa)
periodicity, and coordination. These insights aim to

dysfunction in disease and to engineer new systems wit
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ChaptierSRati otempor al Dynami cGu-BorfaiGut M
AXi s

This chapter is adapted from the publication draft @Aln
modul ation of <c¢crayfish hindgut mo il oirew o Wi BEpapdahv R
Feel ey, Reza Ghodssi, Walbfegaimd zL o sairrtr eanntd yJ eum@lpeete r evi e
ScieMyeontri battbeswork in tthhe dceawueltep me mtvodfvedust om |
for gut motility quantification, processing of al | i m
preparation of t heRewreirt tteon2 .sHeacktnisoot e dt emenat sdet ai | ed |

contributors pregppecrtsiibleatfioorn, experi mentbhe dasaltsell ec

2.Qvervi ew

This chapter explores the interaction of the central n
(ENS) in our model system of crayfi sh. Motility is a
governed by neurogenicsanduemyo@ernitcs pmragowessreol e i n ma
overl|l apping mechani sms have evolved for its adaptive o
and intrinsic Pplreemaketexel hserplay of modul at ory mec
remains poorly understood since mammalian species offer
Crayfish proviede viamobealactablséudy the interplay betweer
regul ation of GlI motor patterns. Our study investigate
applied sedrTgt oonni ncr(ady fi sh hindgut motility. sMudbtliescal e
motility parameters throughout 90 minutes of control C
the CNS, resulted in a significant decrease in the mag
preserving the underlying frequency and diredtTi amal bi
the denervated preparation enhanced motility but disru

N ®



TTX (a sodium channel bl ocker) had minor i mpacts on n

myogeni c mechani s ms. Our mo d el provides a multiscale
interrelated neurochemistry contributions to GI motor
2.2 Introduction

The nervous systemrioxeasi nhgfeymaeimorn nvol ved in se
controlling all bodily functions. From interpreting int

afferent neurons to coorslinhtough bmbhavubanl acespansen,
integr al role as the bodyds command center. While most

aspects of Aday to dayo operation of an organism are o

by on&®lur al popul ations and associated cellular systems
and neurosecretory output, e€gsepegcially in the GI tract

Here we investigate GI motility which allows intestina
a critical function of the GI system to maintain home

system to have evolheedoas , tslpyed &€ pWiBideemti n concert with t
| ocal bi ochemi cal environment regul at(Ee6&6)iltns nsaemnsaol rsy,, tnt
compl ex phenomenon is modul ated by overl apping and coo
ENS, extrinsic innervatioHd ilkye tcled | ENJ,i ndaeds pa&e)mbk eel
Di sorders that affect Gl motility such as lrritable B¢
where dysfunctional CNS and ENS (@&, o6C®)mpe @dni ts@ di mtue s mi
prevents proper nutrient absdgi7Pf)Nohabhd, chmn dbdtei- prodale nd i
brain interaction are prevalent amonhd.l)mMvesepittheant h4ed % roef

need t o better understand t he mechani s ms underl ying
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neuroanatomical complexity and |l imited accessibility o

Gl motor cont(r7@3yynamics.

Conveniently, basic functions of t he GI system suc
across evolution. The gener al structure and neur ochemi
diverse as hydr a, arthropdds8) Tdatsqgpussienspl &enmd amuimeards mod
tractable and accessible GI systems provide a promisin

hi ndgut moti on.

I n particular, decapod crustaceamharlhavera zeidm@malna,t oa
all ows dynamic study of the interplay between the GI t
di gestive system, the hindguandi bas oaareducedt hant omp
compared to vertebrates. The hindgut connects to the A
CNS, via a single nervEe7dmMNarpai 76y nerce ayfiPahred |
| obs(t7e8r)sThe crayfish hindgut is innervated by two nerve
terminal abdomi nal ganglion and an inner plexus that r
| ayeMhs.l e the outer plexus arises from the nerves proj
whet her the inner pl exus has an extrinsic or intrinsic
these ani mal model s was (l729dr adbwmes}t ian meANadmayy nbgédor om
ethologically usethbhrastetizcredtaneunsowal | circuits that

escape and(8W) mming

Moreover, crayfish, a group of kcnespeasdwpar wi cdl gr
we l | suax edimfaggri ng of hi ndgut motility. Like the mamma
stimulation or CNS innervation, the crtiakéimbvaémedgutas:

by the contraction of <ci ¢81l)Bhesaemdr Hytnlgmita dd enratl r anutsicd re
putative myoge(BR2) pmdemppoet hesi zed to be78moausavedalby
neurotransmitters(8)xdoapgddighelewrtd¢aBndadphien neur  BeBpt i &7e)s

Mor eover, the crayfish preptabreathiomd g ust paamdkiaonurmesmddyiendr o k
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active for several hours when pinned dowRrR Wwhnevad nki sh f i

study of hindgut motility through direct i maging.
Among the most i mportant mechani sms affec¢(88)py hind
5-HT, a common neurotransmitter, is an abundant( 8&%urotr a

90) and is known to regu(l8&3)el tguits nmohtei | masyt ianb ucnrdaaynfti srhe |
mammal i an Gl tract produced endogenously by9&nderochr
exogenously supplied by(®X)XThinssico mbeiurraatli oprr oacfe sesredso g e n ¢
5-HT has complex effects on a vaeaHisTt rercregpyt oa f4d TdlinfcTSeurde mtgi &bl
5-HT 4, athTd¢ 88 ,. 913 crayfi sh, exogenous serotonergic mo
serotonergic i nnervation of the hi(B8gutoRyawvietdlearnl yp a

receptHoTla n8-HEBarcdi fferentially expressé@4hMongot dr, chat

applicaHfohasefbBen shown to modul ate hindgut motor act.
an i sol ated cid@3.0o pmh HETndreuccept or s may have spatiall)
concentdregpteindrent effects on crayfish hindgut motility,

for understanding gut motor dynamics ursesndgli an cmatydrie ho
traditionally wused methods (e.g., force transducer s)

properties of the hindgut and their corresponding mot.i

I n this study, we used neurophar macolaogyomeambiveed

machine vision techniequasal) thmat iextt & mEdroa lp infwledsw ifgiaetled st h e

of hindgut dener vatHTonapmldi csautbisoengqueemthiSndgut motil ity.
5HT woul d i mpact di fferent aspects of hilnatgiuan nmooft i Hiin dyc
motor control as wel |l as parallel mechani sms li.ntTTo nsi ¢
extract multiscale motility parameters related to hir
spatiotemporal flow fields to better understand the un
hi ndgut motion. Prewvhawust wos& dwsamihoswncan be combined

movement across di fferent ($R2at 98y @moviempor al mudal &

framewor k, our study | ays -ttitme grnowemsdwaorak intopdreotihdarhee:



mechani sms governing CNS and serotonergic modul ation o
our results wildl inform studies in other organisms anoc¢

mechani sms underlying GI motility control

2.3 Experi ment al Met hods

231 . Ani mal s

Al ani mal s -HBeedefra metnhs wer e &duwilctambalregsbterd@afrikdlh a( ne
from commerci al suppliers (Niles Biological l nc. or Ce
size and | eBgRhg(-1820cmjJ. Ani mals were housed in commu

30 x 30 cm; Leinghth)l Gwiathhhe8r Hor ay f i shtobuand ikgehpt: ormra& 1czy c |
1.5 AC. They were fed 2 shrimp pellets (Ocean Nutriti

ani mal mmubhhe tanks.

To ensure feeding was uniform andbéehdiaesembalioeod, hcndgtt
taken from conmmudnaayls taafntkesr 3t heir | ast communal feeding
tanklki {re® x 12 x 13 cm; L: W: H). They were fed one s

i solated for 4 daysbedMiash@arti rhanttsh.er feeding

23.2Di ssecti on

Ani mal sanvaersd hcen iizeat2 5omi a6t es before their abdomen

expose the nerve cord, the ventral carapace was first
from the nerve cord and | ifted away whiet hhifnodrgcuetp, s tshteo pdy
carapace was cut bilaterally down to the tail fan anc

O



segment. The dorsal artery that runs along the hindgut

hindgut. To remove the nerve cord from the ani mals, t&h
was pull ed ,awaayr effruolnmt yi tcutting the | ateral nerves proj
for nerves 5, 6, and 7 that project to the telson, ana
then detached from the tail csu triecmoev eadn d Tahlelh balinddagmit nhaal t

nerve cord by N7 was taken @¢9i6)Haexdt pl akmedrcé¢ maicm@nife s h
as wel |l as nerves 5 and 6 were cut away.,eRckephefoes Nf@gr
were trimmed as close to the gamgeglriven cas dp s iplalrat i Binn
out in Ahiseldgapredri di sh with new crayf i shh ndahatsites. Il ns
posterior and anterior ends and at the nerve cordbds me

to tether the | ateral nerves projectin@Ff2dom each abdo

2.38Physiology

Video recordings of the preparation were taken at
monochrome CMOS camera attached to a dissecting micros

continuously superfused t he ailntnactatpraepraataet i ofn 5Svimlh pge

Scientific, FH100t oPeadsdsad t vt alPiulmipt)y during the total
Super fusttenwas recalibrated weekly. Alhcbubded 8xpemgiumea
conditions (30 minutes each): 1. I ntact preparation su
i solated from the CNS by severing the intestinal nerve

saline, lamtded@3.hilmdbgut superfused with cHaytosbestal amnieor

(1, 10em)r. 100

To determine the separate contribution of neurogen
el ectrophysiology ekpkRriTm&Xnt(d etsiodgt d0i*n, a sodium ch
crayfish saline were performed ddnom idretnaewévravhee dd i dth d g

preparations ( (N=5)) while stimulatingi tbdeelhaatteroodoes n



b { i c Ventral

Saline 5-HT (10X) Image acquisition

Anterlor Binarized hindgut outline Posterior
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(a) The -mémdgutord preparati oncrvaasf i dihs sacbcdtoente nf r(anrh | tutsea r
per mi 688 pnFoHTt kxp®ri ments, a set of 30 individual exp

fr

om 30 individual ani mal s. Each ani mal was only wused

condition (N=6 per condition)7.wegeN k®@ladg/e .n2 inm alt t1 .p4
N7 neurectomy 19.7g N eMO-BTgh6873ci B.5gb6ck,BEmM N. ®g 9¢c m

N

t h

5.0g/ 8.0cmMNBTI. a6m59g1608.4g/ 7.9cm N 1.1cm. Average
e TTX mexger were: 14.7g N bl). 9Teh/e vee.xlhri emdwg@8itO0oBdmprepar e

was pinned oelni nedsywlegarid di sh and video recorded at 10

conditions (30 minutes each) (ot her than TTX): 1. pe
prepanat?R. perfusion of c¢crayfish saline on hindgut i so
of crayfish saline (Hbnatol) 0 perfl0odi &M. oA Second c

recor ded atche pireparation superfused with salibmsedhroug
thresholding was used to binarize the movies, extracti
analysis was performed on-ltahpeset @e mpaptald ¢ oo @rmedaw @ i mteh
l engths quantify the magnitude of motion at di fferen
representedodegd cal oows on a circulvaentmapg. (MWiVyalrhoy e ne
(perpenditouthe central axis of theigutp wétai aveneagednas
vel ocities. Their changes in time were captured from t
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b a
sp
pi

Wi
s a

(1

nds indicating periodic DV movement along two direct.
ati al span and directionality were extracted from th
peline can be found in Methods.

th no electrical stimulation. Experiments included t
line (30 mins baseline), 2. superfusion with TTX or s
or 3 hours).

234. SQoueting

tion potentials (spikes) evokwdréenet bet ANG@GeandnNVhby
re recorded by a second set oYenetlreaclt rNedréwsied pGoargde d on
ction electrode on N7. Spontaneous activity was rec
ithout any Ckammbi &t isorit ware (Mol ecul ar Devices) was

periavechdrst rol s. The event deatnedc ttihorne sthood |ld wsaesa rscenl ewcatse |
rx peeri ments with episodic sweep settings, threshol ds
seline-Mmo5 smV (otr/ higher ). A&tmramidevegigemawlkeesskeor Bne
ndow of 30 msec was s elrecotresd awi tdhe fpglnaecde me mte opfoicnt s .

the baseline |l evel i mmedi aatnetlhye fsoelcloonwdi ncgu rtshoer s3tOi mmusl ¢
rst curspoej etvhbenbelddasnpdanrisyeliyf | ar ge aritni ftahcet sr eweorred ej
aces.

match our video analysis, the |l ast 15 minutes of eac
mber of events (i.e., action potentials) detected by
ent angeeorded in theodésulrtesordomgep wimsh ovi twasstwi mu | a't
ed to count spontaneous spikes. When wusing gap free
ontrol ), spontaneously occurring spi kes wer e count

emiodamdi deo recor di nagnsil TXf pthiaes essaslaisn evalt ler t i-3n@ miom nt (i

>



4% 0 mi#®0 ™MHhn) . The same procedure was ap/NGTreM7 for sp

recordings.

235. | mage Analysis Workfl ow

aPoptrocessing of i mages

The rawapisme were cropped using I magelJ to zoom in on t|
accounting for -dEnappltc®@ani amdwé&r e removed. The mean ti
transition ph(acserserwas i 893T)anrdespec{bvely. We found hi

happened at relatively ,(Ifomrg otuirmeasncaa lyessi,s apnudr ploesrecse red
second (f.p.s) of raw i mages from 30sampBedymoeKieopi wg
smoothed in time using the Simoncell:i (5 consecutive f
0. 036) s mootbldi)me sfuil ttserwer e not considerably sensitive

gi ven ftrhaamte 55 moot hi ng only affects the power spectrum a

motion occurred at much | ower frequencies. Spati al S mc
optical flow analysis.

bYdentifying hindgut outline and spatiotempor al fl ow f
The hindgut outline for each timeframeswashmmefiadeed f 1
i MATL ATBh e mepdiixaenl intensity of evkeirryari itthagteisovas dus ©¢gtf cnr

analysis was performed on tlhaep sserso oht yhietadm eadhlelu @@ 8 pTplaked t i m
optical flow weight matrix around each i mage | ocation v
A reliability threshold of 0.01 was also imposed to e
consi dertehdr.e sShudbl d f Ir ewe nvdeecréeods s Wee confirmed that the si
Gaussian filter did not significantly alter motion cap

optical flow vectors within the extr aetkdnthrianldgaxi g edqfi

T



frame. As a resulvenweadbbmatRddtgopeakt aveFiaged | ater al
l ength of the hindgut as a function of time. For visua
vectors to obtain movement directions and magnid ude at
effects due to random fluctuations in pixel intensity.

magnitudes to avoid background noi se.

cPower analysis of flow fields

Applying Fast Fourier TreaemdafrarlmmoRFKET) ton ptlhog sd aargsaalnst
2D power spectral density (PSD) of | ateral hi ndgut mot.
sqguared amplitude ¢c¢oegesepaydicognppboemalt $¢ bel ow the Nyqu
(sampling frequency is 3Hz). I n signal processing term
al | -dtoimaei n or -dforneag une nscaymp|l es di vi ded by thehargoakrl ehgf
frequency peaks (corresponding to the highest power va
experiment. Similarly, using FFT against the spatial a
the sum of thadequwdr ed |laniprleiqquency components has been
term 6power d as higher amplitudes of the input signal (

mechani cal power of movement.

dFrequency peak of PSD

The overall power embedded in a signal has contributio
power) and an “Hirkegabmponemnt sef the signal. Rel ati ve
divided by total power) &nbmfpewethepeonhtal bdehentgfqt
to the overall power . 't is regardetdhesdagnal me&dur uofe
noi se, the PSD should be a flat horizontal yl,Li ndewlP&SDe a

woul d bedal tDa rfacncti on, and thus the relative rhythmic

=Y



this, we quantified the coordination of hindgut moveme:]
a frequency band near the peak, we used a window of 0.

the resulting anal ystiat idweelsy nboas ecdh aonng et geuadhhosen peak

range.
elLateral hindgut wave identification

From DV flow fields, we applied area, |l ength, and speec
we applied a Gaussian filter with a standard deviati on

speed above a choseW sphaed hvaldueg,t opoaddlOed across all [

ibwar e aonplebnd abel no (toomi MATEAB) |l abel all connected co

—

hreshold of 100 pixels) within our identimgea spagtiioal

span of more than 1/ 5th of -sktianaegg | tsplagna@tl h,ande pnamgati it ugl el

small, local fluctuations in tRhewpkétéms MABpeBYIrdent i fi
centr al axis of the wave rkeygyhensempbeabpapanal (6pan dl o
bands) provided us with the | ateral speed of the wave.
of the hindgut moving in synchrony without any wavefor:
t o rteof etrhese motility patterns. We also identified the

ant epootreri or (AP) movements with-amdsirtiiowve (WaAYe moyeank nd

negative wave speed, respectively.
St atistical -ardtitmteradt owve nitntedrf ect s on hindgut motil ity
ShapWirloks normal ity testthdnesrter ipbeurtfioornmeodf tnoo ttielsitty par a

to each kind of treafFmesntam@M |= o6x)o.n 6Tsh e(roena fttheors e passi ng
< 0.05)r asnlgnteadlst s were performed for pairwise compari sc
2nd phase, baseline vs 3rd phase, 2nd phase vs 3rd phas

tales 1, 2). All saline + N7 cut movies {tNh7 2040t wer e



the baseline. Simila¢HITy moavliless aIN rmre 18 )NAwecwet ptood ed t og
of -HD applomtetei dmasel i ne as wellFoas TiKeeKpeciumempthaset he
repeats was too | ow for feasible statipsvtailcuaels aanrael yrseipso re

in figures for 0.1 > p > 0.05, * for 0.01 < p O 0.05,

2.4 Results

2.44.mMage analysis workflow captures compl ex dynami

guantifies motility parameters.
To investigate the complex hindgut motion observed i n
that captures and quantifies motility par.agmetderes fr om

6optical flowd, a widel y 6y2s)ead madleicr eamoivdeimeimd tse lahpi x e le
constructed spatiotempor al flow fields to obtain avera
Fourier transformation to reduce the complex motion do

wor kfl ow i s eduritnh eMa tdeersicalisb and Met hods.

Fig.2 Zhows a representative crayfish hindgut image. Th
cord N7 attached near the posterior (P) end (pointed a
of timeframes, opticalwaVelwi Epamgsi endaemodstfatenst regi
and direction of the arrows quantify the magnitude and

|l ocation.
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a.

Anterior end (A)

b

|
Ventral 1 1: PA wave switching direction at mid-gut to become an

! AP wave

S

Posterior end (P) /«/

'gm ! ﬁ:“j;i g:;)moves along DV direction simultaneously
512 15 Two distnct AP and PA waves el merged
‘\ E 8 E; fﬁc‘zﬁ;egTr:‘;::;n:!:r;;egmtvednn simultaneously :
\ 3 ! gsn:‘;x ::t:e:v:ncmng ditection at end-gut to become an |
' 4 | AP wave and then merging with the subsequent PA |
porsal A TR e mananng avsten ;
Time (s)
c. d. e
Instantaneous DV Velocity (mm/s) 2 Local Gut Diameter (mm) 0.05
24 0.1 25 T
el K
g8 0.05 i
E 2 £o003 'n'
§12 0 = i
] 1 Eooz 'E‘.'
- 1
35 0.05 i 20.01 '('ﬂ ‘(‘\ “‘\ﬂ
A 0.1 ok AI'J : :L\J] \A‘v" Y \[}\fVAV-,\~—\A
12 18 24 30 0 8 12 18 24 30 0 02 04 06 08 1
Time (s) Time (s) requency (Hz)
f g. h Frequency (Hz)
Lateral wave velocity (mm/s) Fraction of all wavie
24 03 a
E 720 AP wave
= 0.2 SE s °
2 35 ---4----:----;----. ....... -
‘.é: 01 §§° ‘at By "-‘f“f_("b B0 €of i
Flow vector S 2 ° e Fhve
orientation map Timo (s) L:l:ral wave 3elocity (m:ls) ¢ Time (min) '° '
Figee &ptical flow calculations capture the dynamics of
(a) Demonstration of motion capture workflow from isol e
of timeframes overl aid with-ldrgktei palo pfalgaw i wenc tod(rbd) oicrad i @
DV motility plot depicting (ai)f fReerpernets eknitrads vef DVatmon al
treatment) for 30s of gut movement wunder saline treatn
anterior end.) The <col or axi s represents t hdi wetliorcg t |
movements towards the ventral (adnd Ldoocraslalg udti rdeicatmeotne r rae
time for the safme) ghowemnvspeasr al density of the motildi
spati al axis. (f) l dentification of |l ater al gut waves
threshold. Wave speed is calcul ated .uslihreg ctoHe rs laxp s « fe
the wave velocities with positive wvalues t hdi Pastergi mo
i.e., APg)waRiressbabi lity distribution of | ateral wave vel
movief¥sh)c Lateral wave velocities. of individual waves
Most movements occurr,aeddi methefBDW €@l owctwieobhors, were al
indicating a much prominent role of l ongitudinal mu s
observed a waveli ke progression of,whbchI|l i gsedemperdcdeoatsb
direction of instantaneous velocities. I n this represei
traveling from the posteritcthfeotm bhet hpt dasberdegdeéahbow
3s We denoted théeke Imatvemahnt ssawmwaéong the AP2adXis as

ON



demonstrates a var ischtoyrangav d epmaet tl @mmgs .anWe found waves t

directions (AP and PA) diwawd {ndiwadd owav eandy) ,cltevaao succe:

mer gi ng, and waves <changing direction& wvaeg cohrestmiudgeid
spati ot ¥ M@oataill ity pl ot from 30s of baseline (saline)
progressions of mean DV movement along the | ength of t
red ®and this-wdmaosoeny tiinmMd cating gut movement in a coor

2@ shows no major periodic,chdingasi ng miomiamalgudi rdd walmae
guantify and characteri,awe tahpipdDi Edm@Rl d&x umateiron,r amesxXtor ma
motility plots and in Fourier space, averaged the cont

2. demonstrates how di fferent frequencies contimThleuted

total area under this PSD curve (power) gquantifies the
mechani cal power of the system undergoing motion. We o
to a characterd0s2i({dhbwegbgnthwheobrown dashed I|Iine). The
peak is a measure of the tempor al coordination of move

waves, we measured the speediomke Mmoei vavpyes pfll Dhm. eRtbeaph
bands provides us with the 220)r, a weleirreg wea we ns meoa d sc e( Hii .1
waves travel within the given time window (AP movement
| onger period of gut motion (15 min of saline treat me]l
distribution of@lewiotch taesc|l d&i gpr &f eremlRcédifgbt i BAtmouvdmme
number of | ater al waves observedwands theicafreqgpemi m

switching of these waves.

@)
111



2. 4T.e2npor al variation of motility power in experim

a b.
All N7 cut experiments (N = 24) All N7 cut + 5-HT experiments (N = 18)
* * ek
I l L] 1 L] 1
T T T 0.012 y 1 )
*. + i
... 1 2 |
0.01 | ey 1 0.01 + 1 2 i 3
o~ 1 ™~ ! |
0 : @ o008 [ coo
|
= ) # ’ = 0.006 [ i . ;
30005 4 ! i o 3 i
o ]_ 3 0.004 | !
o _[ a B _
g 0.002 | § i 'ii : !
3 1 '
0 : : ; 0

0-30 min. > 030 min. P&
x N7 cut l EHT ® 1: Interval-1 or the first 15 minute

2: Interval-2 or the second 15 minute

FigeBAverage power comparisoms nfuore whaedfoiwsstofamnd fIlf s ten

Variation of average power across two different interyv
treatments. (a) Al movies with N7 cut were pooled tog:
Al movies wHThwdipoolted+ HN=18) Each dot represents th
for the chosen 15 min iwalkwvesl wefeaobhnhaigmned movi eg PpPri e
signed rank test criteria. For N7 cutt edxipfefreirnmeennctes ,( pt h=e
in power during the N7 -HUtmophWwaese, Fhbe taWwd NAteuwvaks5had
during the N7 cut -HTp phas e 25p =and Gthzx) .5 Bokepei anemnfcialt &s
the sampl andatae solid black |ine indicates the median

I n an experiment al run, we only considered the | ast 1
mi nutes of the third-3p0hansien ufbders nu udrbteeBd | yamidse 6@E5 fr om t h
respectively), as we spiomesae tod ¢ dappet vhriendtghue mue@on serot

observed that any i netreerars eanidn tphouwse r fiosr sghuocarntt i f i cati on
0JO)



analyzed i mmediately before-HInd Waf taelrs ot hreana psptlaitciasttiiocn
di fferencesmibreutwe einntlésr val s among the treatments, which

such discret g Ftiigme 2i.Bt)er val s

For the TTX experiments, we again analyzed the final 1
15830 minut es60 TMiXuutdess) . However, for the crayfish sali.i
minutes of t-he2Opmhaeet eédPs as TTX is knownfublyewabsheda

out .

2. 3Hi ndgut movement decreases upon-Hderme@mpVtatciadn oaand

Next, we studied the characteristic power of gut movem
averaged instansahgionwtiepdaawsl obtained a time track for
run. Since the first 30 min was always the saline treat
(Fi2Zga) . To avoid variance in power due to animal vari at
baseline power. r@Wscdieaméihed ohhess quantityvas!| apdbngalbi

i ndi vi dturadckks meN=6 f or dkfh) twietalt mteme ; mé&digans in the ¢

bl ack horizont dlardgiemles )t, emporal edari ations. I n the sali
changes in power | evels throughout, s24pdhéstingssereadnecd
modul ati on experiments, we observed that after denerva

was again regained aHTe(F4dh ¢ . appl i cation of 5

on



Controls

3 a. Saline b. Saline c. Saline + N7 cut
6x10

S
o Q
2 :
£ o
£ ©
5 ks
3 ©
o v E
o Baseline | 5

0 20 40 60 80 Z 0 50 100

Time (min.)

Experiments: Saline + N7 cut + 5-HT

d. 1TuM 5-HT e. 10uM 5-HT f. 100uM 5-HT
§ ,, ¥ A 4 =<
Y
T
[}
N
©
£
2
100
Time (min.)
g Controls . Experiments
]
i 0.075 *
0.012 ! f 1 f 1
@ Base : Baseline ; t ILI
N @ P2:Phase2 & N7cut ! ; * *
= O P3 : Phase-3 5.HT l | | —
£ 0.008 ! ‘ | .
é : ! | :
£ | :
s : :
s 0.004} ’ ! % % 4@ ﬂ ﬁ'
]
-%- —‘- ol -ér *Q* ol | 1 ; ;i 4
0 . :

Base P2 P3 Base 3K P3  Base S Base 3> éasef}'(

1uM 10 uM 100 uM
Fig@adali ndgut movement for varying treatments and al

() Combined power and normalized power vs time for tI
min are regarded as the ladelNomemadbf zedc poeseap e vnisem é+n tiNe7  f
cut cont)yoNsermégldi zed power vs time for alslalexpmperti Me&n tcall

+ BTconcentrations. Bl ue, red and yellow correspond to
repredsdebharacteristic power of l at ¢maf manoit heech m€wmwter ag
baseline power for that experi ment . Bl ack | ines show

experiments with similar tredTfmappli Thei bl weueeptompr
and 60 min from the stgaer tp,oweers pdeucrtiinvge |3y d(igf)f eArveenrta phas
individual treatments (N=6). Val-HTespHase sbatsaek'é rh'af, r dNni®  tnf
and1b min of ,eacspbepmaaledegs were obtained using Friedma
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rank test criteria. B o x7p5l toht peedrgceesn tii N ceisc, aotrfal ttshioed | sBabntiphl aec
horizont al |l ines indicate median values.

However, this peak in mechanical responHE& owascawotr auiso:r
(1Mand eMpO power cdrvemghlhidasd yt o baseline | evels again. F c
ofeMl we observed a delayed rise-HTn pgdoawerr easfttienrgl tyhe wap |
that there was muekpearimabitl| powernlenmeta ,amdetthhe mwamsv
mai ntained -WvVvewmaafadded (i ndicated by a muycehl |wiwd edro tdsi)s.t
In the first phase, this lwarBidggwe | Shoywithh ptowdFp ldvias & i o 1
power past basel i-dheep elnedveenits mann naerdosTehe experi ments witd
of-H® (eMpPOl ed to power |l evels that were g¢ipgRid@MdaMi|l y hi
cut phas@..02181) the medi umeM)oncpepanwearatl enel(slOwer e sl ight
baseline (but-ssgai psdn@édbid sniogmmi ficantly high@r028an t

For the | owest eM&hdTens uegheiso hweeorfe Inot significant.

2.4Hi ndgut motility is influenced by -HDth CNS coor

I n the absence of <circular contractions, tracking the
power of overalldbaygut Howaowevert yt2blF)labgd posvenot( Ffiwglly capt ur
spatiotempor al patt er nW®e offo umodv etnheantt doibfsfeerrveendt r egi ons ¢
varying frequencies of movement, | eading to standing w
periodic motion is <charactericanedeby & pgueefncegp gakyit m mt
component) with mini mal contri futyitdimd cf compomnteeart )i r €gu
PSD with multiple broad peaks indicates iwe eguddrt haerr
di mensionless metric Arelative rhythmic powero (interc
the temporal coordination of motion (Fig. 2.5b). Fig.

with differewer |@veél shpyfhmic powers. wNeaxt ,siwd | mooltead am
oz



performed pairwise statistical tests to identHTfy sign
experi ment s, we found a significant difference in over
shown previously in mpiogver2.déecrwasmeat ijgpeodr tdaadtdmBlde non

increased alBiap plpigoradsi OwBbR28h, was higher eVvenr0t. WO 3t)he

Similarly, we observed the fraction of rhyt hnilcy power
significa(np=0maonOHe)we v er , unli ke overal/l pb6bweb,tOldDeby) st aye
baseline |l evels even-Hafter the application of 5

oT



b.

Power Spectral Density (PSD)

B
,4’ Power (A)
- Relative Rhythmic =
P Total area under
ower the PSD curve
(B/A)
A Rhythmic Power (B)
9 Area under the PSD
curve within a frequency
0 0.5 1 1.5 band near the peak

a. Motility patterns of the central axis
AP wave
A P30 0.04
N
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—
W 208 "z
@ E
w 15 E £ 0.02
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1.0 N
w 0.5 o
w 0.0 0
A: Anterior P
P: Posterior PA wave

Low power, high relative rhythmic power

. Motility patterns with varying power and rhythmic power

Intermediate power, and relative rhythmic power

Frequency (Hz)

High power, low relative rhythmic power

2.
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d. Motility metrics in denervation and 5-HT treatment e, f. Lateral waves in denervation and 5-HT treatment
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Eu.ooe ' ) ; : ' ] L i%; 0l T
§ 0.00s J‘;L i J, _ﬂ_ J, L I ; o o1 EL % i ‘
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=t + e SR e R
30, < .
E 20 N 30 e
5 o 0.083
o H 10 = T
E; Lid 0.094 Lo H ‘g‘ 3 = . E}
SRl ; : : i i
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o+ 4 o4 o4 ) L T 8 e U § %
J - 10 - ! Baseline vs
Baseline X :)( & Baseline & _é_ -a- o s A -
0 - P
AP PA 1]
,,,,,,,,,,,,,,,,,,,,,,,,, ) ﬁ,r g
] = ® APWave o AllWave | o, H y3 .
! }( T out Tx ® PAWave @ Direction Switching | . + N -é-
! &54{7 Saline Wash | 0 'E]‘ * -
| - 0 Baseline QPhase-2 ¥ Phase-3 | APWave  PAWave AllWave Switching
Figas®orsaeintral motility and | ateral waves afte
(a) Depicting the tempor al evolsuadomd owi ngduaw, mowiitlhi tcyo g

represenptrionggr etshsei 6 b) obefti meng power and relative rhythn
PSD culrcvye.Demonstrating representative examples of mo t
degrees of power 4dnd Blhxphwmite phwei ng variation in tot
power with different treatments. Movi es twisttsht ragfiinsitliacra It
significance. NumbEerexgerriepemntts: fBaseal ine HIT NN=d89) , ( N-
Baesl i neHTvs(Nb=18). Each dot represents the corresponding
for thelGnhosi¢end er val of a unique movi e. Rel ative Rhyth

oYy



peak fré&qQuedtly/ Tote) NWowesf AP vs PA waves dwdTing 3 d
experiments (baksTepomlei ndN7t cget h&r al | movies with simil
respectfifyeBpkpl ots showing variation in the no. of AP,
across different tregteepeéesctidéenrdgys. WBreaaldt 4Bned using

Wil coxonds signed rank test criteria. TPA awawasnb+ rNm.f ¢
Mi xed waves. Boxes i ndi-7hatthe peirec @ mttielrepso | aaft etdh e2 5t ahmp | e
solid black Iine indicates the median value.

Rel ative rhythmic power is a characteristic of coordin
FiB2, we observed spatial coor dinatei anotdfl itthye pgutt,e rrness. L

coherence and furt hers pageneantalowsi §,r evjad eamptpyl fiiecda toiuorn waov

to all motility ploDVW.spMdddh arhdk-sppattitaalt awabwdids, we extr
gut waves travelling in both directions. We also studi e
the potential effects of exteHmMakxpervwanedhsd ownmesd o 4 thre
preference foantPeAr i(pro)stevposAeri{an} emovement iirrespect.

(Fi2he )(;p=0. 0OfO®M4 2h ace+ 0 .nEpld®N) denandatlDo@md®rz2)y the applica
5-HT. The total 6pmbe@nd22waeves mbe(pof PAIOMWAdesr eased up
N7 cut25f( Filgut did not rise back up by aHTsi gwei fail csaon tn oa ne
upon the apilTicathieomumbes of di laterahawavwist ¢ APnYy @A
combined) increéapel@cdHibgeitinico pratslebnean(digl.i ghtly (but

nosaigni prafbq3ompared to the N7 cut phase. N7 cut did |
switching wave directions compared to the baseline. Tt

treat ment .
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2.4.5 Frequency of dorsoventr al movement i s unape
abundandd of 5

5-HT Experiments

a.
o) Controls ' Experiments
= 06 ' ; :
= . | | :
: g ﬂL i L4 R
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Figeéeak Frequency under denervation, serotonergic an

(a) Peak frequency during 3 different-HIhaxeeraofmean se X N
for each) (b) Boxplots showing variati orTi rexpeak meme ¢u
with similar treatmen24), BE3 &Tu n(eNv=81859 N7a nduHB a(dNMN=i1Be . Vv s
(c) Boxplots showing variation in peak frequency value
treatments: N=6 for Baseline vs TTX, N=5 f oraclil Xd ovts S a |
represents the correspondi ng fmiemwteen ciyn tvearlwels dfora tthrei
t wo groups passed Friedman and Wil coxonbds signed rank t
75t h percentiles otheheosacmpbéadidt &j neandndi cates the m
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We observed that across both control exprdi meotal (calnidn
(Serotonergi c: s#ITi ndNetir dNffoxiuda: +sal i ne + TTX + saline
significant changes in the frequency of hi ndgut dor so
showed some flpeakudtrieqquenicy across different phases,

criteria for significance in Friedmanés test when anal

2. 4T.e@mpor al c o chri chidrgauttii avo t avflltir veyadt gneebnutp s

Al though pooling all movies with similar treatment seq!
a signifideaernddose-dTfentrbytBhmig,pa&wmdr) ke the clear tr
motil i tWe poovmeeg t hat the | ow number of experimental run

detect a clear statistical trend.
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Relative Rhythmic
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Figav®&hyt hmic Power under different treatments.

Rel ative rhythmic power during 3 different phases of a
Controls (Saline and Saline + N7 cut-HT)anBEadqh)ddEtx preg p rme:

the corraespardivreg r hwa lhue sc fpoorwetmh en ud keo s et eX % a l of a wuni
t wo groups passed Friedman and Wilcoxonés si7gontehd r ank
percentiles of the sample data, and the solid black Ii

2. AT.TX bl ocks electrophysiological activity but do

To investigate the relative contributions of neur al F:
performed experiments wivbl Tghaftee dc Nanthelth ulsl, o ckhearn gaefs i |
motility after TTX treatment would indicate involvemer

myogenic control. As expected, TTX treatment signific
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dramatic decreas&ahiohspokkedconoht e recove8adlde agittee s al

bl ocking neur al activity, we observed a persistent | ev
as indicatztedobpowen and rel ative 2Bhey)Ebhbmi bepmwee, vahaksy
l ater al wave propagation revealed that the dominant di

even after TTX 8 yjeaTmenbhumbéeg. obl. PA wavescardstedtal i ghin
(Fi 8. @mgd) 2. The application of TTX did not i nduce a

directional swit8hing events (Fig. 2.

no



a. Spike Counting b. Saline + TTX c. Saline + TTX + wash
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Figesae&e&ffects of TTX modul ation in hindgut motil

(a) Number of spi kemi mwetceo r tdiemhe eBadir mrohigptv,@l 54n% 1 2 0L OrBi n ) .

Number of repeats for TTX + Saline Wash experiments: N
ANC or N7. One experi ment iwars. wih,hoaw)t Mxrtmalniade & tpg amwdra
experiment al runsTTX Nared 6N f=or5 sfadri nseal i ne+TTX+wash. TTHX
admi ni stered at 30 min and 60d,miaeBofxmpdmttshe hotwd milg, vrae s |
power and relative rhythmic power with TTX experiment
phases of the TTX experi ments (Bboaxspdloitrmse ,s hToTw{,n gS avlairneatW
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of AP, and totadalr emdawas)tvlB.otxipIToltXs depicting the number of

of directional switching events across TTX experiments
of PA waves + No. of Mi xed waves.75Btohx erse ri cnedrstaiaipeese t chfe ti
data, and the solid black Iine indicates the median va
For the control condition, we obseatvedNGuEVaiComral nKarwo

andN7t hroughout ,s900 wiinngu ttehse vi abi I(iFtiyg.o0f2.t199e preparati on

Spike Counting in Different Time Intervals

120
15-30 mins
I 45-60 mins
100 A B 75-90 mins |
T 801 :
-]
S
60 - -
R
& 401 :
20 -

ANC recording N7 recording

Figere&pi ke counts recorded from the control

Spi ke counANCALL daomitrhalCo INk) vend N7-mfoutehie86tSnahs @55
60 mi-Ap ®wmbn) in the absence of any external stimulatio
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2.5 Discussion

The creayfvhisuwmodmgeurtve cord preparation and analysis frame

mo d e | to advance our understanding of CNS regulation a
motility. The hindgut displayed sboktadpl popwepediyynamons
to investigate transient changes after-HTdenMaoarvedv eorn, aont
analysis framéworaki was Bohely wusing brightfield i mages
hindgut. i tdainglowtanal ysis allowed us to deteem and qu

scal e) resolution along a si Ni ©Qi3c anmt, loen g-t5M0 %o ft ott kad  Hi

met hod, coupl ed with,fRiorurhieerr ptrroavnisdfeodr mag i wint h t he t ool
di fferent regimes of || ateral hindgut motility, such as
irregul ar motion. Using mul ti pl e-spuacrha maest gfrrsetqgoubeantch p o ave r

rhyt hmic power andeww®ereedabkettondi scriminate among the
of hi ndgu-ti nmd tuidliintgy t he moti on driven by intrinsic p

hi ndgi®t)t he CNS, and associated serotonergic effects.

Whil e previous work in ani mal model s has focused ext e
segments innervated by the ENS, few methods exist for
CNS regulation and sewhitlomepgbdbei dnodgu!l abhbhnuous spat.i
movemg 9559997 Our mo del provides a simpler anat omi cal |
model s for analyzing this interpl(a9Mdroemavieru,oushlyi kaec r >
techniques such as force transducers or motion analy:

aggregates data across multiple scales,zadlilogwiotig!| det e

behaviors. I n t he future, concurrent el ectrophysiolo
neurophar macol ogy and optical flow video analysis to
framewor k. Our studyo6-BT batfCtNSrapephiec afait oo n ofnk®etd dlhes el

physiologi ¢al nefubb@ctmo il rel ease that reaches the crayf

abdominal artery(83hatl Whinlse attloengc o#lde-d BOM)t i oamdcds rodt e5 of
nz



ap

plication (5ml/min) used for this study were chosen |

l ateral gi(d&@ndeiumomeastehdei gawer amfd caudal hind@®@4t) pul sa

t h

| e

po

de

pa

of

e physiologicadHTcomc & mter ehteimod yonfp h5 of (11 OvC, . cIT@3n)i ics h 1
velB8BTohabe been measured in the ,saumdl yalsp hAmefr i £iami Il al
0adnd gr eenlOcbt)ale M and O.5nM respectively. However, sy
om |l ocal releasnd ooheenpopasiHOhsmagyoaxrxices bh Bhe hindglt
ayfish hindgut neurons have beenH3Shawd havekeabkehhpoas

rredW 5 hrough uptake from( 88eMcerxe avaere,| | auttHae,r rseakigucrtetse

mmal i an enterochromaffin cells in the -HUtiepithbebibdm
inhy be present in the crayfish hindgut, but this rem
tablcshanges i n hi mHdlg watp pd a weart i aofdtegsrb osvedt desfeect s . Hi nd

wer i ncreasedHTIl icnoenacrelnyt rvaittiton5 and -rreegtuul ranteedd cblaosseel itnee
pendnnhgeHT concentration. This result indicabes that
resdryot onergic. Particularly, hindgut motility power w
serotonin ,ahi hegthecr dasiesg after 24)r,olfoonsgseiads agp prl  cuwalt i

naptic desensitidzhteonences rel bierdHOorat@bhbbhdt.gl®7) di

wever, bath -FKAppdiidcd artadto nrtenfhleddc tacttheonfsi nof serotonergic
iginate in the abdominal ganglHTdm na-h®Bt acget ospaali @
e h{adpuuwtt her mor e, the longitudinal and circular mu s

spond di fH8rasntrleypotrd e8& f or n e u(r8abp)eTphtfuasd,é s r en t or ayefcio
atiotempor al coordination after-HRAnparnonhsr monalhde baabts

ordination in sequeHTinmnécapgtovsti on of these 5

Our results suggest an aeitTi vien rnmoldes | @ft | megu rha mMargmd n an
lineadé yendset manner, while the CNS ensures overarch
d time. This is suppor tded ebryv aotuld nf d gmldi insgast it hmtc dwg érd N
anges in temporal regul arniunyb efr hlyatthemriacl pwoaweers). aHodw e

urotransmitters released upon denervatiqQandnafyudt ked y
nT



phar macol ogy experiments are needed to discern their c¢

prominent and intricate involvement of myogenic compor
neurogenic components. Degespiherétwasenmoosiogmnicfipoaencdi f
overall exdadspathaet wmpbr a(l Ficpofd.ga)at moni |l ity before and

of TTX. These findings suggest t hat whil atinegr bnatguttn
motility, intrinsic myogenic mechanisms can generate
absence of nMaumreadvarct iivittryinsi ¢ mechani sms such as myog
parameters that di d not show changes after denervati

frequency, the latter stay(8&8, rw®rche fb.ft4hQdF 2pgr.e v2i.oc6u)s.l vy r e

These intrinsically controlled parameters are |ikel
as feeding status (all -andmgabsbwéoerefoengdedementvedl. 31 n
observed a directionalermidefwanverscd rfaovrel hingddutom &Ptost er i
than the reverse direction. This is supported by prev
fantiperistalticdo waves in the denervated,wermptgonlhyi nd
observed by introducing a snialély wanx |boebasdt eirnt ooyt hseu pguty i

from the terminal abdominal gafO@gBj)loinke oamnmeé ¢ jivahdi e hp drrei sl

has also been reported in intestinal segments of wvert
similar roles in content mixing, o0¢mhaBeg Fluattihcerr, sarudig
crayfish hindgut motility may i mprove our understandi ni

with CNS regul ation.

Finally, our study provides an especially simple an
bet ween the CNS an(dloi8nt elMMt3r)eall e mpt jthhietrgec etnats ybeeaerns a hi ¢
of interest in the general health eff étl 4, ofPlabriie couuta rnhi
the interplay ofbrtahien gauxti smiando biinotreest i nal motility is a

in the cr §yflds8h model

ny



2.6 Summary

A summary of our fi nd21n0g sl n sbrpireefs,e nsteevde riinn gritghe N7 conn
and ENS reduces both the magnitude and spatiotemporal ¢
of serotonin r efsatiolrse stcanontadl middymawetmdTtXs t r eat ment shows

neur onal activity, yet motility persists, suggesting t

Experimental design:

. _\\“, - Saline 5-HT
e o ®

Videocamera
{10X)

Peristaltic .~
| Pump
* 30 mins. 60 mins.

Hindgut-nerve cord

dissection > x ! =
g Abdominal

} Nerve Cord

Denervation of Bath application Hindgut

connection to CNS of Serotonin —_—
i.e. N7 cut (5-HT)

Optical Flow captures complex hindgut movement:

Posterior
. end (P)

Anterior
end (A)

Dorsal
Flow vector
orientation map
Treatments vs Gut Motility Metrics:

I ettt :
! Rhythmic Lateral PA AP Directional

1 Total Power ™ PGS Frequency Waves waves waves Switching !
|

FigeateGraphical abstract showing effects of N7 denervat
hi ndgut
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Chaptd®Dret&ction of ActinPDymamyc<€oHbOiI spt
Astrocytes

This chapter is adapted from the publication fADecoding
Resul t from Environment al Sensing by Pri nbamaynuRobdadent
Sar acBawrobar a NBahol es J.MaMeano@r@lzdman dMan Pambaa &,

Pos a&Rtoib,er t o ZLamlzomi ,P.VaNiead h ina, aBanfWmlaftgangAdlvasiertd i n
Biollbmytwbti & | devoakeppiedalasfeldovanakbygsiisdeinbatfiroengi ofns of

el evated aatliomgadthievibtopjundar i ko tos)dblysstc @ty ieb ucteilonss i n
i mpl ementing the computational framewor k, mapping the
initial a&nx@pllysasorgnd wmRieffiemg ttolbdechdamphedgement s for a

i st of contri bubprresj ecetsponsi bl e for

3.1 Overview

This chapter highlights -treemepeonrtalf i onrdg anngisz aotni otnh eo fs paacttiion
rodent astrocytes, a type of glial cell easderotciyalesf diravn
traditionally been viewed as passive support cell s, em
cytoskeletal behaviors, suggesting a more active role i
I n this study, we investigated whether ac-ti hkedpabamecsas
that are sensitive to external cues such as substrate

Using-lapme fluorescenceohlmsarwsc-GpRatbewbhetdi mstrocytes
|l ocali zed, recurrent bursts of activity near their per
distribution and frequency depending on thetenwasonme

suppressed on engineered substrates with defined topog!

PN


https://advanced.onlinelibrary.wiley.com/doi/10.1002/adbi.202200269
https://advanced.onlinelibrary.wiley.com/doi/10.1002/adbi.202200269

These findidings indicate that astrocytes actively mod

both physical and biochemical signal s.

To detect and quantify these Hkaotssepdotasn,ally sdev eli gpped d naen d

phase of the project. This computatiscrmdle an@mmprsoadh aena nl
and the identificabhgoesuefaregdodygnamhcbiattivity across
Collectively, these findings suggest that astrocytic a
but also an active medium for spati al sensing and sign

theme of the chaptgr whtikéd medhasniaxmsosis-l bkel agidcalhyeémpr

cytoskeletal dynamics to acquire environment al i nfor ma

3.2 I ntroducti on

Spatiempor al waves represent a recurring organizational
cells and tissues to coordinate activity across both t
gut motility waves, wltiadlksprodpang amtued ecsv eam dt idinest ances on
I n this chapter, we shift -basadfdweamscapettéenneswi ght

speci fical twh earset rfolcwctteusat i ons occur ovweamcesconds and mi

The actin cytoskeleton is a central component of <cell ul
and intermediate fil aments, actin networks confer mech,
enabling cells tdowictelsstwhnd eexptreerrelall®Wi, nglR®Yend shapetu
support, actin dynamics are critical to numerous cellu
axonal growt h, organell e(il2ansfl@®®dal iamedd hparieyomd raisz ast i o
driven contractions generate the protrusive and contr
mor phol ogy and interact Wi2B8)Dtilseiupt moor @d n\vaicrtd mmeonrtg an

pat hol ogi cal outcomes, including canddr24progression an

P



Despite

substanti al progress, understanding how actin

withi-momiolne or weakly motile cells rmrenan mrsala csdlglns f3 e

neutr dqAaRiSNsi br(a3hll)eptis hébRakecatlilsocytlel26)abydeaybosecell am

di scoidévmveling actin waves often span broad regions
mi nut es. These dynasntiaclse ssutprpuocrtturladr greeor gani zati on an
Hot spots of actin activity tsypdiecpaelnldyi negmeorng et heev esrtyi niu | tuo
reflecting sl ower and more persistent dynamics compare
I n contrast, actin dynamics in neuronal cel | types are
periphery of growth cones and operating on the time sc
| ocalization and cradpifdrt wWrymaeawdrc iesnvd rriotniment al explorat
neur onal growth and guidance. However, the smalll spati
chall enges for conventional i magi ng anrdegaincansy safs dleeha
actin activity and |linking them to functional out comes
compl ex, mul tiscale natur e of cytoskel et al behavior.
specialized compohaéasonhé-bapeidesamesfhloaddw presented | ater
Astrocytes provide an i deal mo d el system to investigat
in the central nervous system, they play key roles in
uptake (Fig. 3.1), tmodiutt vt iaamgd syamatprtolcl bdg@steBebr al bl
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/| Interaction with microglia
/' and oligodendrocytes
/ -

....
——//

Regulation of synaptogenesis
and synaptic plasticity

\\ Astrocyte-neuron
N metabolic coupling

FigBit&chematic illustrating the diverse support

nor mal physiological conditions.

BBB: Wirmadcch Reproeéuced from Escal ada et al , 2024, with
of Mol ecul drl299i ences.

Recent sugdess that beyond their traditional supporti
i nformation processing and( mA,ul BRiiviem dfhenegurdylnamatcwao mi
neurons and their unique capacity for rapid volume <cha
how the actin cytoskeleton supports | ocal sensing and

Whi | e astrocyte calcium signaling has been extensiv
demonstrating that neurotransmitters such as gl utamat ¢
intracellular calcium wavesmipcro@pragadyvarg elmkBsds) thuwedo e d
spati al and temporal organi zation of actin dynamics ir
Understanding how cytoskel et al remodeling contributes

but underexplored dinweetnisoinon of astrocyte fu

Recent observations from the Losert | ab suggest that a
structured patterns that fluctuate over timescales ranc

PM



are sensitive to chemical cues, substrate topography,

concentrating nearant laneg eaelclr igerciagdm@soynegnvi ronment al

I n this chapter, we explore how actin dynamics contri
Specifically, we investigate whet hlkerke hpatatcei ms coft oa &E

these patterns are moduyl aatnedd hboyw etxhteeyr naé¢ | asttei mud i br oa

phenomena across scal es. This work prewiades nmotdcdndep tw
and subcellul ar cytoskeletal organization, thertelhy set't
actin waves observed in neurons.

3.3 Methods

3.3.1 Cell Culture and | maging

Pri mary neocortical astrocytes-2wearad si amldatceud tfurerd poad
conditions. Coversl i pspovbgiryes icneeat (eRDILWihtyd r @edtniath €i t e nano
(HTl ¢c) to create different substrate conditions for a:
surfaces were imaged three to seveaurdalrysc add leirma ged wad
after two to three days. These surface environments wer

actin dynamics.

Cells were transduc-6BPwBabM&m|I PLDghd AcsuBlize actin c

i maging, cells were maintainedaind appiroeubat @r hatmi A7AQ
weeks .-l dapsme fluorescence microscopy was performed usi ng¢
two 40x objectives, one oi l i mmer si on and one water i
Experi menittaillonsonidncl uded baseline imaging as well as

posaium solution (40 mM KCI) or thypopsmparedsblhubmont {
PP



from the standard control medi um, to perturb the cellu

parameters and experiment&l9)controls can be found in

3.3.2 Optical FIl ow Anal ysis

To quantify actin dybmamidc sc,o mprutapdti iomall fpligpw!l i ne was d
smoothed -aondré¢cteerfl-llapsecesrtquehnmes. Optical fl ow wa
wei ght edKalnwmadas Meé&tBhpd ement ed in Python. FpirxenosGauwsadiasre
weight matrix with a standard deviation of 3 pixels (c

tieapses acquired by the coll @b xredt oGasu fiss engla t ave ik g rwg & rh

standard deviation of 6.75 pixels, with a consistent G
OQur custom optical flow code outputs a "reliability scc
vectors at each pixel |l ocation for a given time point.
those observed i n thriigh!l ys emoetcitlieonc eclrliss,erd a were applie
within the top 1% of magnitude inside the dilated celll

for t hlea ptsieme were retained for furtheronagnal yeliisablTehi &

movements were considered, mi ni mizing background noi se

Dynamic parameters such as flow strength, probability,
and -honhspot regions were computed from the threshold

threshol ded data were fulrddiecalr edpearcat itdmouighv onloviphe e

y, and time dimensions using a 3 I 3 1 2 kernel. Hotsp
were sustained for at | east 10% of the total finabgi ng t
pixels (including time di mension), ensuring that trans
properties, including number, area, and spatial | ocal i z
compared acrossndkpeohment al co

Pz



3. 4

Resul ts

3.4Acltin Dynamics in astrocytes are |l ocalized and
Ti meapse i magihgPl athelAced i astrocytes revealed that actir
control and triggering conditions on different surfaces
observed, dynamic evenrtls wecearrhiimgh!| pr d dcmilnant |l y al or
Representati ve -GFPertliamnyesl aopfs eAsc tdienm'osnt si tnmrud tae i-tobna toenld iPgohLa K s
surfaces -3.FAbky)., 3el2ilacit a visibly stronger acamntnr oles ploms
contrast, exposure to a hypotoni c -ds)olduocteiso nn ootn ptrhoed uscaemea
di fference in actin activity relative to control condi
near t he membr andat spege pthiema | actin remodel i ng may
environmentAdt isre nasdtnigvuity on HTIlc films (Fig. 3.3) was
coated glass surfaces (Fig. 3.2), as refolfectoddri n nttlreens
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Control, PDL

0 time (min) 10 min

d.

Control, PDL Hypotonic, PDL

0 time (min) 5 min

FigB2R®epresentati ve -@RRrtliamge!| aogfs A tiilnl ustrati ng

di fferent conditions.

a-b) Control and hi gh poctoaastse du mg-rsiaasi su tgi odhu-dgant CBMDB r olc and
hypotonic sotobated gha®ble(Buration). |l mmgesndeiratacygal
Colorbars indicate el apseidn tvimews |Infses$ sl eschtoevd zoytmesdk e |
region for each condéem.i on pair). Scale bar: 50
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Control, HTlc

0 time (min) 2 min

0 time (min) 5min

Fi gBBRepresentative -@RRrtliamesl aopfs Ax tiilnl ustrati ng

di fferent conditions.

ab) Control and high potasaninmmteoldwtjad Comdr 6i[€E1 andi hmp
solution onmHmutef dumat (Bn). | magesnwer et acgqai sedCat okl
el apsed time. | nisnetvsi svhspoafedsocngdoskel et al regions (same

pair). Sceal.e bar: 50
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3.4Quanti fication of | ocalized actin hotspots wusin

a b.
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FigB4a®epresentative heat maps from optical flow d
astrocytes under different conditions.

a) Cells grown unddsrol wantomsloadmred Dyl gls sK b) Cel l s gr own
hi g¢sokK uti ons on HTIc¢c films, c¢) Cell s gr owmnoatnedde rg lcaosnst,r
d) Cells grown under control and hypotonic solutions ol
under control and sti muwloammtdéd i omat h CpH ysibalresgiicnadli)c at e
aboveareshold flow vectors per fGrFaPmet-li anpes € .h e Brciog hrteesrp o n «
correspond to atiemasaofi Wi ggmerSaal e bar: 50
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To map the spatial di stribution of actin dynamics in a
across individual cel S . Dynamic activity was frequent
the presence of spanbsabfyenbdanhciedtadtieagremodeling. To
active zones, -wel sabetteydg bpghcal flow vectors and cun
counts olvapsdismequences. For each pixel nluonbatri conf, fweow
vectors per frame, generating spati aklmanganp st utdrea tmohtii gohml i(
3.3).riAchimegions were segmented using combined thresh
occurrence, and mini mum spatial extent, resulting in t
Across boobht ®dDL gl ass surfaces and HTlc fil ms, pat hop
potassium and hypotonic treatment elicited greater act
Notably, the magnitude osf, awittihvisomes aegx heidb ibteit nvge ema rcked d |
I n addition, substanti al heterogeneity was ob$apsed in
recordings: in some cells, hotspots were sspattihadyl ywedries
more uniformly distributed along the cell periphery.

3.4Sp3atial and

Foll owing the identifi

actin dynamics within

Fi.g. 5b. To achieve thi

which all owedhpbsxébsdl

tempor all omappizerg a@afttbhoudgamayni cs

cation of Il ocalized actin hotspo
the cellular cyto6KkRI|I et mel apseil
s, we established pairwise funct
etangdi within the cell interior
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a) Maximum projection -@HP amorveiper eascequa imd d dvcco AicRBm under
conditions. b) C-GF Pe stpiomedli anpgs e Acw i tnh feamead acquiered]l
c) Binarized mask of the astmaanyae yusaddtoudefi bel knne
proximity to the <cell edge. d) Representative kymogr
magni tude, vector count, and mean vector orientation a
flow vwictlbirs 20 gm)xedosnt(rib2aited to each boundary | ocaea

e) Distribution of the number of flow vectors per fram
pixels/ fraeméemiomn dx©®Buded)ri bhid iLmwmmodr tof fl ow vectors
function of distance from the cell boundary. e@ol or bar
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Based on their proxi mitthyr etsoh otlhde fbloouwn dvaercyt,o rasb oweer e c at eg
(a) inner bulk (locatedmmofreomhtaime 2BDopmoadw), ofb).Roun

pixels of the boundar y¥)  owawekcf(oysounert hbuloluter bul k v

analysis, as they were |ikely associ at eads swicti hatheadc kvgerca w!
we construtfited &pamographs (Fig. 3.5d) to vdtsaral ¢ @wentc,ha
and mean orientation along the perimeter over time. The

fl ow magnitude and vector counts at specific time poin

To further investigate the distribution of actin moti o
function of their magnitude (Fig. 3.5e)em/ enx ml) udiongavwae c
smarhdgni tude backgrbondheél vuep uea sagpasineast,i vcee ltlismeumdleat hogh
exhibitedagmiighuedre fl ow vectors compared to control C 0N
distribution of flow vectors relatiwedht prtime oélslerbvaun
3.4), the number of flow vectors decreased as the dist
hi ghcokKndi ti on consistently showed a greater number of

control, suggesting that the pathological stimulus enh

activity.

Al observations -lfarpossne ipradirvsi dwearle tsiunbesequentl y confir m
O6Neill 4dump pubboliZxB@)Winont hi s process, the image analysis
through iterative spatial and tempor al erosion and dil

thresholds, enabling robustly idestdJi.fication of hot sp
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A) B)
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FigBéédentification and characterization of a

A) Hotspot regions identified from optical flow result:
threshol ding. Col orbar indicates average probability.
strergtmi g), relatieessstengehcompdr @d betaredenhypoat o il
conditionsestaiwedetused for statistical comparisons;

indicate 95% confidence intervals. C) Kymagrmeophsmaladfzeno
optical flow strength (C2) for the three | argest hotsp
15 cell s fof caonndt rnol= a8ndc ek | sRdprodcwmnagd offr amdO&GNeiol. | et
permi ssion from @QA2%9rnced Biology.

Extensive statistical anal yses were conducted on hotsp

which included astr ecooyatteesd cgulatswsr,eddTdnc HDU ms, under di
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(hi godand& hypotonic), -asuwehlilcmesr.asé6rpcgsents a compil ati

key quantifications from these analyses.

I n this figure, we analyze how actin dynamics within h
measurements separated between the boundary and bul k r
were significantl y storwdmgge rhsitgthmaokhat bomnndampym f=®dd.t ®O0 &)o,n-
but no significant differences were .db6eBYpd Nol tbwhage
hot spot dynamics were detected in the bultks proetgisotnrse nfgotrl
relativecdalol whyyrda3ni& sBI)Figeveal ed a significant increa:
hi ghstKi mul @t i=omb.u0t0 6nfo, change after hypotonic tr'eatment.

stimulation disproportionately enhanced hotspot activi

The persofstaentcien dynamics .3wi@ hB3) hexbkiphbittsed Fagsl ight t

durations f oflsltoiwnunl(ggptHiog®t. hduwegh di fferences were not st

Representative kymographs of normalized a.c3ti6nCgl uoresc
furtheémstrate enhanced dynamisctsi multahtiinorh.ot spots foll ow
Toget her , these findings indicate that hot spots exhibi
potassium preferentially increases the strength and sp
having little effieaotyonftHgnamecakbVehteq
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ChaptidNandt opo@uiaphdy Actin Dynamics and

Navigation in Developing Neurons
This chapter s adapt edNdmotno ptohger appuhbilci cGotnitorno | d roaff t A cfit i
Cone Navigation inoDBpaehdpnn®aNbeaMonOO6Neil l, MEMIt]I Yy K.

Hour wiothzn, Four kas, Edward Gini ger r eaprdeypMarinddtgiaanrny fLoors essu b 1
I n this chapter, | deveal pyvaedtinbevatveolpatuseedhst oan neur on
processing the imaging dat a, measuring the properties
statistical temasysanidiafrart itnog78ehkenowhedgements for a o

of contributors responsible for project ideation, expe

4. 1 Overview

This chapter examines how developing neurons use their

physéewoalronment, and how this sensitivity evolves acro
varying mi cr oARonabnnleervtes .op ment relies on t he dy nami
components, especially actin, and the integration of di
pol ymerization, treadmi Véenng,ontandc tnyladti ynmoltalirlei tkye ya ndr i
generation. Although the growth cone, a highly motile
dynamic actin remodeling, the actin dynamics in other

work thamamice¢s ncaly serve as a primary sensor of physic
this work investigates the role of nanotopography in n

during multiple (early) axonalhidleev-whdtpimepétat doboagesot W

significantly in the first two weeks of axonal devel o
nanoridges with increasing neuronal maturity. Addi ti or
wavestaedgcowehdirection di minishes in | ater devel opme
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to physical gui dance cues with neuronal devel opment ma
of mature neurons, and highlights the potential benefit

dynamics at specifd.c devel opment stage

4.2 I ntroduction
The devel opment of a functional nervous system is a mar
navigation and connection of countless neurons. This i

the dynamic behavi aronef adeueéleogpi@pgt @nae tnieourrsi ttelsat wi ||

become axons @hd5dendenittesal | y, these neurites appear s
does a neuron specify which neurite wil!l become the s
dendrites? Changes in cytoskeletal dynamngs mbheoulgar c

machinery have been propos(eldd7as 183h8)s dptecemsai afj haot onz:
establishing distinct axonal and dendr3i9ti cdQmOde nn e ti @ al
polarity is established, the growth cone, a highly moti

to gui dé 14l 3Grpamthh cone point (clohhz2)notal bgtragukbkadutobheac

flow (RF) and influencing axon outYre&wtistriBetuoescttw
neurites, causing retractions followed by growth spurt:
s| orge owi ng dendrites, retractions (ard€h)¢ avngeer!| Yyiemagi sgn

and motor apparatus constantly probes the microenviro
directed (mModvide)mbémnts remar kabl e navigation depends criti
regul ated remodeling @©XI45%,hellfat)tpiar tdytud akel eéthcen dynami ¢
interactions of-aatthnh &nda(meédcar,otligdddleersl i e the process

extension, steering{(1d48d synapse formati on

2Y



Studi es on drno wtidtvremoinceesnt i fi ed microtubule protrusions
drivers of negwmniot)kc teixnt emaliyoymeri zati on drives the fornm
|l amellipodia, which adhere to surfaces(,15lt)@aiidanrdceagc pes
and adhesive |igands activate s-bgndihggppat biwags thatm
the growth cone by Il ocally regul at(ilrh@ )Baceatdit iFnd yt raemnaidars | d
(the addactiion mbn&Gmers to the barbed end -aacntdi nr efmolvaanhe nftr
andaé¢tin retrograde falcotw n( tfhiel atrmeanntssp otrotwaorfdsF t he gr owt h
necesoamd@b88s)sential for néabdt.e-tlBByYancemewtgrade fl ow i
noomuscle myosin Il contractility (hereafter, my-osin |1
actin pol ymerizatiofl®ma, .th&ydlseadilnlg ccadmgeal s-actiinmdi r ec
pol ymer( Zz%8y)i omi t i alacyt iinn dduecpi onl(gy @t i tzlae¢ i maar bed end, whic

Gactin monométs8 Adycli mmiandiyng agrtotnéil®a@dnd i Bree(lxlralif/) ! E n

facilitate rapid cytoskeletal remodealcitnign aanndd cnoi ocrrdoit nuabtL
promote axon elongation during neuronal devel opment . T
axonal targeting dependtynoft hpumenods nayedslkhel etval pr o

integrates attractive and repulsive guidance signal s

designated path.

However, not al | perspectives alignl ed taxarhals deawadliap
I nternal cytoskeletal dynamics may direct dricdvet,h le&vien v
Recent wor k, for exampl e, [Dracss odpetinmdgasd ir ad¢ edt hdagr o wt it h
pioneer neuron TSM1 is a( mMmeMqr eeoxvcelrus igveenl eys fsiucohp oals aAb e
kinase regulate actin organization an(dl16322hkite&Be@rent itale
neurite growth, including the selection of a single ax
of axon branches, has been shown to occur even in the
E(164)This suggests that neurons possess mechanisms for
pl aces other than growth cones. Further conflicting vi

i n promoting né¢ua6mhjoavboavktugriavwet el ongati on, which may rea

20



can occur independently of actin wavaswhamherdasi md hea
neur onal devel opment , actin waves drive fluctuations
transport. I(nl 6s7ycdimpd tuidtiiesn bet ween neurites, medi at ed
all ow the neuron to explore its environment unti.l ext e
that actin waves act more as passi vheanr eassparcddrvse tda isvteorc
extension and growth cone formati on.

Beyond the dynamic cellular cytoskeleton, studies have
chematra(ctead&fiy where varying gradients of stimuli can
growt h. Neurotrophins also influence this process by di
| oops i n t he si draldiyngbypashwayessing axon formati or
devel opmed)tBeyond chemical cues, the physical properti
substrat e( Istdinfdf ntespmogr aphy, al so profoundly influence
di fferent stagé¢éd76f. AdFLpBediofpimenttopographic cues can dir
attracting key markers, resulting in axons(hZTodWwinng pr
slightly | ater stages, growth cones on micropatterned
more el ongated and otrhmerutrd d(eivisdhfalirsep écndiags highl i gh
of consider-dinmen$iieon &lr e@o mp |einxkvi 0t ryo nonie nthewhen studying t
dynamics in axonal guidance and growth cone navigation
This work investigates the rol e of ima nnootdoupl oagtrianpghiac tsiun
neurites and growth cones during neuronal devel opment .
speed remains relatively constant across devel opment &
i ncreasing nietuyr.on alt anyadtdthreur ons, the guidance of actin
the underlying cytoskel et al orientation appearing to I
propagation throughout devel opmecnet .byAdnda ntaroindag e sy ,d igmionait
devel opment al stages. This work shows that during dev
structures, actin waves are hindered by wunderlying n
significanttigiademnr otltee odriactin dynamics in neuroregene.
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shown that promoting actin dynamics can enhance axon
particularly through the-birediuhagt ipcrot ef nsspe@i#hd)as adAtD
Understanding how nanotopography influences actin dyna
insights into potenti al strategies for promoting axon
bet ween physical cuesniaznadtligopmtdcs kse Ireetsaelarrcehorcgpant ri but es
of neur onal pl asticity and may inform the devel opm

neuroregeneration and the treat(rme&dmMt) of neurodegenerat.

4 Materi aMled haoordds

4. 3.1 Primary neuronal di ssections and cell cul t u

Pri mary neurons were obtained from Sprague Dawley rat
approval by the University of Maryland | nstiJtAMt8i onal A
05 amEBRIO4DPnembryonic day of gestation 18 (E18), pri mar
di ssection and culturd®9aWepdéedi oos!| Widesagiubesth bet wee
and female embryos. Briefly, hi ppocampi and cortices w
from all embr yo,st rwe rugaantuepehlolidjoeicht ed vi a hemacytometer.

cortical neur onmmwama@ilmg edli s mes35wi th ¢gl.aZ06, clATEEIK) (ca
at a denxlibtcyel dfs Percedils$h/Bdfb@Pleat i ng, i maging di shes we
0.mMg/ mL -Dploylsyi ne (PDL; catporre®&i ghmag ohdro ralki€tldarndaswashed t hr
wi phosp-bafetsakdne (PBS; <cat. no. SH30256.wdgl L£Ltyed van . .
nanoridges, which received the same PDLOghb®mlti hgmiamidn af

20mi n a&AC FT7cat . no. L2020, CuMitlulrieporwe3iegmeai nt ai ned in Nb
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Nb&500, BrainBits) suppl emaretpad myictim 1A%/ Benicaitl. | inro. 150

Scientific) at HEAMAWL,a 5WwasCOc hanged twice per week.

4 .. Transduct-Glel wi th Actin

For visualization of actin dynamics withiGFPpr Bmziyamcor
2.0 (cat. no. Cilezo@entTHecmoFWehaerhose this viral vect
because it sparsely | abels cell s. Given that neurons h

devel opment, the latter featur®i n-géedpdatritni cduyl naarmhya sh.e | Aptf us
prior to-liGkthawifngeld Li ght was mi xed pwirtth cdeelsl pceul tcuerld ;m
was fully changedhat adpeproxtxirmatseluxt2®n, adnddr i amhgéemngt wea

fuleldim change.

4. 38onf ocal i maging
Live imaging of primary cortical actin dynamics was pe
with a PerkinEl mer spinning disk confocal mi croscope.

objective (dm 3p0e rNA;i x0ell B)6 ea ncdu Ikteprtes under t eptpoerrtartoulr.e,
We r ect6bdietiages using a Hamam&COuchmagBMIK)2 18Md acqui r e
ti mel apses through PerkinElI mer6s Volocity softywaa e (vVvel
positive sigmall aisrert ttceh asdh& | . We performed i maging in ¢
eversyonRhe 488 ch-a@neminfoWebensur-pdame cwinsh sPentecat Foc

PFS) .

_|
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4. %A Preparation of nanotopographic surfaces (nano

Nanotopographic surfaces (finanoridgeso) a6eadarbtriwiatthed
a Gmheight . Il ndi vidual surfaces are fabricated wusing

pol ymerization, a s( 1d8ekshcireifbleyd par esvmadus laymount of acryl i c
PDMS mol d andfuhetaongpl azted cover gl asmi na.ndT hteh erne pilsi cpah
results from this process is complementargstonttwbi ecnlast

neurons and8e@yl tured

435 1 mage Analysis

aMector fields using Optical FI ow

| mage registratnidpmsamenitnt emsi i-ipmasg ewimohdiun et h(eP ystchiokni)t we
correct jitter and photobleaching in the raw movies.

movies were smoothed i-ni ke memaacti mMign @ cleislst aviea a ¢ 6elf st abmesst
The smoothing timescale was chosen to be considerably
become discernible. Subsequently, optical flow was perf
Kanade met3ddGaussi an weei gphizxiengs noart r0i.x7 2(Om) was applied
|l ocation to extract Il ocal flow vectors. -tAhrreesihioalbd |vietcyt ot
due dWdefihkdglbansetd calcul ationbl pry weigeli €Caied that th
filter parameters (size and shape) and reliability thr

downstream anal ysis.

bNeur onal Masking
Sci-ikmage (Python) functions were used to generate and

frames wer e genceornattreads,t afnrda mmeosw wer e -pr mcetededdaptit ngechn
TO



equalization ( CkhAaHE)f.i |A esrh B(pveidtthe pdiusckk uring el ement of
5. 40m) was applied to highlight darker neuronal proces

(18y3i)el ded an initial binary mask. The initial binary

steps, r enlaarngiensgt tchoennect ed components after manual rev
Subsequently, a region corresponding to the cell body
neuronal processes from the | amgatioal wamaskhl cNéart emda lu

Lapl acian of Gaussi amagfi (fr&@4jeon t he mean

cClustering of Flow Vectors

Optical flow vectors were clustered locally by spatial/l
(11711 malt rpidx evli ¢ hor 1.80Om) was used to assess vector a
bet ween vectors and bhéeghbc®FPRApdrdi peaks were det ec
(Python) modul e using an approximate detection di amet el
of 15 pixels or 5.40m between two closest peaks. Det ec
and sghsently |linked across frames into trajectories wi

successive frames and a memory of 1 frame (2s)-to enat

scale actin fl ows, only tamackdq lple rseicontnidrsg fwemr eatanlage y < te
and stofedmepemndacpker metri cs, including instantaneous
movement angl e, track I ength, duration, net distance,
exdleu static clusters, tracks with an average instant

(approxi mately 5.4 Om/ min) were retained.

dGrowth Cone Orientation

Growth cone boundaries were manually identified and ext

shaft was then determined by identifying its major axi
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e Ani sotropy

To quantify the anisotropy of actin track trajectories,
Principal Component Analysis (PCA) was then applied to
yielding the priandi paki componespsnfdriangtairdrgaelhvapuwebactTh
each trajectory was calculated as the ratio of the sma

measure of the track's shape asymmetry.

fBurstiness

To assess the burstiness of actin track initiation, we
each frame. Since existing tracks persist across mul ti
avoid overcountingeriTkhe pDéswmletwi ng attclgmeaosaatls bwasummansg
number of new t-agwerklsa papitahgpenl dhiomdows. Thi s yielded a tin
in discrete time intervals. The burstiness (Wa/9 ,t kah cau
by dividing the standard deviation of these summed cour

A high CV value would thus indicate high wvariation in

gWasserstein Distance

The Wassersteign wasstwmsneedk t(oN quantify the dissimilarity
functionsLt8®MDBE) metric represents the area between the
functions (CDFs) . Mat hemat i cadnsgion ftohre trweoa lp rloibnaeb iwiitthy Q
respectivel vy, the WQssder sdted iglan edid ma(sa @) |( Wd x . The Wasse

di stance is a useful tool for quantifying modest chang
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h) Spati al Recurrence Analysis of Actin Track I nitiati

To quantify the spati al recurrence of actin track ini
ti mepdi retach track as the earliest frame associated wit
were grouped inteveohaeputhigvea, meomwi ndows of fixed | en

each pair of adjacent windowo,f wewcdm@metke d ttalrd sf ri amc tt h

occurred within a defined search radius (typically 5 C
This was i mpl ement ednaeaisdg mitgora sfeaasrtc hn e(acnkeDHd eteo f e fofm csiceinp
identify spatial mat ches. The recurrence fraction thu
reappears in previously active regions.

hPool i ng ofi nDIhaif tt(redva ypsl at i ng) videos and statistical tes

On flat surfaces, we categorized videos from DIV 2 to !
and DIV 14 to 23 as O0lated (N = 17) development al st a
Oeagstlagged (N = 9), anst dY & 06 7ToNco8pms ed6mud ti pl e independ
we first perf otWmgHl 8t7Thet Shapiasdess normality. | f t he o
normality, we -wapdANO¥AM tao onest for overall gro-up di ff e

ho¢ 18t88dst to determine which group means differed sign
assumptions, we -Wasleldil &t99es t Kri unsskt aela d fol-howe@ e®9f@9d rDunnds
pairwise comparisons. For compar i stoensst bweh eme ebno tt hw og rga uopus|
the normality t-Whkitt nayndUviieesntMarmrey did not . Significance
as follows: 0.1 > p > 0.05, * for 0.01 < p O 0.05, *=*

for 0 < pFdr 0st0DtOilst i cal testi ngQn wfel agto od werdf arcoevsi ,e swet oq
movies fromadDldERrFLI2y 6a,s DHDIM did | B, asand LBt Eo61l4devel opment

nanori dgels , waBl YyrdoupesetagedpE-8nHyg DbbMi adgld Ge.
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4.4 Resul ts
4. 4Aclt in dypeamsrtctshremudghdbberent stages of microenvi

da. Mean frame: DIV 7 b' Os 32s 1min12s

1min48s 2min 56 s 3min28s

Flat

Early stage: DIV 2 Middle stage: DIV 10 Late stage: DIV 17

FigdtActin waves in primary rat cortical neurons
surfaces.

(a) Mean i mage of a representfaltatves Dl Vacie.neTulreongrceud nt uk
region of interest, which is shown in a magnified vers
arrows) moving along a neuronal process. Actodetdrhygks ¢
individual track, for each devel opniemstpalc eslt e oan dge)s .
flat surfaces, the imaging durations were 5 min, 4 min
videos from early, medidal snageéeateOmMewahopimdges, t he i
mi n, 5 min, 10 min and 10 min, respectively, for the
mi ddl e devel opmental stages. The orange |l ines indicate
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Fiug 4l elucidates the cluster tracking workflow's capa
across a spectrum of neur onal devel opment al stages (
representative mean i mage framEi dkabi)vedsfumdimya dfelpatct sun
actin flow, characterized by a moving bright spot (ora
is further substantiated by td4hed.c | Nsttab | yt,r atchkiess epa tersaem

predominantly |l ocal i(#e d -4 gaajdida If rdeigsuternit d-ayt-tidoi nstphl anyo tbi aocnk,

|l acking a clear, sustained directional bias. Further mor
orientation and the underlying neuronal processes, S U
dynamic actin tracks are consi stentdtyape sreeg wrealn sa ca wlstsu
flat surdhBbacles gFiwel | as-sitrageamlewraoamcamiauddldged ounr faces
41d). This consistent observation of localized, dy nami
stages and microenvironments wunderscores the persiste

neur onal devel opment .
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a.

Early stage: DIV 2 b. Track hotspots C. Time window = 1 min d. Radius = 10 um
1.0 T Flat, DIV 2 1.0 = Flat, DIV 2 g
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Stage Stage

Figdeactin track dynamics and recurrence behavi

(a) Representative i-fmagw e atmer svi ft hr opt Dicd2 neuron cul
Acttirnacks obsermmiend ionvteerr val5 from the same videa@emas in (
search radius used to compute mean r ecudr)r evhecaen waelcwersr esnt
guanti fies the fractiasotni g wietwhiarctd nc itrrcawclkasr orrdgiionn dur
recurrence as a funct-mon of mécwinddiwdpsagdi (d)atilme wirt
radi usmpff ad two repstageataitdees eamnl fyl ate sa.nd( en)a nTohreé dngeeax
recurrence for early (N = 17), middle (N = 21), and | at
for early (N = 9) and middle (N = 6) videos, respectiv
as a funethnhenrohat hmask area (excluding the cell body)
= 55) and nanoridged substrates (N = 15). (g) Normal i z
For -((ge9), each scatter pointeoor Beapbetbscab heshs qwer & i |
data. Significancad uies froerp oOr.tled> as > 0. 05, * for p O 0.C
and **** for p O 0.0001.

Fiug 4. Ruantifies the tottahle mwnhtearalasdiwelrli basi on of | oc
neur onal proceastbn I ntehaltyesFwere quantified, and &
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were generated, effectively excluding cell bodies due
exclusion ensured that subsequent analyses focused on
Fi.g. 2a shows demonstrative optical flow vectors from a
clustered in space and time to form robust actin track
fraction of actin trackpathat opoepggbnabedodaws.ideRie@a meve
and 4.2d explore how mean recurrence varies as a funct
size, respdclevehgwsFmgan recurrence values Shampamed a
Wil k tests indicated that all gr oups fsotla goewerdl (agt nrgorronuapl
0.0299®) )paamr ametric testsWhwiermeyustddt eMasinshowed that R
significantly | ower mean recurrehge=tMah@FMHtpdsEaBpl7es
I #®Hstages. However, comparisons across devel opment al
significantFdatffepenc@es70; Ridge: p = 0.271)

Fi.g. 2f shows a |linear relationship between the number ¢
Ri dge movies exhibiting a shallower sl ope (0.-Wi0OI5 comp
tests confirmed that all groups exhsgthage dF Iiiaptr Do OO 8Y ¢ i
which devi at ed Ffi rgo Mamdétgd Inietyy U t ests showed that Ridge

|l ower normalized track counts c(opmp=ar6e)f ntdo mAQIgadti=eglr.olu pls

1®)stages. Howewlkest r awi ehcampari sons across development a

| at e; Ri dge: early vs. mi ddl elpreveatéeéedand pigni0fi0o8a8nt

again suggesting that topographical cues exert a stroni
age.

Taken together, these results demonstrate both | ess fre
activity on the nanoridges. Next, we examined whether

substrate.
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(aBarly avidid(le) devel ophiesitt mil b sttiagres.are computed using
represent the interqurachabiel rtangeernsiQRy fodinecthieon (PDF)
for each condition, while markers indicate the corresp
flat and 9 ridge movies; the middle stage includes 21
The predominantly |l ocalized nature of these actin wave
and Fig. 4.4. On both fl at and mensdariifdoged essusr ftahcaens ,3 Ot Ise
extend no mow.e than 15
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speed distributions were similar for the early, middl e,
roughény/ ngiin. However, on nadbdr)i,dgae d~ 1s0u% f checcerse a(sFei gi.n  wa\
observed when going from the ear | yqutaon ttihfei enrd dddil fef edreevred e

i ndividual experiments usighg Whaef dvas gnedatbbhiteti vinhedn ¥ eadnicaen

CDFs was higher for the early vs. the middle stage on r
any two development al stages. These findingwaviendi cat
propagation to somd extentr atesnabati tge | ittle effect
the differential effects on spesedbotbhrsetreesedaroe fdladt evd

physi ol ogi ceanviyr ornenheervtanaf t he nanoridged substrates.
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a) A represenltagseei magea noft i aneDlI V8 neuron on a nanor i (
ighly active gr-mwhhpeonedové&heaoflif@nge |ine indicates t
rowtome trajectory flreepn it meges,ameshawimeg alternating r
tension along the ridge-bdsedctmodeto SNeatpp( 4@)d t hed:
di vi dual frames, exclusively for wvisualization purpo
tured on flat surfaces for the three different devel
d | ate stages, respectively). (d) CDF of the averag:¢
rfaces for the early (dbvel 8pmantdami ddbhgeéN En6(c) an
rresponding probability distribution function (PDF)
int to the corresponding distributions'rqgmumeditdad evalang
e CDF at each bin across all videos for each condit
medi an values. For each pair of conditiognshetwerecm!| cul
medi an CDFs, as well as the maximum and minimum distan
percentile CDFs. These are reported in the format: me d
Wgval ues were 0.53 (0.43 to 2.56) for earllatve, amddO0e
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(0.66 to 2.91) for early vs.gvlaadtuee sbhteagweese.n um@atrd g/a carnidd g
neurons was 1.59 (0.76 to 3.36).

4. JAcx in al iggeméretr i@asong cellular processes compar

I n uRi6we analyze the influence of nanortirdagceks aalnidg nnneeunrto
di fferent devel opmeabboal t sbafgesoflacFig clusters accumu
the propensity of the tracks to-ifnolvlicewst hoef nsaen oercitdegde r¢
46b) further indittraaek sthewdtimetartihey mdur onal processes
with the nanori dges .t rmhek balaisg ntmevmtr dwei talcttime nénor i dge:
Al t hough we find most of the tracks to be al isgmegde wi t h
effect on this alignment: there is |l ess alignment in t

representative wigekeo in the early st

Y P



Ridges, DIV 2 b. C. Track alignment wrt nanoridges
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Figd6aAactin Track Alignment: I nfluence of Nanotopograph)

@) Acltuisiter tracks accumulated for 10 min for a DIV2 n
the nanadriigdngreent . -i(nb)viZonw noefd sel ected regions with acti
tracks with respect to the nanoridges for two represen
devel opment al stages. The dasihesdrliboné¢i oepoéseéntaskaalnig

bin size. There are 20 bins. (d, e) Fraction of track
neuronal processes on flat and nanoridged surfaces, at
() Rel ative alignment of track segments on nanori dge
nanoridge for the early and middle devel opment al stage
of ®POhFe at each bin across all videos for each conditio
medi an valudg., RKrhemimhdets show the corresponding CDF.
calculated the Wasgerbsettewene nDitshtea nmeedi(aw CDFs and t he n
di st ammoersg al | combinations of 25th and 75th percentil
format : medi an (minimum to maxi mum). F or gvead ruley b(ect)weaennd

flat and ridge surface movies were 3.91 (1.42 to 7.07)
for early and middV &I hsettangeee nn erurdognes ,anWwl process gui dance
to 13.5) and 12.07 (6.12 to 20.45) respectively. For p
mi dédlteage movigeasl,uddhewdM e 2.12 (1.16 to 5.96) and 7. 23
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We next explore the alignment of actin tracks with res

they reside. At6d) handamlyléel() € idfeFrvied .o pdnent al stages, act

strongly aligned with their respective processes, rega
nanoridged substrates. A comparison of early and middl
46f ) shows a clear decrease in the alignmeptogrfesasds n |
whereas the alignment with the processes remaifbis rel at
shows that alignment with the neuronal processes consi
suggesting t he i dea t hat dynamic intracellul ar cues,
reorganization, pl ay a mor edydoamii ncasn to vrea|l et iime s theaenr idnoge !

topography.

I't is important to note that at early stages of develo
aligned with the nanoridges. This initial bias could g
dynamics, when in fyactertvlee apr d hes s evd emanedi ate condui t .

and the processes start diverging from the ridge direc

and nanoridges becomes more apparent. Thitso owthsagr veaxttiemn
i s actin guidance influenced by t he internal archit e
environment? Or is it the physical environment t hat C

dynamics of growi re¢gefmeeluriing ftdepdhadkn lao sp ?

4. .mMpact ®Ri d§e@soon Growth Cone Orientation and Ne

To explore the contributions of internal vs. external p
the structur al features of devel oping growti{tocenes.
alignment is related hoouwmghmouti dgev elrd @Famneattdb o Bihgpuw e s

representative examples of growth cones oriented paral
nanoridges. Notably, the petwpe(ngrieearn alroxg)r oomtihgriérmagtee s nf r

neuron outside the field of view, and appearsd4at the el
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Ridges, DIV 8
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growth-cone direction
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growth-cone

C. Growth cone alignment wrt nanoridges d o e.
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Fi gd7v &r owt h cone orientation on neuronsi offjesarying DIV

Representative growth cones oriented (a) parall el to
nanoridges. The nanoridge directions acroenei nodriiceantteadt iboyn :
bl ue arrows. (c) Thceondd saelnitgpnangbesofvi ghowebpect to the
of thecgognewwhdth. Darker to brighter colors indicate ne
8. (d) The average number of growth cones a® &ahéuncti
nanori dge-aanfdo misdadrlgey neur ons. Growth cones at angles be
to be parallel, whereas growth cones at angles between
(e) The relati ons hs$ @icthneatlwearme a handcrwiscdt h ododehde fgorowt
devel opment al stage. Videos with at | east one growth ¢
for DIV 2, 3, 4, 7, and 8, respectivel e RBvertagel owmie
of growth cones across DIV stages and alignment angl es
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shows theogeowi hgnment as -caonfeunwitditohn, oafndgrroemtehal s a de\
Eardtyage neurons (shown in darker shades) exhibit a

nanoridges. This preference diminishes at | ater stages

We also observe that growth cones rarely adopt orienta
roughly parallel or perpednid) cuhRlarhvtoghheheahpactdiges ¢Fi

remains relatively stable from the early to the midd

perpendicularly increases substantially with devel opme
neurons interact with the substrate ovelytismage®negposw
cones follow the nanoridges directly, as physical gui d

increasingly populated with existing neurites that spa
| andscape. Newerge mwn the rciomg st hi' s topogr aepxhys tmwnsggt snitawicdg au
|l eading to more perpendicular orient-atignedaprobeysés.l
change <could reflect a transition fgsmsn eixmh ewhedlldht cel
interactions and tension along neurites begin to overr
Finaldnk/le Fslgows t hatcondesgedswbhal area is correlated po
cone width. However, there is no significant change in
function of devel opment alc osntea gaer,e sau gognees tdionegs tnhoatt dgert cew
gui dance behavior. Rather, it is the interplay between

the evolving trajectories of neurites.
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( a, b) Actin track displacements from a DIV 2 neuron g
coordinates shifted to origin (0, 0) . Purple and greer
scaled by their corr ecks)poids tnrgi beutgiemmrnv ad fueasni s(oct,r opy f act
devel opment al stages for neurons grown on fl at (c) a
correspobkdq eg f) Heat maps representing mean ahhsotropy
i mage frame (same movies as a, b, respectively)i.neRed a
motion, respectively. (9g) Number of new actin tracks ov
(surface and develiopmeno il e ssptoangdei)n,g woefficients of

distributions of CV values acrosal a¢d-tewmomlit (onsd) wit h
represent the interquartile range acr onedimavivad ufesr. ea
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Fi gg8det ail s the directional preference and temporal

devel opment al stages and surface topographies. Actin t
and nanoridges, with coordiman eisd &Ghiagh8be, d rteos ptehcet iovreilgyi,n
with the principal vectors scaled byd48heierveai ge mv aslture
alignment of tracks along the nanoridges, i ndékating a
guanti fied by anisotropy factdBc an ¢4t8eii ot i olnat asdpnas
surfaces across early and midiBte(davkeyyopmageal stagks.
surfaces demonstrate increased |linearity, resul ting ir

mi ddl e st4i8d)e, (arnigsotropy does not significantly differ

Across devel opment al stages, ani sostabpy eonwhli e sar hac
surfaces, a decrease in anisotropy from early to middl
Fi 48 and4&i g.llustrate the spatial di stribution of ani
revealing that most process ends exhMBpigr end grhtly tihererau

of new tracks versus time for representative movies fr
variation (CV) values, 8.l |l 3sddean i mgak £ mprortarla bk raspg g eneersa
burstiness, correlate with highetesCV vaelveabedSsagnsfic:
in burstiness among varying microenviro8mentEaamge deve
neurons on nanoridged surfaces showed signifi(cpangt |l y hi
0.00689mMmil ar I-syt,agmw drdd tler ons sounr fraacmesr iedkghedi t ed signi fican
than those ofGpfEabwWpohPhcedbe fl at surface group, a sig
was observed from e@ply oA ori sgadyesur faces, a si gl
burstiness was also obsepvedONOO®m2ygairfycant mdidfOf er ence

bet ween Early (gpnd WOatleMd(drRdllaet )arti¢p kEat3a 2a@Rlsat )
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4 .

I n
t o
dy
ph
t h

thiscwar weawteiin dynamics in primary rat ¢enmtilgygabktrage
PBV (|l ate stage), and quanaptfiyd dbmesecldyiname cs Suscag
namics can serve as the pri2ar 29sedo9&@gys e § sspthugdaiieadaive b
ysical gui dance cue, nanoridges, affects actin dynam
e dynamics of adtzi)n tfoactapenmnoweghract0O.n5 pol ymerization a
i mar ys .neMaootn preyilbdas $62di &6 3havie 6i,n vieOs3t,i dglaB8tdead ehow m
tin dynamics contribute to growth cone development,
t what was missing is what happens to actin dynamics
tilviet yshhoawn t hat actin dynami(Ccbk9@)an shawe b wsr sthe dnd su
cshe c esncdad cet i n dynamics within neuronal processes. We ¢
mescale, the dynamics of actin are not smooth but r at
rstiness.

is investigation into the interplay b®pevedeyn anancoest opo
developing neurons elucidates the compi@xd iaqrfdwtemce
ne devel opment. Consi s(tlkat@hawi tpthysr ewil o co nfsitmdiimds s
tin wave properties, we aimed to further explore th
namics. Our analysis of actin tracks revealed a predc
l inear trajectories. Notabl vy, neurons cultured on n
ese |linear tracks compared to flat substrates, sugage
pogr aphydrorweactmonliilndar tWhadlk prevalence remained r ¢
vel opment al stages on fl at surfaces, a discernible
vel opment al stages on nanoridged surfaces,alisnddictaht i n
creasing devel opment .
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Furthermore, the temporal distribution of actin track

actin polymerization's dynamic and stochastic nature.

mar kedly more pronounfcede so,n marntoird wlgerdl ysuduri ng earl y

exhibited a reduction from early to -sniagéenstrrngrs. sSIS@\

significantly | ower burstiness on nanori dgecdessurweaces

observed a significant increase in burstiness from eart

significant di fference was found bet ween mi ddl e and

nanotopography not onl yr dmntfdruiemtciess t dhfe as@taitn ady rcahmi ¢ s

tempor al organization, highlighting the compl ex inter
devel opment al programs in shaping neuronal mor phogenes
Additionally, we found that actin wave speeds decreas
devel opment al stages, whil e remaining unchanged on f|
domi nated by <cellul ar pr oc e snsanso rciodmpeasr,e dr itdog en aghuoird adngcees
thearly to middle stages, but process guidance remai nit
gui dance remained consistent across all devel opment al
nanor iwhgesnore pronounced in early compared to middle d
Studies show that actin waves exhibit notable burstine:
neur onal devee6 pipnmesntphenomenon is characterized by st
effect s, resulting in pulsatile delivery of cargo to
growth spurts in neurites, wi t h apper ofxiirmsatt ed gy 9i06 wift |
coinciding with(1lak6t)Tihi ssaseoahastviat nature creates | arg
to alternate between "winning" and "losing" states as
burstiness of actin waves is more prowmoescedviitm @aadlegr
i n whependent growth observed in | ater development al st
cruci al role in neurite outgrowth and axon specificat
facilitating emaiti ommenutrangexeplrly neuronal development
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Il n sum, our study provi desscad eglniampse iorft oactthen sdeggamnmamd «

neuronal processes, both within axons and within dendri
the two. Our results cesgesstarteh ®tveme umodsrealdymraoni ¢ t han
we expect future studies wildl unhcover how the moti on

devel opment and function.
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Chapt:ddv&ncing Spatiotemporal Wave Anal
and Future Directions

For all research presented in this wavaeptéysibk ¢toolsi an
statistical evaluation oflexpkscaenoceyimagdnggexpkni mba
both the conceptualization and execution of i maging

i ndividual contributions is provided in Section 5.4 Ac

5.1 Overview

I n the previous chapta@isnenwe ommail mgd 2iDl)y opsed at wdl ow as
capture spatiotemporal waves in biological systems i ma
revealed i mportant poautt essronmse astpdcontesviafabtlhye Iterffue bi ol oc

of t he systems were studied on fl at gdu rmfeancseé s naht 8D

environments. I'n thisdichmapsieonal optroduckepbvdwia®uan2@xt
analysis pipelines and discuss how it can offer a ricl
examples from two systems: act iDni cwayvoesatriH iaaswno ma |l i qir d vinteh

devel Opios® pluiplad wi ngs. By comparing 2D Rrmas 3@t itolipat i c a |

dynamics, we will see how di mensionality shapes our un
The chapter then shifts toward a collection of partial
chapters. I describe initialgudip@yienacoh efsuntdoa nseinmpalli fbyuii n od
anbbetuerder sttamealdawogl vi ng Beyooducgsoskel et al dynami cs,

earsltyagephovoon i magi nfgl uxfescalncituhmve crayfish hindgut ne
intracellul ar wsicanha&l igug wiotth Ilidryge Fi nal |l y, I present q
external el ectrophysiological stimulation.
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Through these examples, this chapter serves as both a

pers

syst

5. 2

The
repr

conyv

pl an

sign

Rece
spee
mi ni

di me

pectives for tracking motion and quantifying spati
ems .

Il ntroducti on

i ntegr adii menn vifonnalr ee3D) optical flow analysis with
esents a major step forward in studying actin dy
enti a@manlengiwonal (2D) iapnparlo a2z bes . madgraditoften fail
iologically relevant organization of the actin cyt
anical and bi ochemical behaviors complad Ehde steo t ho
erences arisextramet¢ lbes asuenlatas x cur ad bougtehtiaredd s p a

ewharcaghl t eirned2D systems but <critical for processes |

BIINidhTgA WUIN P Y b

nt advances in imaging t eeshhnecelto gniecsr,o spcaorptyi, € uhlaavrel ye |
d volumetric imaging (200 to 1,000 planédmwieétrh secon
ma | photoapabcityy ThBisruci al for resolving rapid,
nsions. On the computational side, 3D optical fl ow

Luc-HKanade3)and-SEHbup2®&0O0)al | ow sochimecvehocity fiel-d estim

cont
opti
envi

choi

rast i mages, overcoming the direct iBerfaolr ebiagpgpd sy iinmgh
cal flow anal ysi s, it is Iimportant to first consi
ronments. Fig. 5.1 illustrates examples where the
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Figbtl&eometrical constraints in actin imaging 2

(A) Live confocal i DagsognhochraphagmbexpiGddsi sdolwinf é amc tt
view (left) and side view (right). The Il amella is | arg
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side views. Full 3D analysis is necessary to cmpture t}
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