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Abstract

Stem celbasedplatformsfor neuroscienceaneffectively modelkey mechanistiaspects of
humandevelopmentand diseasddowever, conventional culturgystens often overlook the
engineering constraintBatcellsfacein vivo. This is particularly relevant fareurons covering

long range connectionke spinal motor neurons (MNsTheaxonsof these neuronextend

up to 1m in length andequire a complex interplay of mechanisms neaintain cellular
homeostasisTherefore,shorter axonsn conventional culturesnay not faithfully capture
important aspects of their longer counterpaHere we directly address this issue by
establishinga bioengineered platforio assemblarrays of axons ranging fromicrometerso
centimeters permitting systematicinvestigation ofthe effecs of length on humanaxonal
biology for the first time With this approachwe reveala link between length and metabolism

in human MNsin vitro, where axons above a fimndlecuas hol do
adaptations in cytoskeleton composition, functional properties, local translation and
mitochondrial homeostasiOur findings indicate the existence of a lengthependent

mechanism that switches homeostatic processes wWithis to sustainlong axons This has
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critical implications forin vitro modelling of several neurodegenerative disorders and

reinforces the importance omodelling cell shape and biophysical constraimtgitro.
1. Introduction

Shape and function are two intimately linked properties in all living cells: the need to perform
a certain functiorconfigureseach cell to a specific and optimal shape, which in turn also
influencescellular homeostasi¥. In cells with polarized or complex shapes several key
functions need to be performaemotely from the soma, which createhallenges that
sometimes cannot kmvercome bysoleyrelying on diffusion of metabolitesndcomponents.

While in principle cell shape is difficult to study systially in vitro for a specific cell type,
recently a combination of stem cell technology advancements and bioengineering techniques
havesubstantiallygalvanizedhisfield of investigation.

Thanks to reliable protocols of differentiation and the advent of cellular reprogrammaamnwe
generatanost cellpopulations which hagevolutionizeddiscovery science in human biology
Neuroscience inparticular has benefittedubstantially from the possibility of creating

reproduciblan vitro models to both better understand neural cell biology and model diseases.

To complement this revolution, bioengineering tools have been developed and made accessible
to direct cell growth, alter cell shape ahdir relative positionthus enabling the development

of on-chip devices based on microfluidics systems or microfabricated topography.

Neurons have highly polarized architectul® and are also amongst the largest known @ells

with thar main sites of activity and high energy demand in the periphery (e.g. syn&meal

Motor Neurons (MNS) in particular can have axons of up tonin length in human$, which

poses significant challenges to the maintendhe& homeostatic processes and function. For
example, metabolic processes and mitochondrial activity are needed to produce ATP, which in
turn is used to maintain axonal transport, membrane potential and all other functions; but across
long distances simple difsion and mtor-based transport may cause too slow a response to
sudden changes in metabolic demaitierefore heuronshaveevolved adaptive mechanisms

to maintaintheseand other essential processes in the axon and terfjnfatsm localized
controlof mitochondrial homeostasier mitostasiS!- and dynamid¥, axonal RNAtargeting

local protein translation (LPT)® and alterations to the axonal cytoskel&lon

Interestingly, axonal mitochondrial and metabolic breakdowmes@gnizedearly phenotypes
of neurodegeneration and peripheral neuropatlaegdtrophiclateralsclerosis-ALSM or
CharcotMarie-Tooth, CMT2l), as well as irother pathologies (e.g. in long nerve bundles in



experimental diabetic neuropatt®). Moreover, a general decline in metabolic control,

mitostasis and transport in the axon is also a common feature in normal*dgeing

Accuratelymodelling MNsin vitro is crucialgiven that they are thtarget of several incurable
neurodegenerativéiseases(e.g. ALS, CMTsand others We and others have over the years
developed several stem cellvitro platforms for MNs combining stem cellsioengineering,

and imaginff® 158 to faithfully recapitulateheir biology andnechanisms of disease in ALS

However, these vitro models fail to recapitulate the length of motor axons, whiafh nsost
cases the used culture systems generate cells with axons rangingZe@unt*®! to at most 1
millimeter?%2tor do not provide a controlled environment for measuring axonal length, lacking

the modelling of potential biophysical constraints which long axons pravidego.

Given ths gapbetween these cultures and thaivivo counterpas, whether physical axonal
length is a saliergropertyto model for MNs-and by extensions other neureimsvitro is a key
questiorthat remains unresolvedddressing this issue méwave important implications fan

vitro experimental studies examining basic cellular process or disease biology

However at present no systematic studiesdiaeen conducted to explore this problésngely

due totechnologicalimitations. Whileseverabxonal chamberandmicrofluidic devices have
beendeveloped to study soma/axonal differences, they tend to be either ersylesmuthat

can only produce ordered arrays between open chambers, with no control over the actual length
of theaxons andtannot easily be adapted to answer this question.

We therefore sought to create an ideal system to study axonal length systematically with human
neurondn vitro and investigatéengthr-dependent alterations axonal homeostatiprocesses
where: i) the only factor changingjaxonal length and one can control it reliably; ii) the whole

axonis accessible.

In this study weeportthe establishment afbioengineereglatform andts use taconduct the
first systematic study on theoleculareffects of axonal length on internal homeostatic
dynamics within the axoplasmWe reveal that lengthdetermires specific alterations to
metabolic, functional, and structuralpropeties of motor neuronsin vitro and therefore
demonstrate that axonal lengtha salient characteristic to modal both basic and applied

studies of neurons
2. Results

2.1. Combining microtopography and neural aggregatecultures to optimize an axonal

elongation platform



To generate a platform that allews tosystematically investigate the effects of axonal length
on neuronal homeostasisge first sought to optimize a protocol to grow human neurons on
bioengineered through softlithography generated substrateswhich provide guidance of
axonal elongation and directionalf§?*l.

We have previously established a directed differentiation system to generate functional spinal
MNs from iPSC populatiof8and several protocols and pipelines to assess different ALS
phenotypesincluding axonal specific onewvithin these culturé¥ 22 showing that the stem
cell-based systems recapitulate severaldspectof the disease.

We havetherefore started this investigation lynploying our established differentiation
protocok to obtain homogenous populations of spinal MN progenitors, which we cultured to
confluency and then transitioned from a 2D systeantorganoidlike 3D aggregated culture,

by allowing for an extra 48h expansion past the usual split point (c.a. 80% conflu€hisy)
generategightly packed groups gbrogenitorswithin the culture, whichare thenlifted and
separated from the surrounding single cells usin§-BBTA andtransferredo a sispension
cultureon an orbital shakeenhancinghe aggregate formation apdevening cell attachment
(Figure 1A). The generated 3D MN aggregates/ea homogeneous sizejprox.20Cm in
diametemwith regularspherical shape and consistergize, Figure S1) and can beanmediately
differentiatedin suspensionby withdrawing FGF2 fod8h, and then plad on cell culture
substrate$o obtain a densaggregatesf cell bodiesthat quickly growaxonsout of the 3D
structure.

We have combined these 3D neural aggregates withlOum x 1Qum (width x height)
microgroovesmprinted inPDMS using softithography?3l. Additionally, we inserted every 5
mm a250um wide flat plateau to control for axonal elongation using brightfield microscopy
The micropatterned PDMS thenbiofunctionalizedusinga combination of pohD-lysine and
laminin Figure 1B-C) after oxygen plasma treatmettt generate ordered arrays of axons. We
have focusedfirst on optimizing the fabrication functionalization,and culture time of the
aggregates on the groovesnaximizethe effect of the microtopography on axonal length
(Figure 1 D& Figure S2). This optimization is essential toeate a platforrthatsystematially
direcs axonal growth, maintaining axonal length as the $mtphysicalvariable As the
stiffness ofPDMS carbe adjustedoy varying theratio of curing agent tanonomey we tested
differentcompositionanddifferentbiofunctionalizatiormoleculedo optimizeour devicesor
axonal outgrowttand found thaPDMS 1:10 is the most suitable substrgtelding the longest
neurons within a given timeframandwith the addition ofmicrogroovest provides axonal

guidance using topographical featu(Bgure S3), which allowsto obtain ordered arrays of
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axons anaimplify subsequeritnaging approaches analyze specificpointsacrosghe length
This system,which we have named Long Axon for Motor neurons (LAM) arrajlews to
obtain significantly longer and oriented axons than any ofitlegtimized cultures.

)
£
2
S
)
[
3
100pm
MN Progenitors MN Aggregates
Overgrown
UV-Light—_
B JId]] 3] ] Mask PDMS
Photoresist .
— —| l_l r —l I_l E OHOHOH
Silicon wafer|
Photopatterning Etching Cast PDMS Remove Sg;gn:; P?:lgla)'tis:‘ge ig{::s:g:;
Biocompatible Microgrooves
\v PR 3 P > E
o i \ >
b YT* L_J r
. . b e -
Biofunctionalised g Microgrooves Flat PDMS
0.06 0.06+
=] * %Q) T B 004 3] 2 004
A 1 v~ - Y © gl S
s, Abs Y| 3 - o
2 10um f — s I I s
Neural- X z 3002 i 1’}_ £ o002
aggregate = j* N £ e e
0.00 e [} T T
0 50 100 150 200 0 0 100 150 20
Degree Degree

Figure 1: Overview of the long axon motor (LAM) array protocol and cell alignment.(A) hIPSC derived

motor neuron progenitors are cultured as previously described. Cells are then overgrown for 2 days past their
confluency point and used to generate neural aggregates by suspension culture on an orbital shaker.
Immunofluorescence panels shapresentative images of the MN progenitors expressing relevant developmental
markersNESTINf or pr o g e3iTUBULIN $or déferehtiafed neurons and DAPI for nuclei at each stage.

(B) Schematic overview of the protocol applied to generate micropattesurfaces using sdithographyand
biofunctionalization of PDMS. For generation of a patterned surface on a silicon Sld8eirs used and
photopatterned using a striped mask and UV light. An imprint of this pattern is created using the biocompatible
material PDMS. PDMS is oxygen plasma treated and-pelysine linked and then coated with an extra cellular
matrix protein as lamin, allowing cell attachmeni{C) Assembly of long axon motor arrays using neural
aggregates and biofunctionalized micro patterned surfaces. The surface has a microgroove pattern (10umx10um,
w X h) interspersed with a 250um wide unpatterned area (plafdaujal aggregates were gigferentiated in
suspension and then placed with a pipette onto the biofunctionalized substrate. Upon differentiation, axons extend
from the aggregates along the grooves. Right panel show a 3D confocal reconstructatiriciion (blue) and

yz (yellow) of axons c-8tubulin{DdCmmpmansortohcell disectibnality ongpatterned s i ng
and flat PDMS, showing alignment of cells to the given topography. No alignment is achieved on a flat substrate
and repesentative fluorescent images of the cells on the different substrate are displayed in the top panel, which

were used for analysis.



Once optimized,the LAM arrays allow us to effectivelglirect axonal elongationand
maintaining separation of cell bodies, dendritesd axonsDue tothe properties of the 3D
aggregate culturelendritegend tostayclose to the cell bodiesd remain significantly shorter
compared to axonwhich insteadnteract with the microgrooves and quickly outgrtheother
neurites Figure 2A-B). This effectively creatsa simple and reproducible system to isolate
axonsfrom the somdor investigationwithout requiring physical barrierBy varying the time

in culture for the LAM arrays weanobtain cultures with identical starting conditions that have
as the only variable the scale of axonal length, which can be effectively tuneddvenal
hundreds ofum (hence representative of conventional cultures), torgeven, up to and
exceedingl cm within 3-4 weeks ofculture, while still allowing tanvestigatesingle axons
within the culturgFigure 2D-E).
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Figure 2: LAM arrays allow to obtain different scaled cultures of motor neuron axons(A-B) Schematic
representation of I|line profile measur3@uBUhIN, sengritcr f or me d
(MAP2) and nuclear (DAPI) markers 14 days after seeding (A). The graph on the right shows a representative line
profil e gBITORULIM positvesaxond) showing that dendrites are solely located in close proximity to
the aggregate whereas axons extend throughout the microgrooves with limited cell mi¢BatRepresentative
fluorescent image of axonal and dendritic staining of LAM arrays with long motor axon cultures 14d in
differentiation(C) Culturing of axons on microgrooves improves overall length and homogeneity compared to flat
PDMS or conventional culturing on tissue culture plastftsr 3 weeks in culturdleasurement of axonal length

in mm on diff er e3TWUBULINI #tasning ca $ingls celutrmrisfecgonsbwith GFP (conventional)
across single axongKruskalWallis test *p=0.0182, ****p<0.001, Mean+95%CI calculated w1 independent
experimental block with 1 cell lines each wahechnical replicatg¢s(D-E) Using LAM arrays allows culture of

axons in the camange after 21d in differentiation or mrange after 14d in differentiation. pranged motor axons

are achieved after 1d in differentiation. Representative fluorescent images of the different axonatleayéu

on LAM array cultures ar e -3iTuBoulM and arepresentectwitt teetsame pixelt ai ne d



sizet D) . Represent at i-3T&BULIN pdsitve lanlg motomaxane o bieehgin@ered substrates
close to the aggregate (blue) and distal regions (red) projecting along the topdggphy

2.2. LAM array analysis shows $ructural and functional alteration that arise past specific
At hr esholndibo.l engt h

Using the LAMplatform,we sought first to understand whetlséuctural componentisithin

the axons would chge in distribution or compositioat different axonal lengthhe most
fundamental structural component for axons is the cytoskekatdme focused in this instance
on neurofilamentgNFs) asthey arehighly abundant in axonsleurofilaments are arranged in
a tripartite structure, consisting of differently sized subunits which are named after their
respective weight, light (NFL), mediuNFM) and heavy (NFH) chains. Theiomposition
and abundance has besimownto changebetween species and tissues algb along single
axonsin vivobut less is known about theglativechanges within human motor axons and the
effect of their abundanceon axonal lengthn vitro. We therefore sought tanalyzethe
distribution and ratio between ligfflFL) and heavy chaiNFH) along human motor axons
which weregrown to 1 cm in lengtton our LAM devices Fluorescentintensities of the
respective proteins werormalizedto theb-3 TUBULIN signal accounting for axonal area
andnumber.Interestingly we observedhat whileNFL remainsstablealong the axons\NFH
hasadual mode distribution, decreasing rapidly fromiheto mmscale andtabilizing around
4-5 mmto the level of NFL until the axonal terminal is reacfieéidure 3A). To investigatehe
composition,we further calculate the ratio of the two neurofilament subumitsnparing
proximal,medial,and distal axonal compartmentghich show acontinuous change with NFL
becoming the predominant subunit. Thisonfirmed thesingle subunitchangeand the
correlationwith the length of the axofirigure 3B-D). We then wanted to check whether other
structural and functional components within long axdisplay a similar lengtidependent
alteration in their distributionThe endoplasmic reticulufER) is a key component of the
axoplasnit consists of a physically connected continuous membrane bound orglaaetieans
the entirety of the axotontacting other organellesdthe cytoskeletorand it servesaumerous
specializedolesas protein expoytalcium storager lipid synthesi&*?®. Calreticulin isa major
componenbf the ER and,similarly to what we observed for NFi4, significantly affected by
axonal lengthIn axons reaching &¢m calreticulinis showingmarked changes in distribution
compared to much shorter onesen considering whole axongigure 3E) and in a

compartment specific mann@figure 3F-G).
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Figure 3: LAM array cultures allow systematic analysis of length dependent changes in internal composition.

(A)Long axons cultured on LAM arrays show different distribution of the neurofilament subunits, light (NFL) and
heavy (NFH) chain. Line graph shows NFL (bl u3®) and
TUBULIN. (B) To systematically compare compartment specific effects, axon arrays of different lengths are
separated into proximatpedial,and distal segments, relative to their total axonal length on LAM arrays (color

code). (C) The ratio between theeurofilamensubunits is gradually changing in a compartment specific manner

1 independergxperimentablock with 2 cell lineseach with3 technicakeplicatesand 2independenexperimental

blocks with 1 cell line each with 3 technical replicat€&ruskatWa | | i s t est with Dunnés mi
***%n<0.0001.) (D). FIl uorescent i mages of stained comp&rtments
tubulin. (E-G) Quantification of CALRETICULIN st ai ni ng de n s i-3ttubulim mdicatesllengthe d t o
dependent alterations in E&onal presence and distribution compared to short LAM arrays, both at the whole

axon level E), and within specific compartments) (expressed as fold change compared to the proximal segment

of short axonsThe different colors represent here the experimental bl&tgstesentative fluorescent images of

cal r et i e€dubuiinnn short dnd long axons cultured on bioengineered atdsIB). Analysis conducted

on 2 independent experimental blackvith 2 cell lineseachwith 3 technical replicates. (MaAWhitney,

*kn<0.0001, Mean + S.D.)



As one of the axonal ER maiales is to regulate calciu(@a*) storage and signaling, we next
sought to investigate wheth&mg motor axonsn vitro display a lengthor compartment
dependenalteration in their intracellular @a dynamics whichare also a fundamental part of
neuronalactivity. Usinga calciumsensitiveFluo4AM dye we stainedlcm long motor axons
grown onour LAM arraysandperformeda live imaging analysis of neuronal firing within our
cultures, comparing the differeakonalcompartmentsWe acquiredmagesevery 100msfor

a total of100frames focusing on theaxons usig SiR-Tubulin, a live dyethat isstaining the
microtubulesand performed peak detection and frequency analysis agaglicly available
Matlabc 0 d e @ & la k € aslpievdousdy describ&l. Comparingthe peakintensity and
distribution a marked difference between proximal and distal axmtomes immediately
evident, with the latter exhibiting decreased spike frequency and HE&igjure 4A-C). Further
analysis on thaumber of calcium transients detecteithin each axonal compartment and the
mean height of the detected spikes revealagressivaelecrease bothmeasurements while
movingfrom the proximalto thedistal compartment of the axorfadure 4D-E).

Interestingly, our resultus farconsistently indicate thatt is possiblewithin humanmotor

axons grown to 1 cnn vitro to detect gradual lengitiependent alterationshat while not
indicative of cellular stress or pathological conditions within teerans, all point to a
fundamental change in behavior that becomes evident between the medial and distal portion of
the axonsapprox 4-5 mmfrom the terminals. These observasomere biologically consistent,

as ER,calcium and cytoskeletastructuresare linked?>2¢! and they raise the intriguing
possibility that aléngth(Egura 4F} isalatech axonseddtoradapts h o | d
their homeostatic mechanism§& accommodate a degree of molecular bottlenecking
determined by the lengtheningtofnsport times for organelles, RNgroteins,and nutriert

271 The fact that these changes appear more evident within the distal axons could indicate
compensatory mechanismiat are out in plad® maintainneuronal activity at the most distan

portion of the celfrom the soma.



Figure 4: Long human motor axons on the LAM arrays are functionally active and show gradual
compartment-dependent changes in calcium signalingcross their length. (A-C) Fluorescent imaging of

calcium using Fluo4am loaded long axon motor arrays is performed on LAM arrays using long motor axons.
Representative traces of proximal and distal calcium waves with annotation of detected peaks (redpoint), which

have beenquantdid using a publicly av €&dllladB)®ep@®antativaimagesmfd e ¢ al
living long axons on LAM arrays stained with Fluo4AM usiitgaliumo LUT (C). (D-E) Fluo4Am loaded long

axons are imaged every 10 for 100frames Quantification of calcium events (D), whighe indicated by

increased fluorescenignals,ar¢ hen detected as spikes as above describ
comparison, **proximal vs distal p=0.0029, proximal vs medial p=0.0014) and mean spike height (E) (Kruskal
Wallis test with Dunnds mul ti p¥ep<d.00dpMean sIHBWCI,1* p= 0. C
independent experimental block with 1 cell lines each with 3 technical repli¢g&eshreshold hypothestzased

on gradual length dependent changes found in fundamental structures of long axons

2.3 Length-dependent alterations in axonal mitochondriadistribution and shuttling

To further investigate whether axonal length is a major determiftanthe proposed
biophysical constraint which might influence homeostatic mechanismg sought to
investigatetwo fundamentametabolicprocesses within axons: mitochondria dynamics and

local protein translation. Based tre analysisperformedabove we defined 2 distinct groups
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