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ABSTRACT

Functions of neuronal cells are influenced by mechanical forces due to their

unique shape and geometry. Neurons are highly polarized cells with thin, elon-

gated axons and motile structures at the tip; growth cones. Directional growth

cone motility is required for the formation of precise neuronal connections.

Growth cone motility is driven by transmission of actomyosin dependent con-

tractile forces onto the substrate via integrin-ECM complexes. How the F-actin

network remodelling and coupling to adhesion sites regulate traction forces in

growth cones is understudied. Our lab has recently identified an actin nucleator

of formin family, Formin 2 (Fmn2). Fmn2 regulates actin organization in growth

cones, their substrate interaction and motility (Sahasrabudhe et al, 2016). In this

context, we have explored the role of Fmn2 in regulation of the traction forces in

neuronal growth cones; described in the first part of this thesis.

In this work, using a filopodial bead-pulling assay of neurons plated on de-

formable gels, we show that Fmn2 depletion compromises filopodial contractility.

Increase in retrograde flow in growth cones upon Fmn2 knockdown indicates

that Fmn2 regulates clutch engagement and force transmission. Further, mea-

surements of growth cone traction upon Fmn2 knockdown again indicate Fmn2

dependent traction force regulation. Collectively, this work establishes Fmn2

as a regulator of force transmission via regulation of clutch and provides the

underlying mechanism of the growth cone motility.

Mechanotransduction is likely to be an important mechanism of signalling in thin,

elongated cells like neurons. Maintenance of pre-stress or rest tension may facil-

itate mechanotransduction in these cells. In recent years, functional roles for me-

chanical tension in neuronal development and physiology are beginning to emerge

xiii



but the cellular mechanisms regulating neurite tension remain poorly understood.

Active contraction of neurites is a potential mechanism of tension regulation. In

this study, we have explored cytoskeletal mechanisms mediating active contractil-

ity of neuronal axons. We have developed a simple assay where we evaluate con-

traction of curved axons upon trypsin-mediated detachment. We show that curved

axons undergo contraction and straighten upon de-adhesion. Axonal straightening

was found to be actively driven by actomyosin contractility, while microtubules

may subserve a secondary role. We find that while axons show a monotonous

decrease in length upon contraction, subcellularly, the cytoskeleton shows a het-

erogeneous contractile response. Further, using an assay for spontaneous develop-

ment of tension (without trypsin-induced de-adhesion), we show that axons are in-

trinsically contractile. These experiments, using novel experimental approaches,

implicate the axonal cytoskeleton in tension homeostasis. Our data suggest that

while globally the axon behaves as a mechanical continuum, locally the cytoskele-

ton is remodelled heterogeneously.

So far, this study involves developing assays to look at local regulation of me-

chanical forces in growth cones and axons. In the future, these assays will allow

us to explore force balance between growth cone traction and axonal tension and

its functional implications.
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1. Synopsis

1.1 Introduction

The nervous system of an organism consists of highly specialized cells called

neurons which form a complex stereotyped network driving unique higher-order

functions. Regulation of neuronal cell shape, maintenance of its structural in-

tegrity and its directed motility are required to achieve precise neuronal connec-

tions. Spatiotemporally regulated biochemical signaling is known to drive neu-

ronal elongation and formation of connections during the development. Role of

biochemical signaling in neuronal development is very well appreciated [1] but

functions of mechanical forces are only beginning to emerge. Underlying cy-

toskeleton in neurons not only provide structural stability but also plasticity to

respond to the extracellular biomechanical cues. How different cytoskeletal orga-

nization and their dynamics might regulate mechanical forces is addressed better

in different cell types but is still elusive in neurons. In this thesis, cytoskeletal

mechanisms driving regulation of mechanical forces in neurons will be discussed.

Neurons are highly polarized cells with thin, elongated extensions called axons

and at the tip, sensory structures called growth cones. Formation of the functional

neuronal network is based on the successful navigation of growth cones to their

1



Synopsis 2

respective targets and formation of synapses. Directed growth cone motility re-

quires coordinated cytoskeletal dynamics in response to the guidance cues [2].

Growth cone has two types of protrusive structures: filopodia and lamellipodia.

Filopodia are finger-like projections that harbor receptors for the various cues and

hence act as antennae to explore the environment. Lamellipodia are flat, veil-like

projections at the base of filopodia. Filopodia are formed of parallel bundles of

F-actin and lamellipodia have dense meshwork of F-actin and microtubule bundle

entering from the axonal shaft [3]. It has been established that these structures

and their underlying cytoskeletal drive the directed growth cone motility [4, 5].

Growth cones form contacts with the substrate through integrin-mediated signal-

ing complexes that allow transmission of traction forces on to the substrate in

order to move forward. Role of the actin cytoskeleton in growth cone motility

has been studied previously. Depolymerization of actin causes impaired growth

cone motility suggesting a role of actin dynamics and its regulation in growth cone

motility [6, 7]. Actin dynamics and its polymer network is very well regulated by

different accessory proteins including actin nucleators, elongators, capping and

bundling proteins [8]. How actin regulators orchestrate polymers structures, their

dynamics and couple these to substrate adhesions to generate coordinated traction

in growth cone motility is poorly understood.

There is a growing list of actin binding proteins in the last few years and how

these proteins modulate actin machinery and in turn motility is an active area

of investigation. Role of different actin binding proteins in regulating traction

forces has been suggested in a few studies [9–11]. Interestingly, some of the actin

nucleators involved in nucleation and elongation of actin filaments are shown to

regulate traction forces [12, 13]. The primary function of actin nucleators is to
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drive actin nucleation which is otherwise thermodynamically unfavorable [14]. In

neurons, a class of actin nucleator, formins seems to be playing a critical role.

Formins are involved in nucleation and elongation of straight and unbranched

actin filaments hence may have a dominant role in filopodia formation [15–17]. In

neuronal growth cones; how actin assembly proteins like formins might regulate

pulling forces is not known. In this thesis, we will discuss the role of Formin-2

(Fmn2) [18] in regulating traction forces in growth cones (chapter 2).

Neuronal growth cones navigate long distance from their respective cell bodies

in order to form connections. It is demonstrated that, in cultures, moving growth

cones apply stretch on axons as they advance [19, 20]. Once connections are

formed, axons spanned by long distances undergo stretch as the surrounding tissue

expands and the animal grows. Axonal stretch is known to affect various functions

from neuronal growth [21] to synapse formation [22].

Axons are filled with heavily cross-linked microtubules and neurofilaments [23–

25]. Microtubules act as tracks for dyneins and kinesins which move cargoes an-

terogradely and retrogradely [26], respectively. Actin is mainly present in the

cortical region underneath the membrane [27]. Periodic actin rings organized

by spectrin underneath the membrane offer mechanical stability to thin axons.

Dynamics of the axonal cytoskeleton and its functions are not very well stud-

ied. Recently, actin trails and actin patches have been shown to be dynamic actin

structures in axons [28]. However, the functional context of these structures is

still missing. Though stretch-dependent neuronal functions are characterized; the

cytoskeletal dynamics driving different stretch-dependent responses are not very

well explored. Stretch-dependent elongation is the only phenomenon which has

been addressed to some extent where mechanisms for cytoskeletal dynamics have
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been proposed [29]. The focus of the field has been the stretch as a cue to drive

various neuronal functions. Intrinsic mechanisms involved in regulating neuronal

rest tension and the role of cytoskeleton dynamics remained poorly understood.

In this thesis, we propose axonal contraction as a potential mechanism regulat-

ing neuronal rest tension and we discuss the cytoskeletal mechanisms of axonal

contractility (chapter 3, 4 and 5).

1.2 Objectives

A. Filopodial extension, attachment to the substrate and contractility are impor-

tant steps in growth cone motility. Through integrin-mediated engagement with

the ECM, transient focal contacts are formed and traction forces are transmitted

on to the substrate. How filopodia exert pulling forces, how actin dynamics and

associated motors regulate it, have been the focus of several studies, in last few

years [30]. We investigated this problem in a context of previously characterized

actin nucleator of formin family, Fmn2. Fmn2-mediated growth cone motility, its

enrichment along filopodial bundles and at the tip of filopodia have been shown

previously by our group. Levels of pFAK (Y-397), an activity marker for focal

contacts, reduce significantly at the tip of filopodia upon Fmn2 knockdown. The

shorter lifetime of filopodia suggests weaker substrate interaction and transmis-

sion of forces [18]. Based on these results, we propose to study the role of Fmn2

in regulating filopodial traction dynamics. Interestingly, Fmn2-mediated actin or-

ganization not only regulate filopodial dynamics but also growth cone area and its

substrate interaction [18]; suggesting the function of Fmn2 in regulating growth

cone traction. We propose to test these speculations and understand mechanisms
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of Fmn2 dependent growth cone motility using retrograde flow analysis and trac-

tion force measurements (chapter 2).

B. Regulation of prestress or rest tension might be important to achieve mechan-

otransduction in thin, elongated axons. In the field of axonal mechanics,

stretch growth and its functions have been studied extensively [21, 29, 31],

however, mechanisms regulating axonal rest tension have received relatively

little attention. Axonal contraction is a potential mechanism regulating axonal

rest tension. Current understanding of axonal tension regulation and contraction

is based on the limited set of localized, mechanical perturbations like ablation,

microneedle-based pulling or slackening. In the current study, we aim to develop

novel paradigms which are less intrusive and globally acting to probe cytoskeletal

mechanisms driving regulation of axonal contraction and rest tension (chapter 3

and 4). Further, we propose to understand mechanisms of mechanical tension

regulation in the great quantitative details using a novel force measurement

technique, Optical fiber-based force transducer (chapter 5).

1.3 Major Findings in this study

1.3.1 Formin-2 (Fmn2) in regulating filopodial contractility

and traction forces in growth cones

Growth cone motility is a crucial step in axonal guidance and formation of func-

tional neuronal connections. Our lab has established the role of Fmn2 in growth

cone motility [18]. Using biophysical assays like traction force measurements and

filopodial pulling assay we show that Fmn2 is involved in regulating growth cone
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traction via regulation of the clutch.

Fmn2 regulates Filopodial traction dynamics

It has been shown earlier in the lab that upon morpholino-based Fmn2 knockdown,

growth cone motility is compromised. Using pFAK (Y-397) as an activity marker

for focal contacts, it has been shown that Fmn2 knockdown leads to the weaker

interaction of filopodia with the substrate. Interestingly, this defect was signifi-

cantly dominant at the tip of filopodia compared to the base [18]. This suggests

that force dependent maturation of nascent focal contacts at the tip is affected. We

tested this hypothesis using a bead pulling assay to evaluate the filopodial pulling

forces.

Using a bead pulling assay, on a compliant gel, we showed that Fmn2 regulates

traction dynamics of filopodia. As compared to the control, Fmn2 morphants

show reduced pulling velocity, though the frequency of pulling is comparable with

the control.

pFAK (Y-397) levels not only drop significantly at the tip of filopodia but also

across growth cones suggesting function of Fmn2 in regulating traction in the

central region as well. We tested this possibility by measuring retrograde flow in

growth cones and estimating traction forces upon Fmn2 knockdown.

Fmn2 regulates transmission of forces via regulation of molecular clutch

Reduced traction dynamics at the tip of filopodia and drop in pFAK (Y-397) ac-

tivity [18] in growth cones upon Fmn2 knockdown suggested the involvement of

Fmn2 in regulating clutch. If F-actin bundles are not engaged very well at the

tip then the force will not be transmitted on the substrate and retrograde flow
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would increase. To test this hypothesis, we measured retrograde flow in control

and Fmn2 morphant growth cones. Upon Fmn2 knockdown, retrograde flow in-

creases suggesting its role in regulating clutch.

Increase in retrograde flow in growth cones and reduction in pFAK (Y-397) levels

[18] upon Fmn2 knockdown suggested the role of Fmn2 in regulating growth cone

traction. We confirmed this by measuring traction forces in control and Fmn2

morphant growth cones. This data suggest attenuation of traction forces upon

Fmn2 knockdown, though this has to be confirmed further with more numbers.

Discussion

Filopodia are important in directional motility of the growth cone [7]. Various

actin nucleators of formin family have been implicated in filopodia formation in

different cell types [15–17].

Our lab has characterized the role of Fmn2 in growth cone motility and midline

crossing [18]. In the current study, we have looked at the mechanistic details of

Fmn2-mediated growth cone motility. Reduced pFAK (Y-397) levels at the tip

of filopodia [18] and compromised filopodial traction suggest the role of Fmn2

in force transmission at the tip. Increase in retrograde flow, reduction in pFAK

(Y-397) levels in growth cones [18] and reduced growth cone traction upon Fmn2

knockdown collectively support the role of Fmn2 in regulating traction dynam-

ics and force transmission in growth cones. Fmn2 localizes to the actin bundles in

filopodia and have a role in organizing actin structures in growth cones. Reduction

in traction and force transmission could be due to defects in actin bundles. Data

from fibroblasts suggests that Fmn2 colocalizes with ventral stress fibers hence

may have a direct role in force transmission either by regulating actin bundles or
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crosslinking [18]. Another possibility is that Fmn2 dependent actin assembly may

regulate force dependent maturation of focal contacts. Interestingly, using optical

trap based measurements, a recent study in HeLa cells suggests that formin de-

pendent actin bundles are involved in transmitting actomyosin force at the tip of

filopodia [32]. In the future, Fmn2-mediated focal contact dynamics and matura-

tion will be studied to gain more insights into the underlying mechanism.

1.3.2 Cytoskeletal mechanisms of axonal contractility

Axonal contraction is a likely mechanism to achieve length minimization and to

maintain the prestress. Using simple cell biological assays; we have investigated

the role of cytoskeletal dynamics in regulating axonal contraction. We have char-

acterized underlying cytoskeletal response upon axonal contraction, using docked

mitochondria as a cytoskeletal marker. We propose axonal contraction as a poten-

tial mechanism to regulate axonal rest tension.

Axons show strain relaxation and straightening upon trypsin-mediated de-

tachment

We have developed an assay wherein we look at straightening or length shorten-

ing of curved axon upon trypsin treatment. Neurons display curvature in absence

of serum. When these neurons were subjected to trypsin treatment, axons de-

tached and showed a straightening response. This length shortening is calculated

as strain. The strain relaxation showed an exponential response in a few cases

while other neurons exhibited linear response. Further, we studied cytoskeletal

mechanisms of axonal straightening (discussed below).
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Axonal strain relaxation is actomyosin dependent

To understand whether this detachment induced straightening is actomyosin de-

pendent, we used specific inhibitors of actin and Myosin- II. Upon Latrunculin

A (Lat-A)-mediated depolymerization of actin, straightening is completely abol-

ished. Blebbistatin (Bleb) treated axons fail to show straightening. These two

results suggested that axonal strain relaxation is actomyosin dependent. We call

this strain relaxation as an actomyosin dependent axonal contraction.

Effect of microtubule depolymerization on axonal contraction

An axonal shaft is filled with heavily cross-linked microtubules. Microtubules

dynamics is known to affect various aspects neuronal functions. We asked if

microtubules are involved in regulating axonal contraction. Microtubules were

depolymerized using a specific inhibitor, Nocodazole (Noco). Axonal beading

was observed upon noco treatment which is the characteristic phenotype of mi-

crotubule depolymerization in neurons. Despite this beading phenotype, axonal

contraction was intact, however, the rate of contraction was reduced. Reduced

rate of straightening and contraction could be a secondary effect of morphological

changes in neurons. We observe thin tethers along Noco treated axons which hin-

dered straightening kinetics. In the future, how dynamic microtubules participate

to sustain the axonal contraction will be studied.

Axons show inherent, spontaneous contractile activity

We have shown that upon de-adhesion, axons show a contractile response. De-

adhesion induced axonal contractile response led us to test if axons exhibit in-

herent, spontaneous contractility. We used microcontact printing assay to ask
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this question. Neurons were cultured on the high adhesive islands (Laminin+ Fi-

bronectin) on which growth cone turning towards the island induces curvature

along the axon. Live imaging of these neurons showed that axons become straight

without induced detachment but at a slower rate. This suggests that inherent, spon-

taneous contraction is a slow process limited by the rate of detachment. The extent

of contraction, however, was comparable with trypsin-induced de-adhesion.

Cytoskeletal strain shows heterogeneous response upon axonal contraction

To understand the nature of cytoskeletal dynamics upon axonal contraction, we

used docked mitochondria as a cytoskeletal marker. Interaction of these mito-

chondria with microtubules [33, 34], neurofilaments [35]and actin [36] have been

studied earlier. Docked mitochondria have been used as a cytoskeletal marker in

the stretch paradigm earlier [37].

We calculated local strain between two adjacent mitochondria as the axon straight-

ens. Local strains were found to be heterogeneous despite the monotonic drop

in the length of axon. The contraction in one pair is occasionally concomitant

with an extension is another pair. The overall additive strain is negative at any

given point suggesting cumulative contraction. We imaged docked mitochondria

without trypsin flow to get heterogeneity due to the baseline mitochondria fluc-

tuations. Heterogeneous strain response is significantly more in trypsin-mediated

de-adhesion and straightening paradigm than the baseline confirming that strain

heterogeneity is indeed due to the axonal contraction.

This data suggested that there are small contractile units present along the entire

length of axons and axonal cytoskeletal is not showing contraction as a whole.
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Discussion

Using trypsin-mediated de-adhesion, we show that axons show a contractile re-

sponse in actomyosin dependent manner. Though microtubule depolymerization

doesn’t abolish contraction, it happens at a slower rate. We demonstrate inherent,

spontaneous contraction of axons using microcontact printing assay.

We propose that axonal contractility is balanced by adhesion along axons and

upon spontaneous or induced detachment, actomyosin machinery drives the con-

traction resulting in length shortening. Such local contractile mechanism might

be important for the length minimization in neuronal networks.

Further, we show that subcellular cytoskeleton shows heterogeneous response

upon contraction. This heterogeneity might have functional implications in branch

dynamics and adhesion dynamics along axons, in vivo.

Mechanical forces are important for rapid mechanotransduction and signalling. In

the future, how mechanosensory growth cone and the prestressed axon influence

each other to achieve the force balance will be studied.



2. Formin-2 in regulating filopodial

contractility and traction forces in

neuronal growth cones

2.1 Introduction

2.1.1 The growth cone structure and motility

Formation of the precise neuronal connections depends on navigation of growth

cones towards their respective targets. Cue-dependent, coordinated growth cone

motility is critical for the axonal guidance and in turn for the formation of pre-

cise neuronal connections. Growth cones have long finger-like projections called

filopodia and veil-like, flat structures called lamellipodia. Filopodia are sensory

structures, they have un-branched, parallel bundles of actin and few exploratory

microtubules. At the base of filopodia, the lamellipodial region has cross-linked

actin network [3] (figure 2.1).

The growth cone filopodia have receptors for detecting attractive and repulsive

cues in the environment; substrate-bound or diffusive cues invoke underlying cy-

12
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toskeletal dynamics and this leads to the accurate growth cone navigation. Un-

derlying cytoskeletal dynamics is crucial for the coordinated growth cone move-

ment [2].

It has been shown in different cell types that actin dynamics at the leading edge

drives the motility [38]. Role of the actin cytoskeleton and its regulators in the

growth cone motility have been studied in last few years [4]. Depolymerization of

actin causes impaired growth cone motility; directionality of growth cone is com-

promised [6, 39]. Myosin-II activity in lamellipodial region and actin assembly

at the leading-edge drive the F-actin retrograde flow in growth cones [40]. Retro-

grade flow of actin [41] and myosin-driven contractility [42] are required for the

growth cone motility. The dynamic balance between polymerization at the tip and

the retrograde movement of actin decide protrusion or retraction of filopodia [43].

There is a direct evidence that, if this balance is perturbed then the rate of growth

cone movement is affected. It has been shown that the growth cone movement is

inversely proportional to the retrograde flow [41].

Once filopodial or lamellipodial protrusions are formed, then they are stabilized

through the integrin-mediated interaction with the substrate [44]. Focal contacts

formed through the integrin receptor engagement with the extracellular matrix

(ECM) act as a transient clutch to transmit the intracellular contractile forces onto

the substrate as traction forces. Cellular contractility and transmission of trac-

tion forces on the substrate are important steps in the cell motility and studied

extensively in different cell types [45, 46], however, remained understudied in

neurons. In last few years, there are many independent studies suggesting the

molecular clutch hypothesis in different cell types [47, 48] and a few studies in

neurons [49, 50]. When clutch is engaged; the linkage between F-actin and ECM
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is formed through the transmembrane integrin receptors. Retrograde flow atten-

uates and forces are transmitted on to the substrate. This is followed by poly-

merization near the membrane that facilitates the protrusion. When clutch is not

engaged; then F-actin bundles are not linked to the ECM at the focal contact, ret-

rograde flow of actin increases and traction forces are reduced [51] (figure 2.2). It

has been proposed that differential regulation of clutches might allow movement

of the cell front while retraction of the rear part.
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Figure 2.1: The growth cone and its underlying cytoskeletal arrangement. Based

on the underlying cytoskeletal arrangement, the growth cone has three regions:

central domain, peripheral domain and transition domain. Central domain has

microtubule bundle entering from the axonal shaft. The peripheral domain con-

sists of finger-like projections called filopodia and veil-like projections called

lamellipodia. Filopodia have parallel bundles of actin and few exploratory mi-

crotubules. The lamellipodial region consists of the cross-linked F-actin network.

In between C and P domain, actin network is arranged to form the actin arc which

constitutes the transition or T domain. (Adapted from [3]).
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Figure 2.2: The molecular clutch hypothesis. (a) Actin polymerization at the tip

(shown in blue). Integrins (green and purple) are bound to the ECM. (b) Ret-

rograde flow increases if the clutch (yellow) is not engaged. (c) If the clutch is

engaged, then traction forces are transmitted on to the substrate and retrograde

flow attenuates and the protrusion is favored (Adapted from [51])

.
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2.1.2 Regulation of filopodial and the growth cone traction

forces

Filopodia initiate contacts with the substrate and can reorient growth cones to-

wards or away from the attractive or repulsive guidance cues, respectively. Filopo-

dial traction dynamics is important for initiating directional forces and regulating

the growth cone motility [52]. Mechanisms of filopodial pulling are poorly under-

stood and highly dependent on cell types and force measurement techniques [30].

Filopodial pulling forces have been studied more often in the other cell types than

neurons, using two different techniques-optical trap based measurements and us-

ing the compliant substrates. Based on optical trap measurements in HeLa cells,

it is proposed that retrograde flow in the lamellipodial region drives a continu-

ous retrograde flow of the actin network in filopodia. Since actin meshwork is

coupled in the filopodial and lamellipodial region, friction between two drives the

retrograde flow in the filopodial region and its pulling (figure 2.3). It is proposed

that membrane tension may have a secondary role in driving the filopodia retrac-

tion [53]. Recently, it has been shown that helical buckling of actin is sufficient to

generate filopodial traction on the trapped bead in HEK293 cells [54]. However,

such mechanisms have not been studied in growth cone filopodia. Growth cone

filopodia dynamics and traction have been studied more often using compliant

substrates, as discussed below.
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Figure 2.3: Filopodial force regulation. A. Contraction and depolymerization

at the base of filopodium drive the retrograde flow. This is coupled to the actin

meshwork in filopodia driving its retraction or pulling. Polymerization at the tip

drives the protrusion. B. The number of adhesions and geometry regulate traction

forces (Fm is membrane tension, Fa is actin retrograde flow) (Adapted from [30])

.

There are significant differences in filopodial force values reported so far for neu-

rons and other cell types [30]. Force measurements of filopodia using compliant

substrates report higher values as compared to the optical trap [42, 50]. These

differences are excepted since these measurements are in different cell types and

the adhesion dynamics in two techniques are different; the shaft adhesions are in-

tact in traction studies on compliant substrates unlike optical trap measurements

(figure 2.3 B).

Using traction force measurements of growth cone filopodia from Myosin-II B

knockout mice, it has been shown that Myosin-II B is required for the generation
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of filopodial traction forces and the growth cone motility [42]. Recently, Myosin

dependent filopodial pulling was confirmed in HeLa cells using the optical trap

based force measurements and further, it was shown that formin-dependent actin

network is required for the filopodial force transmission [32].

Filopodial traction is regulated by various biomechanical cues. Interestingly,

clutch dynamics is modulated in response to stiffness of the substrate. Long and

sustained pulling with intermittent, sudden detachment have been observed on a

compliant substrate. This behavior is called load and fail cycle. On the other hand,

on stiffer substrates, only smaller pulls are sustained for the shorter time; this be-

havior is termed as frictional slippage. These two different modalities suggest that

filopodia are mechano-sensitive and regulate traction in stiffness dependent man-

ner [50]. Apart from mechanical signal mentioned above, different biochemical

cues can regulate growth cone traction by modulating dynamic interplay between

retrograde flow and actin polymerization at the tip, through the receptor signaling.

Netrin-1 immobilized on glass beads was sufficient to reorient the spinal growth

cone and exert traction in myosin-II-dependent manner. Interestingly, phosphory-

lation of Focal Adhesion Kinase (FAK) at Y-397 residue is required for the force

transmission and recruitment of additional focal adhesions, consistent with other

cell types [55]. It has been shown that growth cone traction on a soft substrate

coated with laminin increases upon NGF induction [56]. All these studies suggest

that upstream biochemical or mechanical cues can modulate the growth cone trac-

tion. However, cytoskeletal mechanisms and regulators driving this regulation are

not very well explored.

So far, our knowledge regarding force transmission at the focal contacts is based

on different cell types and not formally studied in neuronal growth cones in great
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details. In this chapter, we have discussed how an actin nucleator, Formin-2

(Fmn2) can regulate traction in spinal growth cones.

2.1.3 Formins and cell motility

Actin-based motility requires nucleation and elongation of the actin filaments.

Actin nucleation is a thermodynamically unfavorable process and requires the as-

sistance of proteins called actin nucleators [57]. Formins are the class of actin

nucleators which form un-branched, linear actin filaments dominantly found in

filopodia (Arp2/3 based nucleation and its role in motility are not discussed here

since it is beyond the scope of this study). Formins are characterized by the pres-

ence of N-terminal FH1 domain and FH2 domain at C-terminal. The FH2 domain

of formins binds to the barbed end and move processively with the growing fila-

ments [14]. Formins regulate wide variety of cellular functions in vertebrate sys-

tems like stress fiber assembly [58], cytokinesis [59, 60], oogenesis [61], axonal

elongation [62], polarity of the egg [63].

Different classes of formins have been implicated in the filopodia formation in a

variety of cells [15–17, 64]. Dia2 (Diaph2) and DAAM [65] shown to be regulat-

ing filopodia formation in neuronal growth cones.

Interestingly, actin assembly by formins at focal adhesions has been proposed to

regulate traction forces in some reports. Dia-1 is known to regulate focal adhe-

sion and traction forces via filament assembly at focal contacts. The stress fibers

formed by the Dia-1 act as the structural template to transmit myosin-driven forces

at focal contacts [12]. FHOD-1 formin is shown to regulate actin assembly at in-

tegrin clusters and traction forces in fibroblasts [13]. Formin dependent regulation

of focal adhesions and traction forces are studied in fibroblasts only in a handful
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studies and not reported in neurons.

Fmn2 is enriched in the nervous system [66] and has a potential function in hu-

man intellectual and cognitive disabilities, and synaptic functions [67,68]. Earlier

work in our lab has suggested functions of Fmn2 in the neuronal development and

pathfinding. Using chick spinal neurons, it has been reported earlier [18] that:

1. Fmn2 in enriched in the brain and spinal cord and its expression overlaps with

stages of the neuronal outgrowth.

2. Fmn2 is involved in midline crossing during the neuronal development.

3. Fmn2 regulates growth cone motility (figure 2.4) and substrate adhesion (figure

2.5).

These observations prompted us to look at the role of Fmn2 in regulating growth

cone traction dynamics and to explore biophysical mechanisms of Fmn2 driven

growth cone motility. In this study, we have looked at the role of Fmn2 in regu-

lating filopodial and growth cone traction.

Figure 2.4: Fmn2 regulates growth cone motility. Representative frames from

time-lapse imaging for control (A) and Fmn2 morphant (A’) growth cones. The

time stamp shows minutes elapsed. (B) Fmn2 depletion affects growth cone motil-

ity. The line represents the mean and error bars indicate s.e.m. **P60.01; Man-

nWhitney test. Scale bars: 10 µm. (Adapted from [18]).
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Figure 2.5: Fmn2 knockdown impairs filopodia-substrate interaction. (A-B’)

Representative micrographs of control morpholino-treated (A, A’) and Fmn2

morpholino-treated (B, B’) growth cones immuno-stained for pFAK (Y-397) and

phalloidin. The pFAK signal seen at filopodial tips in the control is lost in the

Fmn2 morphant (insets). (C) The pFAK signal from line traces along the filopo-

dia. The line represents the mean and error bars indicate s.e.m. (D) Normal-

ized pFAK signal in the distal segments of filopodia. (E) Quantification of pFAK

(Y-397) intensity in the entire growth cone, normalized to the growth cone area.

*P60.05; MannWhitney test. Scale bars: 10 µm. (Adapted from [18])

.
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2.2 Results and discussion

2.2.1 Bead pulling assay to study filopodial traction dynamics

Spinal neurons were cultured on the soft substrate (0.438 kPa) as described in

materials and methods in the next section (figure 2.6 A). Filopodium forms an

attachment with the substrate and pulls on it. Over time (in few seconds), the

tension builds up causing a sudden detachment of filopodium from the substrate.

These responses result in deformations of the substrate that are detected by the

displacement of gel-embedded fluorescently labeled beads (figure 2.6 A-A”’). The

observed load (pulling) and fail (release) behavior of filopodia on a compliant

substrate is consistent with the earlier report [50].

Advantages of this assay are:

1. Unlike optical trap where filopodium is detached and trapped on the bead, this

assay relies on inherent dynamics and substrate interaction of filopodia. Adhe-

sions along the filopodial shaft are intact.

2. Traction dynamics of many filopodia can be visualized at the same time.

In the initial standardization experiments, growth cones were imaged in DIC mode

and with 10 second interval. Frequency analysis gives the distribution of pulling

distance and velocity. Pulling distance ranges from 100 nm to 1 µm. Velocity

ranges from 10 nm/second to 80 nm/second (figure 2.7). Smaller pull lengths

are enriched because of sudden tension build up and release between the pulling

events. As a proof of principle, we show the load and fail behavior of filopodia

using bead puling assay (figure 2.6 B). In knockdown experiments, we have used

the frame rate of 3.3 seconds (Data with 1-second interval also show load and
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fail behavior) to be able to image for a longer time without bleaching. We could

observe multiple filopodia undergoing bead pulling at any given time. When we

compared their pulling velocities, then it was observed that there is a significant

variation in bead pulling at the tip vs base of the filopodium. There was a signif-

icant variation in the bead pulling by filopodia located at different angles. Within

the limits of our analysis, bead pulling and traction seems to be regulated by dif-

ferent factors and highly stochastic. This variation could be due to stochastic

attachment-detachment cycles or could also be an experimental variation. A sim-

ilar observation has been made earlier for chick forebrain neurons cultured on the

compliant substrates [50].
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Figure 2.6: Filopodia bead pulling assay. A. Representative micrograph of a

mGFP-transfected growth cone plated on polyacrylamide gel (0.438 kPa) with

embedded fluorescent beads. The movement of a bead close to the filopodium

tip is tracked over time to assess the traction force exerted by the filopodium on

the compliant substrate. Scale bar:10 µm. (A’-A”’) Representative frames from

a time-lapse sequence for the region boxed in A. The time stamp shows minutes

elapsed. Scale bar: 2 µm. B. An Example of load and fail behavior of a bead

pulled by the filopodium. C. The trajectory of a bead pulled by the filopodium.
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Figure 2.7: Distributions of the pull length and velocity. A. Percent frequency of

pull lengths. B. Percent frequency of pulling velocity. Data shown over here is for

10- second intervals (3.3 seconds and 1 second interval data show similar trends).

Data are collected from more than 30 filopodia and 700 pulling events.

2.2.2 Filopodia traction dynamics is Myosin-II dependent

Myosin-II has been proposed to be involved in traction force generation pre-

viously. An earlier report suggests that Myosin-II B is involved in filopodial

pulling [42]. A recent study in HeLa cells confirmed that Myosin-II at the base

of filopodia is involved in pulling and retraction of the tip of filopodia. To know

whether we see the similar contribution of Myosin-II in our assay, we inhibited

Myosin activity using a specific inhibitor of myosin-II, Blebbistatin (30µM). We

imaged growth cones to capture filopodia bead pulling in the continuous presence

of Blebbistatin. It was noticed that most of the growth cones become filopodia-

like, without a central region and filopodia lose contact with the substrate hence

the bead (figure 2.8 A-A’). Due to this limitation, we could get data only for 3
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growth cones. Upon myosin-II inhibition, lengths of pulls and velocity drop sig-

nificantly as compared to the matched DMSO control (figure 2.8 B, C). This sug-

gests that myosin-II is involved in filopodia force generation, consistent with the

earlier results.

Figure 2.8: Filopodial traction dynamics is myosin-II dependent. A-A’. Repre-

sentative images of Blebbistatin treated spinal neuron. Scale bar: 10 µm. Arrows

show that growth cone collapses and only filopodia remain upon blebbistatin treat-

ment as reported in other studies. Time stamped is in minutes. B-C. Pull lengths

and velocity are abrogated upon Blebbistatin treatment. The number of pulling

events are shown in brackets on plots. Data are represented as box and whisker

plots using the Tukey method. The horizontal line inside the box represents the

median. ***P60.001, MannWhitney test. (With Amrutha Palavalli)
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2.2.3 Role of Fmn2 in filopodial traction dynamics

Earlier work in the lab established the role of Fmn2 in midline crossing of com-

missural neurons in vivo and its expression overlaps with the stages of neuronal

outgrowth. Further, in vitro studies suggested that growth cone motility is affected

upon Fmn2 knockdown. pFAK levels reduce significantly at the tip of the filopo-

dia upon Fmn2 knockdown which suggested its role in substrate attachment and

traction force generation [18].

Since Fmn2 is a member of formin family, it has a potential role is in regulating

parallel bundles of actin in filopodia and filopodial pulling forces. We used bead

pulling assay to ask whether Fmn2 has any role in regulating filopodial traction

dynamics. Upon Fmn2 knockdown, lengths of pulls and velocity are affected.

However, the frequency of pull is comparable with control morpholino (figure

2.10). Data were compared for the pull lengths more than estimated noise; 25

nm (figure 2.9). (Knockdown efficiency was standardized earlier in the lab. 50%

knockdown efficiency was estimated after 24 hours. Specificity of phenotype was

checked by two different morpholinos. Growth cone morphometric defects and

motility defects were rescued using a morpholino resistant construct [18]).
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Figure 2.9: Estimation of RMS inaccuracy. The noise was estimated using beads

in the background where no cells are present. RMS calculated using 58 beads

is 25 nm, shown by the red circle. (Details of calculations are in materials and

methods).

This suggests that in Fmn2 morphants, filopodia are able to form a contact in an

equal frequency as that of the control morphants but fail to generate sustained

traction; filopodium slips quickly before longer pull can be sustained. This opens

up following possibilities:

1. As myosin-driven contractility originates from frictional coupling of filopodial

actin bundles to the actomyosin network at the base, defects in the actin organi-

zation in the central region leads to the poor filopodial contractility. Earlier work

using anisotropy measurements in the growth cone suggests defects in actin or-

ganization upon Fmn2 knockdown hence supports this hypothesis [18]. Fmn2

has been shown to bundle actin filaments in vitro (Priyanka Dutta’s unpublished
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work) supporting this hypothesis. Fragile actin bundles in Fmn2 morphant filopo-

dia might affect the force transmission. Our qualitative observation from live

imaging of actin GFP transfected Fmn2 morphant growth cone show that, filopo-

dia occasionally show sharp bends suggesting defects in actin arrangement upon

Fmn2 knockdown. (Data not shown ).

2. F-actin bundles are not efficiently engaged with the point contacts resulting in a

weak clutch. Earlier work using pFAK(Y-397) seems to indicate the focal contact

defect upon Fmn2 knockdown and this could be due to the force dependent focal

contact maturation is affected since actin bundles are not engaged at the tip.
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Figure 2.10: Fmn2 knockdown affects traction dynamics. A. Frequency of

pulling upon Fmn2 knockdown is comparable with control. B. Pull lengths are

reduced upon Fmn2 knockdown. C. Velocity of pulls are attenuated upon Fmn2

knockdown. Data are represented as box and whisker plots using the Tukey

method. Numbers in brackets indicate pulling events. Number of filopodia are 10

and 17 for control and Fmn2 morphants respectively. The horizontal line inside

the box represents the median. ***P60.001; ns, non-significant; MannWhitney

test.
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2.2.4 Fmn2 knockdown results in increase in retrograde flow

suggesting weak clutch

As discussed earlier, Fmn2 has a critical role in regulating filopodial contractility.

Interestingly, Fmn2 knockdown attenuates levels of pFAK(Y-397) in the central

region of growth cones along with filopodia. This indicates that force dependent

maturation of focal contacts is affected upon Fmn2 knockdown, as a result of

compromized F-actin enggagement at the clutch. The molecular clutch hypoth-

esis suggests that when the clutch is engaged, forces are transmitted and F actin

retrograde flow is reduced. When the clutch is not engaged, F-actin retrograde

flow increases (figure 2.2). We evaluated F-actin retrograde flow in the growth

cones by expressing actin GFP in control and Fmn2 morpholino treated growth

cones. These experiments were carried out on the similar compliant gels used in

bead pulling assay and in the growth cone traction; discussed in the next section.

The retrograde flow was analyzed using flow-tracker code obtained from Dr.

David Odde (University of Minnesota). The code gives the kymograph (figure

2.11.B) based on the intensity heat map and hence allows a reliable detection

of the flow [50, 69]. Average retrograde flow increases across the growth cone

upon Fmn2 knockdown (figure 2.11 C). To know where this defect dominates,

we analyzed filopodia and lamellipodia separately.

Interestingly, upon Fmn2 knockdown, retrograde flow increases significantly in

the lamellipodial region but not in the filopodial region (figure 2.12. D and E).

This could be because of dynamics and differential engagement of filopodia,

which mask the effect of Fmn2 knockdown. The transient and weak attachments

of filopodia with the substrate leads to heterogeneity in retrograde flow and hence
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demand more controlled experiment where filopodium is under controlled force

at the tip, e.g. using the optical trap. In the future, this will be confirmed by force

measurements of Fmn2 morphant filopodia using the optical trap.

There are studies in HeLa cells suggesting that the pulling at the tip of the filopo-

dia is driven by actomyosin machinery at the base [32, 53]. Increase in retrograde

flow in the lamellipodial region (at the base) upon Fmn2 knockdown hence is

sufficient to explain weak clutch engagement and reduction in filopodial pulling

at the tip due to the poor force transmission from base to the tip. We suggest

that, though Fmn2 is involved in filopodial force generation at the tip, its domi-

nant function is in regulating traction in the central region. Reduction in pFAK

(Y-397) activity and increase in retrograde flow support this hypothesis. Hence,

we evaluated traction forces generated by growth cones upon Fmn2 knockdown

(discussed in the next section).
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Figure 2.11: Retrograde flow increases upon Fmn2 knockdown. (A) An example

of the growth cone transfected with pCAG actin GFP plated on the compliant sub-

strate. (B) Kymograph generated using flow-tracker plugin. (C) Retrograde flow

upon Fmn2 knockdown in the whole growth cone. (Number of growth cones for

control and Fmn2 morphants are 44 and 36 respectively). (D) Fmn2 knockdown

causes an increase in retrograde flow in lamellipodia. (E) No change in retrograde

flow in filopodia upon Fmn2 knockdown. Numbers in brackets indicate number

of streaks analyzed. ***P60.001, ns: not significant. Unpaired t-test. Scale bar:

10 µm.
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2.2.5 Growth cone traction upon Fmn2 knockdown

As discussed earlier, increase in retrograde flow upon Fmn2 knockdown in the

growth cone suggests that Fmn2 is involved regulating not only tip adhesion but

also traction across growth cones. Levels of pFAK reduces upon Fmn2 knock-

down in the growth cones again support this hypothesis [18] (figure 2.5.E). Using

compliant substrates used in earlier assays, we performed traction force experi-

ments to compare traction exerted by control and Fmn2 morphant growth cones

(details in Materials and Methods). Though statistically non-significant, the trend

suggests that Fmn2 may regulate traction forces exerted by the growth cone (fig-

ure 2.12 D). This data needs to be confirmed with more numbers since there is a

considerable heterogeneity in estimated traction.
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Figure 2.12: Traction force studies. A. Representative micrograph of the growth

cone plated on the compliant substrate. B. Corresponding merge of stressed and

relaxed images of beads. Green beads represent the relaxed position and red beads

represent the stressed position (arrowheads show deformations). Beads away from

the growth cone are yellow suggesting that deformations are absent outside the

cell area. C. Constrained traction for the growth cone shown in A. Heat map rep-

resents traction in Pa. D. Traction drops upon Fmn2 knockdown; more numbers

need to be added to confirm this further.
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2.3 Summary and conclusions

Actin dynamics and its regulators play a pivotal role in cell motility. Study-

ing these regulators allow the development of testable hypothesis to understand

mechanistic details of cell motility in great details. Our lab has shown that an

actin nucleator; Fmn2 regulates growth cone motility and in vivo midline cross-

ing. Interestingly, Fmn2 does not participate in growth cone filopodia initiation

or elongation, however, regulates filopodial tip adhesion maturation and filopodial

stability [18]. Using a bead pulling assay, we could show that Fmn2 is involved

in regulating filopodial traction dynamics. Increase in retrograde flow upon Fmn2

knockdown confirms that Fmn2 has a role in regulating maturation of focal con-

tacts and force transmission in growth cones. Early attempts on traction force

measurements suggest that Fmn2 may regulate traction not only at the filopodial

tip but in the entire growth cone.

Earlier work in the lab suggested that Fmn2 regulates actin bundles in growth

cones [18]. Reduction in traction upon Fmn2 knockdown could be due to the de-

fects in actin bundles and force transmission. Interestingly, inhibition of formins

in HeLa cells affects filopodial pulling forces. In this study, it has been suggested

that formins are involved in filopodial force transmission [32]. In fibroblast cells,

Fmn2 co-localizes with stress fibers and regulate substrate adhesions. This is con-

sistent with the abrogated pFAK activity upon Fmn2 knockdown in the growth

cones [18]. In the current study, increase in retrograde flow and the trend towards

reduction in growth cone traction suggest that Fmn2 dependent actin assembly

and the focal contact dynamics might regulate traction in growth cones (figure

2.13). Actin assembly at the focal adhesion and its involvement in regulating fo-
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cal adhesion maturation and traction has been studied in different cell types for the

formin family proteins [12, 13]. Our study provides the first evidence of similar

function of formins in neuronal growth cones. Since growth cones form transient,

dynamic point contacts that are critical for directional translocation, our study

provides novel insights into Fmn2-mediated actin organization in regulating focal

contact dynamics and force transmission (figure 2.13).

Fmn2 might regulate traction by regulating clutch dynamics directly. This is a

valid explanation since an increase in retrograde flow upon Fmn2 knockdown

strongly supports the poor engagement of actin bundles at the focal contacts. In

future, this can be confirmed further using talin which cross-links actin and inte-

grins directly and a known mechano-sensory protein. Understanding focal con-

tact dynamics and their signaling upon Fmn2 knockdown will help us unraveling

mechanistic details of Fmn2 mediated growth cone motility.
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Figure 2.13: Fmn2 in regulating filopodial contractility and traction forces in neu-

ronal growth cones. Based on the earlier results [18] and based on this study, we

propose that Fmn2-mediated actin organization is required for substrate interac-

tion, tractin force transmssion and growth cone motility.
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2.4 Materials and Methods

2.4.1 Preparation of gels

1. Activation of coverslips:

Coverslips were activated using the protocol described earlier [70]. 28 mm

acid-washed coverslips (Fischer Scientific) were treated with 0.5% APMS (3-

Aminopropyltrimethoxysilane, Sigma) in water for 10 mins. This was followed

by washing with water for 4 to 5 times. These coverslips were baked at 160 ◦C

for 1 hr. Then were pasted on bottoms of 35 mm Petri dishes. Once plates were

ready, 200 µl of 0.5% (in water) glutaraldehyde (Sigma) was added in these plates

and incubated for 1 hour followed by washing with water for 4 to 5 times.

2. Bead coating on the top coverslips:

1:1 diluted stock of 200 nm beads (Fluospheres carboxylate-modified micro-

spheres) was made. Required numbers of 18 mm coverslips were coated with 100

µl of bead solution (1:20 or 1:50 from the stock) using swinging bucket centrifuge

at 3500 rpm for 5 minutes. For the traction force experiments, fibronectin (50

µg/ml, Sigma) coated 18 mm coverslips were used for the same.

3. Preparation of gels:

0.438 ± 0.064 kPa poly-aryl amide gels (using 3% acrylamide and 0.1% bis-

acrylamide.) were made using protocol described earlier [71]. 15µl of gel mix

was added on the activated surface of coverslip bottom Petri dish and the bead

coated 18 mm coverslip was inverted on that. After gels were solidified, water
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was added to avoid drying. 18 mm coverslips were removed from the gel surfaces

using a razor blade. The top coverslip with beads is brought in contact with the

gel drop as the gel is polymerizing. This leads to the transfer of beads on the

gel surface. Coverslips were removed after immersing gels in the water. With

this protocol, we robustly get smooth gels and top surfaces uniformly coated with

beads without traces of gel on the top coverslips. This suggests that there could be

only minimal topological changes and unlikely to affect deformations. However,

in the future, the protocol can be improved by avoiding coating of top coverslips

and by adding beads in the gel pre-mix.

Stiffness measurements of gels were carried out using the AFM (By Kavitha

Sthanam from Dr. Shamik Sens lab at IIT Bombay). Briefly, two technical repli-

cates were used to do the measurements. For each set, minimum 30 readings were

taken using a pyramidal cantilever and data was analyzed using Hertz fitting [72].

In this study, the pyramidal cantilevers were used for the stiffness estimation

which sometimes overestimates the stiffness values. In the future, it is important

to validate stiffness measurements using spherical cantilever.

4. ECM cross-linking:

200 µl of 2 mg/ml sulfo-SANPAH (Thermo Scientific or Covachem) was added

on gels and kept under hand-held UV (365 nm) at the distance of 5 to 8 cm for

one hour inside the hood. Plates were washed with water 3 times. 250 µl of 50

µg/ml fibronectin (Sigma) was added on gels and incubated overnight at 4 ◦C till

next day, before dissection and culturing.



Fmn2 in regulating traction forces 42

2.4.2 Dissection and cultures

Fertilized, white Leghorn chicken eggs were obtained from Venkateshwara Hatch-

ery Private Limited, Pune, India. All procedures were approved by the Institu-

tional Animal Ethics Committee, IISER Pune, India. Six-day old chick embryos

were used to isolate spinal cord. Dissections were carried out in sterile PBS (137

mM NaCl, 2.7mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) on the Silgard

plate under a dissecting microscope inside a horizontal laminar flow hood. The

dissected spinal cord was collected in L15 medium (Gibco). The tissue was cen-

trifuged at 3000 rpm for 3 minutes before the medium was removed and 1x trypsin

(Lonza) was added. Trypsinization was undertaken for 20 minutes at 37 ◦C . Fol-

lowing trypsinization, the tissue was centrifuged at 3000 rpm for 3 - 5 minutes

before removal of trypsin and washed with L15 medium. The dissociated neu-

rons were plated on pre-made gels in 35 mm cover glass bottomed Petri dishes

containing 1.5 ml media (L15 containing 10% FBS, 6 mg/ml glucose (Sigma), 1x

glutamine (Gibco), 0.6% methocel (Chemicon),100 ng/ml NGF (Gibco) and 1x

Penstrep (Gibco)). The neuronal culture was incubated for 48 hours at 37 ◦C.

For transfections, cells were suspended in 100 µl Optimem containing 10 µg of

plasmid and 100 µM control or Fmn2 morpholino.

(Fmn2MO#2 sequence CCATCTTGATTCCCCATGATTTTTC.

Standard control morpholino was used as a negative control:

CCTCTTACCTCAGTTACAATTTATA ). Then cell suspension was transferred to

the electroporation cuvette and the electric pulse was applied using the following

parameters.
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Poring pulse:

Voltage (V) - 125

Pulse length (msec) - 5

Pulse interval (msec) - 50

Number of pulses - 2

Decay rate (%) - 10

Polarity - +

Transfer pulse:

Voltage (V) - 20

Pulse length (msec) - 50

Pulse interval (msec) - 50

Number of pulses - 5

Decay rate (%) - 40

Polarity - +/-

After electroporation, cell suspension was transferred in a tube containing 400 µl

Optimem (Gibco). After this, the cell suspension was added on the gel surface in

culture plates containing the medium (mentioned above).

2.4.3 Imaging

Bead pulling events were captured every 3.3 seconds using a PlanApo 100x/1.4

oil immersion objective on an Olympus IX81 system equipped with a Hamamatsu

ORCA-R2 CCD camera. In initial standardization experiments, growth cones

were imaged in DIC mode with 10 second interval.

For myosin-II inhibition studies, 30 µM Blebbistatin was used and imaged contin-
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uously in presence of Bleb in DIC mode with 6-second interval. Matched DMSO

control does not have any effect on pulling velocity (data not shown).

For retrograde flow studies, growth cones on the compliant gels were imaged at 1-

second interval using a PlanApo 100x/1.4 oil immersion objective on an Olympus

IX81 system equipped with a Hamamatsu ORCA-R2 CCD camera. Morpholino

treated growth cones were identified using co-transfected plasmid as a selection

marker in all the experiments.

2.4.4 Traction force experiments

For traction force experiments, neurons were plated on gels with the higher bead

density. An image of the growth cone and corresponding image of bead distri-

bution were captured (figure 2.12 A, B). This is called the stressed image. After

trypsin flow, once growth cone retracts completely, the image of bead distribution

was captured again using the similar settings. This is called null force/ relaxed

image.

2.4.5 Analysis

1. Bead pulling analysis:

Images were corrected for the drift using image stabilizer plugin in Image J. All

filopodia were aligned along X-axis with growth cone at the left and tip of the

filopodium at the right side. Beads were tracked in Image J using particle tracker

plugin. Bead movement above the calculated RMS inaccuracy of the algorithm

considered for the analysis (figure 2.9). To calculate RMS inaccuracy, beads lo-

cated away from the cells were used (data for 58 beads were used)
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RMS =
∑√

1/n((x− x′)2 + (y − y′)2).

Where x and y are coordinates of beads and x’ and y’ are mean positions.

All x coordinates were copied in the excel and these absolute positions of beads

were used to find out peaks and troughs using following formulae:

IF (AND((A2 > A1), (A2 > A3)), ”peak”, ””)

IF (AND((A2 < A1), (A2 < A3)), ”trough”, ””)

Pull steps and velocity were calculated using troughs (movement in the negative

direction) in the absolute position of beads.

2. Retrograde flow analysis:

Kymographs were generated in the Metamorph software using a segmented line

tool (width: 5 pixels). All kymographs were saved in .tiff format. Flow velocities

from kymographs were analyzed using flow-tracker code (Obtained from Dr. D.

Odde, University of Minnesota), in the Matlab 2007 (Code doesn’t work very well

in Matlab 2009 and higher versions). Code generates a heat map of the kymograph

which aids reliable detection of the retrograde flow. Retrogradely moving traces

were selected using a rectangular selection.

The only parts of the time lapses where growth cone and filopodia are not dynamic

and detached from the substrate were used in the analysis.

3. Traction force analysis:

Stressed image, relaxed image and corresponding growth cone image were im-

ported in Image J and corrected for the drift using the image stabilizer or template
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matching plugin. Traction values for the growth cones were obtained using the

Fourier Transform Traction Cytometry (FTTC) method developed by Butler and

colleagues [73]. Briefly, Stressed, relaxed and growth cone images were imported

in the code. Stiffness values (0.438 kPa), Poisson ratio for the gel (0.48) and

thickness of the gel (60 µm) were set as the input parameters. The code gener-

ates displacement fields using the cross-correlation between stressed and relaxed

images after regularization and further calculates the traction [73].

Data representation and statistics

Box and Whisker plots and the bars show the spread of the data using the Tukey

method. Outliers are represented outside the box as individual data points. For bar

graphs, the error bars represent the standard error of mean (SEM). All Box and

Whisker plots were compared using Mann-Whitney test. For bar graphs, student’s

t-test was used to compare the data sets. Comparisons were done in GraphPad

Prism. RMS inaccuracy data was plotted using Matlab 2014.



3. Cytoskeletal mechanisms of

axonal contractility

3.1 Introduction

3.1.1 The axonal cytoskeleton

Axons are thin, axi-symmetric structures with extreme aspect ratio. Axons grow

long distances ranging from micrometers to meters while maintaining a fairly uni-

form diameter. The axonal cytoskeleton (figure 3.1) is required to maintain these

thin structures throughout the lifetime of an organism and abnormal changes in

cytoskeleton can lead to the axonal degeneration [74]. The axonal shaft is filled

with heavily cross-linked polarized bundles of microtubules [23]. Microtubule-

associated motors like kinesin and dynein are involved in the transport of vesicles

and organelles in anterograde and retrograde direction respectively [26]. Along

with the microtubule network, neurofilaments form an important structural com-

ponent of the axonal cytoskeleton. Neurofilament sidearm interactions are known

to regulate axonal caliber [75, 76]. Recent studies using super-resolution mi-

croscopy show that spectrin influences axonal cytoarchitecture by organizing the

47
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cortical actin to periodic, membrane-associated actin rings (figure 3.2) in the ma-

ture neurites [27, 77]. The functional aspects of these membrane-associated actin

rings are not very well studied yet.

Mechanical properties of axons have been studied using microneedle techniques

and AFM measurements. Axons of PC12 cells show initial fast elastic response

upon stretching followed by viscoelastic relaxation [78]. Similar responses have

been studied in DRG axons in an earlier study [21]. Stiffness measurements of

dorsal root and sympathetic ganglia cell axons using the AFM show that micro-

tubules disrupted axons have lowest elastic modulus suggesting that microtubule

structure provide a mechanical stability to axons. Further, it has been suggested

that microtubules provide a structural scaffold for neurofilaments and microfila-

ments [79]. However, in PC12 cells neurofilaments are shown to be primarily

involved in maintaining the shape [80]. Mechanisms governing the mechanical

properties of axons are still unclear since there are only a few studies and need to

be confirmed further with more independent experimental approaches.

Based on in vitro and in vivo studies, the axonal cytoskeleton was considered to be

largely stationary for very long time [81,82]. Dynamic nature of axonal cytoskele-

tal and its functional implications are slowly emerging in a last two decades [83].

There is an accumulating evidence on a coherent movement of microtubules in a

forward direction and it is proposed to have a role in axonal elongation [84]. Re-

cently, a dynamic pool of actin has been observed in axons and have been named

actin trails and actin hotspots [28]. The discovery of actin rings and other dynamic

actin structures along axons opens up the entire field of axonal cytoskeleton, its

dynamics and its implications in neuronal functions [85].
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Figure 3.1: The axonal cytoskeleton. The core of an axon is filled with cross-

linked microtubules (black) and neurofilaments (blue). Cross-linkers are shown

in green. Actin (red) is present cortically beneath the membrane, recently, also

shown to be present in the core of axons [28]. The actin-associated Myosin-II

motor are shown in purple. Microtubule motors are not shown in this representa-

tion. (Based on SEM studies from [23, 24]).

Figure 3.2: Actin rings in the mature neurons. Actin filaments (green), capped

by adducin (blue) are arranged in the form of rings. Spectrin tetramers (magenta)

connect rings underneath the membrane of axons. The periodicity of this structure

is 180 to 190 nm. C terminus (magenta triangles) and N terminus (magenta

squares) of spectrin are shown in the inset. (Adapted from [27]).
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3.1.2 Role of the mechanical tension in neuronal development

Axons undergo mechanical stretch via growth cone mediated towing [86] and

after formation of connections via growth of surrounding tissue, as the animal

grows [19, 20]. Mechanical tension has been shown to affect various processes

in neuronal development like neuronal growth [31, 87], synapse formation [22],

synaptic transmission [88], excitability [89] and also network formation [90–92].

Some of the key findings highlighting the role of mechanical tension in neuronal

functions are discussed below.

Role of the mechanical tension in axonal growth and retraction

Stretch-induced growth was first reported more than 50 years ago; the surrounding

tissue growth was proposed to induce passive stretching in axons after formation

of connections [19]. Later, series of experiments in the 80s and 90s suggested that

the growth cone can pull and hence generate tension. Further, applied stretch was

shown to induce the axonal growth [31, 93]. Microneedle-based pulling in DRGs

suggested that there are tensional set points in axons. Above a threshold force,

axons exhibit growth, below this threshold, retraction was observed due to the

increase in tension [21]. Based on these studies, it was proposed that mechanical

tension can act as a second messenger for the growth of neuronal cells and it

can integrate information for the growth or retraction [94]. Neurite retraction can

be induced in response to the stiff cantilever suggesting that mechanosensitive

growth cone can sense the extracellular mechanical cues to regulate the neurite

tension [95]. In vivo leg lengthening experiments showed that the nerve can grow

in response to the applied stretch by doubling the internodal lengths [96]. In



Cytoskeletal mechanisms of axonal contractility 51

DRG neurons, stretch application using a magnetic bead on the cell body was

sufficient to induce neuronal outgrowth [87], this is consistent with an earlier study

on the neurite initiation in DRGs using a microneedle-based pulling [31]. All

these studies established the role of mechanical tension in neuronal outgrowth

and axonal elongation.

Stretch-dependent growth was further confirmed using an independent approach

to look at stretch induced response of many neurons using the stretchable sub-

strates. The stretch grown neurites retain their ability to fire action potentials with

a normal amplitude and durations. [97, 98]

Growing body of evidence on the stretch-induced growth led to the studies sug-

gesting mechanisms of stretch-induced mass addition in axons. An intercalated

mass addition was proposed mechanism of stretch growth based on in vitro ex-

periments using chick DRG neurons [29, 99]. The model suggests that stretch-

dependent growth depends on the viscosity and focal adhesion along the axon.

Though stretch growth potentially can occur along the entire length of an axon, it

is prominently seen in the distal part towards the growth cone since in the proximal

part, forces are dissipated due to adhesions [100]. Recently, local protein synthe-

sis in response to the applied strain has been reported as a novel mechanism of

mass addition supporting the stretch-induced growth [101].

A neurite growing in response to the applied tension requires continuous mem-

brane addition along with the associated growth. Membrane addition in response

to applied stretch has been studied using polyethyleneimine coated microspheres

which tightly bind to the plasma membrane. An increase in distance between

these microspheres indicates new membrane addition. This study indicates that

membrane addition takes place all along the axon but was particularly concen-
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trated towards the distal part. Though this study does not comment on vesicle

recycling and how membrane is added but provides an evidence for tension in-

duced organization of the membrane. A slackening experiment also suggests the

similar trend of the membrane dynamics [31]. Another report on tension induced

membrane dynamics suggests the flow of the membrane from growth cone to the

cell body, this flow might regulate membrane tension since it is from the region of

low tension (due to the accumulation of more membrane near the growth cone) to

the region of higher tension [102].

What happens to the cytoskeleton and membrane in stretch growth paradigms is

a long-standing question. A recent review by experts who pioneered this field

suggests that the thinning of an axon upon stretch would draw microtubules and

neurofilaments apart longitudinally, also they will be brought together laterally

due to the thinning. Breakage and compaction of filaments in a thinner segment

of axons would lead to local assembly and diameter will be recovered again, as

it does in stretch-induced growth [103]. This model needs to be confirmed with

more experimental evidence pertaining to thinning-thickening cycles as stretch

growth happens. Stretch growth paradigm is relatively addressed better compared

to the other questions in axonal mechanics. In this chapter and the following, we

discuss a novel modality, axonal contraction and straightening which is counter-

active of the stretch growth.

Role of the mechanical tension in a synapse formation

In vivo study in Drosophila demonstrated that tension developed during the synap-

togenesis in an axon is essential for the clustering of neurotransmitter vesicles.

Vesicle clustering was reduced if the axon was severed but re-application of ten-
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sion was able to restore the clustering. It was found that axons which form neu-

romuscular junction maintain tension around 1 nN . This report suggests a mech-

anistic explanation for tension-induced vesicles accumulation. Actin provides a

scaffold for vesicle accumulation, rest tension maintains this scaffold and loss of

tension leads to the depolymerization of actin and dissemination of vesicles [22].

In frog motor neurons, neurotransmitter release is shown to be regulated by muscle

stretch [88]. Stretch-induced increase in synaptic excitability has been reported in

brain slices [89]. All these studies, though in different systems, underscore stretch

as a potential feedback mechanism in regulating synaptic activity.

A potential role of the mechanical tension in regulating neuronal network

Axonal tension can regulate branch dynamics [90] and decides the position of cell

bodies in the network [104]. There are only a few reports suggesting the role

of mechanical tension in regulating neuronal network geometry. In vivo study

on embryonic CNS neuropil of grasshopper Schistocerca americana, suggests the

role of mechanical tension in neuronal arbor development. Conserved geometries

in networks can be achieved by regulation of the tension [105]. Computational

modeling study shows that complex, convoluted cortical morphology can be de-

cided by physical forces [106]. A tension-based theory of morphogenesis and

compact wiring in the central nervous system has been proposed [107]. These re-

ports suggest that mechanical forces might play a role in higher order organization

in neuronal development, however, many more independent approaches need to

be developed to explore the tension driven regulation of neuronal networks.
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3.1.3 Regulation of the mechanical tension: what is known

As discussed in the earlier section, implications of mechanical tension in various

neuronal functions have been addressed, however, intrinsic mechanisms regulat-

ing neuronal rest tension remained understudied. Regulation of rest tension in the

elongated cells like neurons might be important to maintain the prestress and to

achieve long distance mechanical signaling. In this chapter, cytoskeletal mecha-

nisms potentially driving regulation of axonal rest tension will be discussed.

Several studies have demonstrated that neurons actively maintain a rest tension

[108, 109]. Neuronal rest tension has largely been studied using microneedle-

based manipulations [21], growth cone retraction studies [110] and ablation stud-

ies [108]. In microneedle-based axon slackening experiments, the recovery ten-

sion often exceeded the initial values suggesting active generation of tension in

neurons (figure 3.3), [21]. In axotomy-induced retraction based studies, axonal

shortening was found to be ATP-dependent (figure 3.4). [108]. Later, the laser

ablation induced axonal retraction was demonstrated to be dependent on acto-

myosin contractility [111]. In PC12 neurites, retraction studies revealed that actin

is involved in generating tension while microtubules had a compressive, resistive

function [110]. Myosin-II driven axonal retraction has been shown to be balanced

by dynein driven forces suggesting that actin -microtubule motors might be regu-

lating the force balance [112].

Based on microneedle-based pulling in PC12 cells, axons occasionally show ini-

tial viscoelastic response followed by the slow contractile response (figure 3.5)

[78]. Model suggesting the motor driven contraction of axons was proposed how-

ever there was no experimental evidence suggesting the same. Recently acto-



Cytoskeletal mechanisms of axonal contractility 55

myosin dependent axonal contraction is demonstrated in Drosophila neurons, in

vivo [113].

Though all these studies led to the significant advancement in our understand-

ing on axonal tension regulation, there are intrinsic limitations to these assays.

Ablation and microneedle-based studies have employed acute and localized per-

turbations, which may invoke local responses to these perturbations or damage.

For example, axotomy is known to locally elevate calcium [114] and, in turn, may

induce activation of myosins [111] and calpain proteases [115]. Though retraction

was used as an assay to study the tension, it is an extreme case of contractile ac-

tivity, where axonal cytoskeletal retracts back into the cell body. While retraction

is an important process in the early pruning of branches; these kinds of responses

are more relevant in injuries and axon loss [116].

In the current study, we have developed simple assays that are globally acting and

less intrusive than microneedle or ablation strategies. We use these methods to

investigate the origins of axonal contractility in vertebrate sensory neurons. Un-

like retraction which dominates in pruning and leads to the axon loss, this assay

allows length minimization of axons while maintaining the structure intact. We

have used this assay to understand cytoskeleton-driven axonal contraction (dis-

cussed below) and dynamics of the cytoskeleton upon contraction (discussed in

the next chapter).
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Figure 3.3: Neurite slackening and tension measurements. An example of micro

needle attached to the tip of an axon for the slackening experiment (left). Neurite

tension increases after slackening. Circles represent before slackening and squares

represent after slackening. (right). (Adapted from [21])

Figure 3.4: Ablation leads to the axonal shortening. Upon ablation, DRG axon

shows shortening suggesting the contractile activity (Adapted from [108])
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Figure 3.5: The Negative strain suggests axonal contraction. Axonal tension

measurement in PC 12 cells using lateral distension (left). Initial viscoelastic re-

laxation is followed by deflection of the cantilever in negative direction suggesting

the contraction (right). (Adapted from [78]).

3.2 Results and discussion

3.2.1 Axons show strain relaxation and straightening upon

trypsin-mediated detachment

We have developed a simple cell biological assay to look at the trypsin- mediated

de-adhesion and straightening of axons. Chick DRG neurons are cultured on poly-

L-lysine coated glass substrates in absence of serum. Axons display curvature

in absence of serum presumably due to the compromised growth cone mediated

towing and straightening. In the axon relaxation experiments, isolated curved

axons were identified and trypsin was added to a final concentration of 5x. Upon

trypsin flow, axons detach and show a straightening response (figure 3.6 C-C”).

Axons have fewer attachments along their lengths compare to the growth cone
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and cell body hence show faster detachment kinetics. We evaluate straightening

response by calculating axonal strains. (described in section 3.3.5). Typically, the

straightening is apparent within 10-20 seconds of trypsin addition and timescales

of straightening ranges from few seconds to eight minutes.

Two different kinds of trends were observed in the strain behavior. Some neurons

showed a linear change in the strain with a constant rate (figure 3.8 A) while the

other neurons displayed an exponential strain relaxation response (figure 3.8 B).

A linear response could arise for neurons having the smaller extent of change

and could also be an underestimation due to the end detachment while axonal

straightening takes place. For the non-linear cases, strain saturates at different

values suggesting the intrinsic differences in the extent of straightening. Similar

heterogeneous behavior has been previously documented in chick DRGs in the

recovery of rest tension following slackening [21].

These observations were independent of initial length or extent of length change

(data not shown). Axons intrinsically grow straight but in a complex environment

turning towards or away from the cue could induce curvature along the axonal

shaft [117]. Straightening mechanisms might operate in such cases to achieve

length minimization.

Initial experiments were done in overnight serum condition. Since serum starva-

tion leads to the more number of curved neurons in culture. Later, all experiments

were done with serum starvation followed by 30 minutes serum induction (2-hour

serum induction gives comparable average strain rate, (figure 3.7).
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Figure 3.6: Trypsin-induced axonal detachment and straightening. (A) Schematic

representation of axonal contraction upon trypsin-induced de-adhesion. (B)

Schematic representation of axonal contraction concomitant with tip retraction

upon de-adhesion. Ls is the straight-line distance between two ends at time 0. L0,

Lt and Lf are lengths in the first frame, an intermediate frame and the final frame,

respectively. (C-C”) Representative frames from time-lapse imaging of an axon

straightening following trypsin-induced detachment. Trypsin is added at time 0.

Time stamp shows minutes:seconds elapsed. Scale bar: 15 µm.
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Figure 3.7: Strain relaxation after de-adhesion for axons grown under differ-

ent serum conditions. Neurons were cultured for 48 hours with either serum-

containing media (continuous serum) or in serum-free media. Neurons grown

without serum were supplemented with 10% serum for either 2h or 30 mins prior

to de-adhesion. Strain = (Lt − L0)/L0, where L0 and Lt are lengths at time 0

and at time t, respectively, as shown in (figure 3.6). An average strain is plotted

for continuous serum or serum supplementation for 2 hours or for 30 minutes be-

fore trypsin de-adhesion. While the strain rate is slightly larger for neurons grown

continuously in serum, the rates for 2 hours and 30 minutes induction were com-

parable. Short serum induction (2 hours or 30 minutes) resulted in more curved

neurons at the time of the experiment compared to those grown in continuous

serum. These results prompted us to use the 30 minutes serum induction paradigm

for all further experiments. Error bars represent standard error of the mean.
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Figure 3.8: Axonal strain relaxation upon de-adhesion. Examples of strain re-

laxation of axons upon detachment showing both (A) linear and (B) non-linear

responses. Strain = (Lt − L0)/L0, where L0 and Lt are lengths at time 0 and

at time t, respectively. Different axons are marked in different colors. Symbol

indicate actual data while continuous lines are linear and single exponential fits.

Arrow indicates a sudden decrease in the strain in that axon as an effect of delayed

local detachment; hence data points further are not included in the fit.
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3.2.2 Axonal straightening after de-adhesion is actomyosin de-

pendent

Actomyosin dependent contraction has been studied in many different cell types

and growth cones [42]. In vivo study in Drosophila neurons suggests that ax-

onal contraction is actomyosin dependent [113]. To investigate the contribution

of Myosin-II in axonal straightening, a specific small molecule inhibitor of myosin

II, Blebbistatin (Bleb), was used. Curved neurons pre-treated with 30 µM Bleb

for 1 hour failed to straighten upon trypsin-induced de-adhesion (figure 3.9 B, C).

Matched DMSO controls, on the other hand, showed the expected axonal straight-

ening (figure 3.9 A). These experiments suggested that axonal strain relaxation

observed upon axonal de-adhesion is an active myosin dependent response. (In-

dividual trends are shown in (figure 3.16)).

We next evaluated the contribution of axonal F-actin by using Latrunculin A (Lat

A), which depolymerizes F-actin by binding to actin monomers and preventing

them from polymerizing. Lat A (0.6 µM) pretreatment for 15 mins was used

to inhibit actin polymerization prior to trypsin-induced detachment. Lat A pre-

treatment completely abolished axonal contractility (figure 3.12 B) while matched

DMSO controls showed straightening upon trypsinisation (figure 3.12 A). (Indi-

vidual trends are shown in (figure 3.17)).

Neurons were imaged for a longer period (10 mins) in order to see if actomyosin

contractility was delayed. However, no late response was observed for both bleb

and Lat A treated neurons. To ensure trypsin de-adhesion was not affected by drug

treatment, the medium was exchanged at the end of the imaging period. The axons

were found to be detached and floating indicating trypsin-induced detachment was
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unaffected (figure 3.10).

This data suggests that upon induced de-adhesion, actomyosin dependent contrac-

tion drives the straightening. Actomyosin activity driven pulling forces have been

previously demonstrated in axonal retraction [111, 112]. Recently, in Drosophila

neurons actomyosin dependent contraction has been shown in vivo [113] support-

ing our results using a different experimental paradigm in the vertebrate neurons.
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Figure 3.9: Axonal contraction is dependent on myosin-II activity. (A-A”’) Rep-

resentative frames from time-lapse imaging of a DMSO-treated control axon. (B-

B”’) Representative frames from time-lapse imaging of an axon pretreated with

Blebbistatin (30 µM) for 1 hour before trypsin addition. Trypsin is added at time

0 for each treatment. Time stamp shows minutes: seconds elapsed. Scale bar: 15

µm. (C) Average strain rate is reduced upon Blebbistatin (Bleb) treatment (n =10)

compared to DMSO-treated controls (n =9). Error bars indicate standard error of

the mean.
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Figure 3.10: Blebbistatin treatment prevents axonal contraction even after longer

incubation in trypsin but does not affect trypsin-induced de-adhesion. (A-A”) Rep-

resentative micrographs from time-lapse imaging of an axon pretreated with 30

µM Blebbistatin 1 hour before trypsin addition. Trypsin was added at time 0.

Time elapsed is indicated in minutes:seconds. (A’) No obvious axonal contraction

is seen even after 10 minutes have elapsed after trypsin addition. (A”) Upon flow-

ing fresh media at the end of the experiment, the axon is found to be floppy (as

evident by the reversed curvature) suggesting the detachment from the substrate.

Scale bar: 15 µm.
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3.2.3 Effect of microtubule depolymerization on axonal con-

traction

The axonal shaft is filled with a cross-linked bundle of microtubules which con-

tribute to the structural stability of an axon and also governs various functions

including transport and axonal branching. Microtubules breakage along axons is

associated with the axonal injury. It is interesting to understand how these stiffest

filaments in axons contribute to the axonal contraction. To understand the role

of microtubule cytoskeleton in axonal contractility, neurons were pretreated with

the microtubule depolymerizing agent, Nocodazole (Noco; 33.3 µM for 15 mins).

Interestingly, Nocodazole pretreatment did not block axonal contraction (figure

3.12 C) though the rate of contraction appeared to be reduced compared to the

DMSO control (figure 3.12 D). Individual trends are shown in (figure 3.17). Fur-

ther, we confirmed this using lower concentration of Nocodazole (16 µM for 15

mins).(figure 3.18.)

There is an accumulating evidence suggesting that microtubules and its associated

motor dynein have a compressive role and counter-balance the myosin-II driven

forces [112]. Recently, the resistive role of microtubules in contraction was shown

in Drosophila neurons in vivo [113]. However, in our assay microtubules depoly-

merization reduces contraction marginally. Nocodazole treatment resulted in most

neurites exhibiting a beaded morphology and tethers along axons (7 out of 9 ax-

ons); (figure 3.11). This is consistent with previous observations [118] and con-

firms the efficacy of Nocodazole. Depolymerization of microtubules results in the

formation of thin membrane tethers and these compete with axonal straightening

in turn affecting the rate of contraction.
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The curved bundles of microtubules in curved axons may play an active role in

straightening in conjunction with the actomyosin machinery. In the transition

from curve to the straight wherein associated axonal length change ranges from

5% to 35%, change in microtubule curvature is excepted. Sliding of microtubules

and change in microtubule curvature may have a role in driving the contraction.

Role of the microtubule dynamics in axonal straightening remained to be seen.

In the future, it will be interesting to see if microtubule dynamics in involved in

driving the contraction.

Figure 3.11: Membrane tethers and beads are observed in Nocodazole-treated ax-

ons. (A) Representative micrograph of axons pretreated with 33 µM Nocodazole

for 15 minutes before trypsin addition at time 0. (A’) Micrograph of the same axon

after addition of trypsin. Time elapsed is indicated in minutes: seconds. Extensive

beading (white arrows) and formation of tethers (white arrowheads) are observed

in Nocodazole-treated axons. Scale bar: 15 µm.



Cytoskeletal mechanisms of axonal contractility 68

Figure 3.12: Effect of F-actin and microtubule depolymerization on axonal con-

traction. (A-A”’) Representative frames from time-lapse imaging of a DMSO-

treated control axon. (B-B”’) Representative frames from time-lapse imaging of

an axon pretreated with Latrunculin A (0.6 µM) for 15 minutes before trypsin

addition. (C-C”’) Representative frames from time-lapse imaging of an axon pre-

treated with Nocodazole (33 µM) for 15 minutes before trypsin addition. Trypsin

is added at time 0 for each treatment. Time stamp shows minutes: seconds

elapsed. Scale bar: 15 µm. (D) Compared to DMSO controls (n = 7), average

strain rate is strongly reduced upon treatment with Latrunculin A (Lat-A; n = 7).

Treatment with Nocodazole (Noco; n = 9) also reduces axonal contractility. Error

bars indicate standard error of the mean.
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3.2.4 Axons show inherent, spontaneous contractility in un-

perturbed condition

In straightening experiments discussed so far, contraction is induced upon

trypsin-mediated detachment. Next, we asked if axons show inherent, sponta-

neous straightening response. We used a microcontact printing-based assay to

study spontaneous contraction. We grew neurons on patterned substrates with

isolated islands of extracellular matrix proteins (laminin and fibronectin). These

islands represented isolated sites of high-adhesion relative to the intervening

space. The advantages of this assay are: 1. Growth cone turning towards the

island induces curvature along axons. 2. Axonal contraction can be looked at

reliably without the end movement. It has been shown earlier that axons tend to

grow straight intrinsically, however, in a complex environment growth cone tun-

ing often leads to different curved trajectories of axons [117]. We asked whether

these curved axons become straight or show shortening response spontaneously

(in contrast to trypsin-mediated detachment in experiments described in earlier

sections). Using live imaging of these neurons, we showed that axons undergo

straightening without trypsin-induced detachment (figure 3.13 A-A”, B-B”) and

we call this contraction inherent, spontaneous contraction. Interestingly, strain

relaxation in un-perturbed conditions happens at a much slower rate (figure

3.13 C) suggesting that de-adhesion is the rate-limiting step in spontaneous

contraction. We observed straight axonal segments for substantial periods of time

and confirmed that straight axons remain straight and the observed spontaneous

straightening are not random shape changes (data not shown).

While this assay allowed us to observe spontaneous axonal contractility, the longer
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timescales precluded analysis using pharmacological perturbations. However, the

trypsin-mediated assay allowed us to undertake pharmacological perturbations of

cytoskeletal elements.

To check whether the extent of contraction between two assays (viz., trypsin-

deadhesion and spontaneous contraction) is comparable, we used contraction fac-

tor (Cr) as a time independent measure of the extent of contraction (also discussed

in materials and methods).

Cr = (L0 − Lf)/(L0 − Ls)

Lf = saturation length of the axon after de-adhesion, measured from the last frame

of recording.

L0 = length of the axon at the time of trypsinization (t = 0).

Ls = straight line distance between end points of the axonal segment at time 0.

Lt = Length of an axon at time t

If there is no length change then Cr will be 0, Cr = 1 indicates straight end-to-end

geometry, and values between zero and one indicates partial straightening. And if

length reduction is accompanied by tip retraction then Cr could exceed 1.

Cr is comparable between induced contraction (trypsin assay) and spontaneous

contraction (microcontact printing assay), in turn validating our trypsin-mediated

straightening assay (figure 3.14).

A previous study, using locust neurons, has described a similar assay using islands

of carbon nanotubes on quartz sheets. Axonal segments were found to straighten

between islands and branches along the contracting segment were retracted con-

comitant with the development of tension [90].
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Figure 3.13: Spontaneous contraction of axons. (A-A”) Representative micro-

graphs from time-lapse imaging of a pseudobipolar DRG axon spontaneously

straightening between two adhesive islands containing laminin and fibronectin

(red circles). (B-B”) Another example of axonal straightening event. Time stamp

shows minutes:seconds elapsed. Scale bar: 15 µm. (C) Evolution of strain with

time for 7 axons and the average strain are plotted with error bars indicating stan-

dard error of the mean. In some axons, positive strain is initially observed before

the axon begins to shorten. This is because this assay relies on slow, spontaneous

de-adhesion unlike acute induction of de-adhesion by trypsin.
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Figure 3.14: The extent of spontaneous contraction is comparable with induced

contraction. Comparison of Contraction factor (see Material and Methods for

definition) suggest that the extent of spontaneous contraction between adhesive

sites (n = 7) is comparable to that observed during trypsin-induced de-adhesion

(n = 8). Unpaired t-test was used to compare the means. Error bars represent

standard error of the mean. ns: significant.

3.3 Summary and conclusions

We have developed a simple assay to evaluate axonal contractility that avoids

local, acute mechanical perturbations and instead uses trypsin to detach axons

from the substrate. Additionally, using a microcontact printing-based assay we

showed that axons have inherent, spontaneous contractile activity. Spontaneous
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axonal contraction is a slow process since it relies on inherent detachment kinetics

of axons (figure 3.15).

We propose that axonal contractility is balanced by adhesion along axons and

upon spontaneous or induced detachment, actomyosin machinery drives the con-

traction resulting in detachment from the substrate and shortening. Further, we

have looked at subcellular cytoskeleton responses upon contraction, discussed in

the next chapter. The local contractile mechanisms might be important for the

length minimization for long cells like neurons. Axonal contraction could be a

potential mechanism to regulate rest tension of axons, this can be confirmed fur-

ther, using quantitative force measurements.
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Figure 3.15: Summary of axonal contraction experiments. Actomyosin depen-

dent axonal contraction upon trypsin induced detachment and in un-perturbed

condition. The slower rate of contraction in un-perturbed condition suggests de-

tachment is the rate limiting step.
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3.4 Materials And Methods

3.4.1 Dissection and cultures

Fertilized, white Leghorn chicken eggs were obtained from Venkateshwara Hatch-

ery Private Limited, Pune, India. All procedures were approved by the Institu-

tional Animal Ethics Committee, IISER Pune, India. Nine or ten-day old chick

embryos were used to isolate dorsal root ganglia (DRG). Dissections were car-

ried out in sterile PBS (137 mM NaCl, 2.7mM KCl, 10 mM Na2HPO4, 1.8 mM

KH2PO4) under a dissecting microscope inside a horizontal laminar flow hood.

Twelve to fourteen DRGs were removed from both sides of the spinal cord and

collected in L15 medium (Gibco). The tissue was centrifuged at 3000 rpm for

3 minutes before the medium was removed and 1x trypsin (Lonza) was added.

Trypsinization was undertaken for 20 minutes at 37 ◦C. Following trypsinization,

the tissue was centrifuged at 3000 rpm for 3 - 5 minutes before removal of trypsin

and washed with L15 medium. The dissociated neurons were plated on poly-L-

lysine-coated (1mg/ml PLL; Sigma) 35 mm cover glass bottomed petri dishes in

1.5 ml of serum-free media (L15 containing 6 mg/ml glucose (Sigma), 1x glu-

tamine (Gibco), 1x B27 (Invitrogen), 20 ng/ml NGF (Gibco) and 1x Penstrep

(Gibco)). The neuronal culture was incubated for 48 hours at 37 ◦C before de-

adhesion experiments. Cells were grown in serum-free media until half an hour

before de-adhesion experiments in order to increase the occurrence of curved ax-

ons during the initial growth phase (see next section for details).

For microcontact printing experiments, the cover glasses were patterned (as de-

scribed below) before plating the neurons. These experiments were performed in
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media containing 10% fetal bovine serum (Gibco).

3.4.2 Trypsin de-adhesion, imaging and analysis

To perform experiments, 10% fetal bovine serum (Gibco) was added to the neu-

rons grown in serum-free media and incubated for a further 30 minutes at 37 ◦C.

Immediately prior to trypsin-induced de-adhesion, serum containing media was

removed, the cultures were washed thrice in prewarmed serum-free L15 and re-

placed with 1 ml of serum-free L15. Isolated curved axons were identified and

trypsin (Sigma) was added to a final concentration of 5x. Upon trypsin treatment,

axons de-adhere and show a straightening response. Neurons were imaged using

Differential Interference Contrast (DIC) microscopy using a 40x oil objective on

an Olympus IX81 system equipped with a Hamamatsu ORCA-R2 CCD camera.

Images were recorded at 1 frame per second acquisition rate using the Xcellence

RT (Olympus) software. Typically, straightening starts after 10-20 seconds of

trypsin addition and imaging was continued till there is no further length change

or the axonal ends (soma or growth cone) detach. Images were exported to Im-

ageJ and lengths were measured using the segmented Line tool at every 10-second

interval.

The following inclusion criteria were used to select axons for evaluation of axonal

contractility.

1. Axons showing significant curvature, presumably due to attachments along

their lengths, were chosen for axon straightening experiments (figure 3.6 A). Ax-

onal segments having obvious branches were not considered as the branches may

hinder contraction.

2. If the growth cone retracted concomitantly with a reduction in axonal curvature
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then such data were included in our analysis. In these cases, the assumption is

that the axonal shortening, evident from the reduction of curvature, is causing the

weakly attached growth cone to be pulled backward (figure 3.6 B).

3. If the growth cone or soma detached and retracted before the reduction in

axonal curvature then these were not included in the analysis.

In these experiments, the axon lengths ranged from 70 µm to 180 µm and 5 - 35%

decrease in length was observed upon de-adhesion.

In initial experiments, we grew DRG neurons in the presence of serum prior to

trypsin de-adhesion. However, subsequently, we took advantage of the fact that

neurons cultured without serum have a much greater frequency of neurites show-

ing curved trajectories [119] and thus improved the throughput of our experi-

ments. Neurons were grown for 48 hours without serum followed by re-feeding

10% FBS 30 minutes or 2 hours prior to trypsinization. The contractility of 30

minutes and 2 hours serum re-fed axons were comparable. Thus, all inhibitor-

based perturbation experiments were conducted following 30 minutes of serum

treatment. In all three conditions straightening response was seen in response to

axonal de-adhesion ((figure 3.11).

3.4.3 Micropatterning of substrates

Patterned substrates were generated using microcontact printing. Silicon masters

with 20 µm diameter depressions spaced 50 µm or 70 µm apart were procured

from Bonda Technology Pte. Ltd., Singapore. PDMS (Dow Corning) stamps

were made from the master by using a previously published protocol [120]. Ster-

ile PDMS stamps were washed with isopropanol and dried in the laminar flow

hood. Laminin (20 µ/ml), fibronectin (100 µg/ml) and rhodamine-labeled BSA
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(10 µg/ml) were mixed and used for inking the PDMS stamp. The protein mix-

ture was applied onto the stamp and incubated for 5 minutes at room temperature.

After removal of excess protein solution, the stamps were used to pattern cover

glass bottomed 35 mm Petri dishes. PBS was added immediately after printing to

avoid drying of the patterns until neurons were plated.

For studies involving axons straightening on patterned substrates, axons were im-

aged after 8 hours or overnight incubation in serum-containing medium. Neurons

were imaged in DIC mode using 10x or 40x objective at 15-second intervals. Im-

ages were exported to Image J and axonal lengths measured using the segmented

line tool.

3.4.4 Drug treatments

Neurons were treated with 30 µM Blebbistatin (- enantiomer; Sigma) for 1 hour

prior to the straightening experiments. For actin depolymerization and micro-

tubule depolymerization experiments, 0.6 µM Latrunculin A (Sigma) or 33 µM

Nocodazole (Sigma) were added to the cultures 15 minutes prior to trypsin treat-

ment. All drugs were dissolved in DMSO. Control experiments were undertaken

to test the effect of similar volumes of DMSO on straightening kinetics.

3.4.5 Definitions of parameters

We characterized the length minimization response by evaluating the evolution of

the strain in the axonal segment (figure 3.8 A, B).

Strain = (Lt − L0)/L0

We have used contraction factor (Cr) as a time-independent measure of the extent

of axonal shortening,



Cytoskeletal mechanisms of axonal contractility 79

Cr = (L0 − Lf)/(L0 − Ls)

Lf = saturation length of the axon after de-adhesion, measured from the last frame

of recording.

L0 = length of the axon at the time of trypsinization (t = 0).

Ls = straight line distance between end points of the axonal segment at time 0.

Lt = Length of an axon at time t

If there is no length change then Cr will be 0, Cr = 1 indicates straight end-to-end

geometry, and values between zero and one indicates partial straightening. And if

length reduction is accompanied by tip retraction then Cr could exceed 1.

Data representation and statistics

Axonal strain graphs were plotted in Excel (2010). Comparision of contraction

factor was carried out GraphPad 5. Curve fitting analysis was done in Matlab

2014 using cftool.
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3.5 Appendix

Figure 3.16: Individual datasets of DMSO and blebbistatin treatment. Axonal

strains of A. DMSO (0.03 %) and B. Blebbistatin (33 µM) treated axons. Each

color indicates an individual axon and the black line shows an average. Error bar

represents SEM.
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Figure 3.17: Individual datasets of DMSO, Lat A and Noco treatment. Axonal

strains of A. DMSO (0.12%) and B. Lat A (0.6 µlM) and Noco (33 µlM) treated

axons. Lat A treated axons sometime shows positive strains due to the protrusive

activity upon actin depolymerization. Each color indicates individual axon and the

black line shows an average. Error bar represents SEM. Higher concentracton of

DMSO seems to increase the axonal contraction hence it is important to compare

data with the matched DMSO control.
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Figure 3.18: Microtubule depolymerization with the lower concentration of

Nocodazole reduces the rate of axonal contraction. (A-A”) and (B-B”) are repre-

sentative frames from time-lapse imaging of an axon pretreated with DMSO and

Nocodazole (16 µM) respectively. Trypsin is added at time 0 for each treatment.

Time stamp shows minutes: seconds elapsed. Scale bar: 15 µm. (C) Average

strain rate is increased upon Nocodazole (Noco) treatment (n =11) compared to

DMSO-treated controls (n =10). Error bars indicate standard error of the mean.



4. Subcellular cytoskeletal dynamics

associated with axonal contraction

4.1 Introduction

As described in the last chapter, axonal contraction and straightening are acto-

myosin dependent processes and microtubule remodeling may occur to sustain

the length shortening. How axonal cytoskeleton remodels upon trypsin-mediated

de-adhesion to drive straightening is an intriguing question. In this chapter, we

discuss the subcellular cytoskeleton dynamics underlying the axonal contraction.

Dynamics of axonal cytoskeletal remained controversial for a long time

[81, 83, 121]. Some of the early studies used photobleaching and photoactivation

techniques to investigate the dynamics of axonal cytoskeleton [122]. These

approaches could not be used in our study since axonal shaft itself moves in our

straightening experiments.

We used docked mitochondria as a general cytoskeletal marker to study subcellu-

lar responses in axonal contraction.

83
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4.1.1 Interaction of mitochondria with the axonal cytoskeleton

Proper mitochondrial distribution along the axonal length is critical for various

neuronal functions and defects in mitochondria positioning is associated with ma-

jor neurological disorders [123]. Mitochondria can pause or become stationary

at various subdomains of axons based on the metabolic demand [124]. It is

known that only one-third of mitochondria are motile rest of them are station-

ary [34]. Stationary mitochondria remain docked on the cytoskeleton and move at

an extremely slow rate. Docked mitochondria were defined as those that moved

slower than 0.1 µm/s (i.e., 360 µm/h), based on the lower limits of dyneins and ki-

nesins [99,125]. They are associated with microtubules, neurofilaments by cross-

linkers (figure 4.1). Microtubules-mitochondria interactions have been studied

extensively, Syntaphilin is known to play a role in docking of mitochondria on

microtubules [33, 34]. Interaction of neurofilaments with mitochondria depends

on mitochondrial membrane potential, the phosphorylation status of the neurofila-

ments and neurofilament sidearm interactions [35]. It has been suggested that mi-

tochondria retention requires actin cytoskeleton in the cortical region [36]. NGF

induces inhibition of mitochondrial motility along axons. Mitochondrial reten-

tion in this study is shown to be actin-dependent suggesting the role of the actin

cytoskeleton in retention of mitochondria [126].

All these studies suggest the stable association between axonal cytoskeleton and

mitochondria underscoring the reliability of docked mitochondria as a cytoskeletal

marker.
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Figure 4.1: The crosslinking of mitochondria with microtubules and neurofila-

ments. Interactions of the mitochondria with microtubules (left) and neurofila-

ments (right) by the cross-linkers (white arrows) in the frog axon observed using

electron microscopy. Scale bar: 0.1 µm. (Adapted from [24]).

4.1.2 Docked mitochondria as a cytoskeletal marker

Due to the traceability and ease of labeling, docked mitochondria have been used

extensively in neurons [37, 84, 99, 127, 128]. Docked mitochondria have been

used to study the underlying cytoskeletal dynamics in axonal growth. Due to the

limitations in employing photobleaching and photoactivation techniques in ax-

ons, docked mitochondria approach became popular especially for the paradigms

where dynamics is associated with the axonal length changes like axonal elonga-

tion. Docked mitochondria were validated as a cytoskeletal marker in the growth

paradigm. In this study, the pattern of mitochondrial dynamics is consistent with

dynamics of cortical actin flow, shown by polystyrene bead cross-linked to the

axonal cortical actin [99].

Stretch-induced cytoskeletal dynamics have been studied using docked mitochon-
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dria in DRG neurons growing on the stretchable substrates. This study suggests

strain heterogeneity in axonal cytoskeleton due to the applied stretch [37]. Axonal

elongation and underlying cytoskeletal response have been studied in recent years

using docked mitochondria approach, these studies suggest forward en bloc move-

ment of the cytoskeleton during elongation [84,127,128]. Though cytoskeletal dy-

namics in growth and elongation has been studied; it has remained unexplored in

axonal contraction paradigm. Use of docked mitochondria in our assay for axonal

contraction (discussed in chapter 3) gives us the unique opportunity to evaluate

subcellular cytoskeletal dynamics underlying axonal contraction.

4.2 Result and discussion

4.2.1 Subcellular strain analysis upon contraction

We used docked mitochondria as a cytoskeletal marker to understand underlying

cytoskeletal dynamics driving the contraction. Trypsin-mediated straightening ex-

periments were done on neurons labeled with mitotracker green (figure 4.3 A-A”).

We could not use conventional kymography tool for this analysis since axonal seg-

ment shortens during the course of the experiment. Thus, we developed a custom

written code to track the position of mitochondria and calculate local strains be-

tween adjacent mitochondria pairs as a function of time (figure 4.2, figure 4.3 B).

This local strain in this analysis is defined as:

Local strain = [∆Li(t)-∆Li(0)] / ∆Li(0)

Where ∆Li is a distance between the ith pair of adjacent mitochondria (indexed

sequentially from one end) and t is time.

Though the axonal strain drops monotonously, local cytoskeletal strain showed
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the heterogeneous response (n=8). Each pair of mitochondria showed contractile-

extensile behavior. Occasionally, contraction in one pair is concomitant with ex-

tension in another pair. While the cumulative sum of the local strains was nega-

tive, at any given time both positive and negative strains were observed along the

same axon and these values fluctuated with time (figure 4.4). These data suggest

that the axonal cytoskeletal in not contracting as a uniform whole but is highly

heterogeneous (figure 4.7).

Figure 4.2: Schematic explaining mitochondria analysis. L0 (curved axon), Lt

(straight axon). Using a matlab based code, both curved and straight axons are

interpolated. Lt (stretched) is a stretched image and interpolated with L0 to allow

reliable detection of mitochondria. Mitochondria are shown in red.
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Figure 4.3: Mitochondria tracking and analysis. (A-A”) Representative time

frames of an axon with labeled mitochondria undergoing straightening due to in-

duced de-adhesion. Trypsin was added at time 0. Time elapsed is in minutes:

seconds. Scale bar: 15 µm. (B) Intensity-based detection of mitochondrial po-

sition along the axon, from the cell body to the distal end (see Materials and

Methods for details). The top panel shows the intensity traces for different time

points (represented in different colors) along the axon. The intensity trace of each

time point is resampled to have the same length as the first time point (longest).

The positions of the detected local maxima are indicated by circles. Pink circles

indicate maxima selected for analysis. The middle panel shows a kymograph of

the fluorescent mitochondria with the axonal contours at each timepoint stretched

to the same length. This procedure serves as a visual aid to reliably identify peaks

corresponding to mitochondria that are reliably present across all time points. The

bottom panel shows a kymograph in the original scale with the location of the se-

lected mitochondria, which were used to calculate local strain.
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Figure 4.4: Intermitochondrial strains show heterogenous response. Plotting the

evolution of strain between mitochondrial pairs (adjacent pairs numbered from

soma to growth cone) of a randomly selected axon as it straightens. The data

reveals instances of contraction in one pair of mitochondria being concomitant

with an extension in another pair and occasionally contraction/extension in two

pairs occur together. Inset shows that the net axonal strain decreases steadily with

time compared to the local strains. Error bars are standard deviations of natural

mitochondrial fluctuations observed in six live axons recorded for a similar period

of time without inducing de-adhesion.

4.2.2 Axonal cytoskeleton shows heterogeneous response upon

axonal contraction

In order to distinguish the strain dynamics upon contraction from baseline mi-

tochondrial fluctuations, we imaged mitochondria labeled axons without trypsin

flow. It was noticed that mitochondria have minimal strain fluctuations in the sim-

ilar time scales (figure 4.5). In order to compare strain heterogeneity between

control (without trypsin) and straightening paradigm (with trypsin), we used in-
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stantaneous strain (figure 4.6) since it is calculated between adjacent frames of a

fixed time interval (10 seconds). Strain heterogeneity increases upon de-adhesion

and straightening suggesting that cytoskeletal strain dynamics is indeed due to the

contraction and not because of the strain evolving due to the random fluctuations

(figure 4.7). We have also estimated the error in the tracking using fixed mito-

chondria data to validate our analysis, strain fluctuations are minimal in this case

(data not shown).

Next, we asked whether local strains in mitochondrial pair depend on the initial

separation between mitochondria. Data for instantaneous strain were pooled and

binned to have groups of similar bin width. We could reliably compare the bins

of 20-40 µm between without trypsin data (baseline fluctuation) and with trypsin

(deadhesion and straightening). In this analysis, data were binned with a fixed

bin width for all possible separations. However, we analyzed the data in only the

20-40 µm bin as there were limited data points available in bins lesser or greater

than the 20-40 µm. Heterogeneity in instantaneous strain was compared for initial

separation ranging from 20-40 µm using O’ Brien’s method and it increases during

contraction suggesting that cytoskeletal contractility at this length scales (figure

4.8).

Collectively, this analysis shows that monotonous axonal contraction is driven by

heterogeneous cytoskeletal dynamics. Within the limits of our resolution of the

technique, heterogeneity is seen at 20-40 µm.

In vivo, the heterogeneous response seen along axons might be important for lo-

calized regulation of various processes like a branch and the adhesion dynamics.

So far, axonal contraction studies have been largely limited to the evaluation av-

erage properties like for force or bulk strain. We show that actomyosin-based



Subcellular contraction 91

contractility drives axonal contraction but the subcellular response is heteroge-

neous. The subcellular strain has been evaluated in stretch paradigm and similar

heterogeneity in the strain is shown [37]. We could demonstrate it in exactly op-

posite contraction paradigm. In this study, signaling through focal adhesion was

proposed to be a mechanism to drive strain responses. In our assay, this possibil-

ity is ruled out since it is induced upon de-adhesion. This opens a possibility of

other globally acting signaling mechanisms involved in cytoskeletal dynamics in

contraction.

Figure 4.5: An example of baseline mitochondria fluctuations without the trypsin

flow. The top panel is an intensity profile of mitochondria for the axon without

detachment and straightening. The middle panel shows a kymograph of the fluo-

rescent mitochondria with the axonal contours at each timepoint stretched to the

same length. The bottom panel shows a kymograph in the original scale with the

location of the selected mitochondria (rescaled to the actual scale).
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Figure 4.6: Instantaneous strain vs time plot for axonal mitochondria. Instanta-

neous strain= [∆Li(t+δt)-∆Li(t)] / ∆Li(t), between pairs of mitochondria for the

same axon shown in (figure 4.4). ∆Li(t+δt) and ∆Li(t) are distances between ith

pair of mitochondria at time t+δt and t, respectively. Color coding for mitochon-

drial pairs is the same as in (figure 4.4).

Figure 4.7: Strain heterogeneity increases upon contraction. Strain is calculated

at every 10 second interval for straightening data (n=8) and without trypsin control

(n=6). All instantaneous strain values were pooled and compared (each treatment

has more than 500 data points). O’ Brien’s test: p=0.0001.
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Figure 4.8: Strain heterogeneity increases at 20-40 µm initial separation upon

contraction. The strain is calculated at every 10 second interval for straightening

data (n=8) and without trypsin control (n=6). All instantaneous strain values were

pooled for initial separation of 20-40 µm and compared (each treatment has more

than 500 data points). O’ Brien’s test: p=0.0001

4.3 Summary and conclusions

Analysis of subcellular strain using docked mitochondria to evaluate cytoskele-

tal deformations suggests that the cytoskeleton does not contract as a whole, in-

stead, contractility is heterogeneously distributed along the axonal length. Our

data suggest that axons have small contractile units (figure 4.9) distributed along

the axonal length and their dynamics is invoked upon detachment, during the con-

traction.

Future studies should focus on spatiotemporal regulation of the organization and

activity of the actomyosin system in axons.



Subcellular contraction 94

Figure 4.9: Model for cytoskeletal mechanisms mediating axonal straightening.

Cortical actomyosin network contracts (as discussed in Chapter 3) upon detach-

ment induced by unknown feedback mechanism leading to the straightening of

axons. Microtubules sliding and re-arrangement is likely to be necessary in order

to accommodate the contraction. The axon appears to consist of small contractile

units whose activity is heterogeneously distributed along its length.

4.4 Materials and methods

4.4.1 Dissection and cultures

As described in chapter 3.
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4.4.2 Labeling of mitochondria

Neurons were cultured for 48 hours followed by serum induction as described

above. After 30 minutes of serum induction, cells were incubated with 50 nM

MitoTracker Green FM (Thermo Scientific) for 2 minutes followed by 2 washes

using L15 (Gibco) and minimum 30 minutes incubation in L15 before imaging.

Images were acquired at every one second interval in GFP channel using a 40x

oil objective on an Olympus IX81 system equipped with a Hamamatsu ORCA-R2

CCD camera.

4.4.3 Mitochondria tracking and analysis

Together with Dr. J. Joseph, Unversity of Hyderabad, India we developed a

MATLAB-based code to track labeled mitochondria. Mitochondria were tracked

every 10 seconds as this was optimal for differentiating docked and mobile mi-

tochondria. Simple Neurite Tracer plugin was implemented in Fiji to trace the

axon and obtain the coordinates along its length at each time point. These im-

ages, with their corresponding coordinate files were saved as .jpg and .swc files,

respectively. Images and their corresponding .swc files were imported to MAT-

LAB. Coordinates from the .swc files were used to obtain the normal to the path

forming the neurite trajectory at each point and the vector of pixels along this nor-

mal was determined. The location of the intensity maxima along this vector of

pixels at each point was used as the coordinate of the neurite at that point. The

vectors of pixels along the normal were also stored for making kymograph plots.

The intensity values per pixel along the neurite, using the coordinates obtained

by the procedure described above, were used to identify the locations of the mi-
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tochondria. To eliminate detection of small spurious local peaks as mitochondria

a smoothing filter was used. Intensity series from all images of a neurite were

resampled to have the same length as the longest (the first image). These inter-

polated series were used to reliably identify peaks corresponding to mitochondria

that were consistently present throughout the experiment (figure 4.2, figure 4.4).

The coordinates of the detected mitochondria were scaled back to get their co-

ordinates on the original scale. These position data were used to calculate local

strains.

4.4.4 Data representation and statistics

Intensity based kymographs and strain vs time graphs were generated in Matlab

(2014). Strain values obtained from the mito-tracker code were further used for

heterogeneity analysis in JMP software (trial version). O’ Brien’s test was used

for this analysis. When variances of two groups are not equal and equality of

variances are not satisfied then O’Briein’s test is used. O’ Brien analysis is suitable

for pairwise comparisons of variances and hence also used earlier in the stretch

paradigm [37].



5. Preliminary work on axonal

tension measurements using an

Optical fiber-based force transducer

5.1 Introduction

Neuronal cells have been an attractive model system to understand mechanical

properties due to their unique shape and geometry. How thin, axi-symmetric

axons utilize underlying cytoskeletal dynamics to maintain their structures is an

active area of investigation. In last few decades, the mechanical responses of

neurons, including both passive and active, have been studied using various quan-

titative force measurement techniques. This includes techniques like AFM based

measurements on cell bodies [129, 130] and growth cones [131] and neuronal

tissues [132, 133], microneedle-based pulling of axons [21, 31], [93]. In vivo,

in Drosophila neurons, active forces were measured using calibrated force sen-

sor [109]. Neurite initiation and elongation have been studied using a magnetic

bead coated with the antibody that elicits neurite initiation in presence of magnetic

field [87].
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Microneedle based pulling is the most extensively used tool to study axonal me-

chanics including viscoelastic properties of axons [78], axonal initiation, growth

[21, 31]. So far, the field has been relying on the microneedle technique (with

few exceptions) to understand the mechanical responses of axons and role of un-

derlying cytoskeletal dynamics [84, 113]. But there are certain limitations of this

technique which need to be considered. Application of controlled force or strain

is not possible using microneedles. Most of these studies do not talk about noise

in the system which may affect the nature of responses. It is important to have

more precise approaches than microneedle to understand the robustness of results

documented so far for neurons and in general to study cell mechanics.

In last two chapters, we discussed the actomyosin dependent axonal contraction

as a potential mechanism of tension regulation and this needs to be confirmed with

direct and quantitative force measurements. With this motivation, we attemted to

use an Optical fiber-based force transducer developed in the laboratory of our col-

laborator, Dr. Pramod Pullarkat (RRI, Bangalore, India). [134]. This setup (figure

5.1) has been recently modified to allow measurement of axonal mechanical re-

sponse by applying controlled deformations (constant strain). In this chapter, our

early attempts to characterize the set up to study active responses of axons will

be discussed. In the future, this set up will allow us to understand mechanisms of

axonal contraction (discussed in last two chapters), in great quantitative details.



Standardization of axon pulling experiments 99

Figure 5.1: Optical fiber-based force transducer. An etched optical fiber is used

to apply stretch on an axon. The rigid end of the cantilever is controlled using a

piezo. Movement of the piezo is programmed through the computer. An etched

optical fiber connected to a laser source. Light coming through the optical fiber is

tracked using a position sensitive detector and a camera (Adapted from [134])

5.2 Results and discussion

Slackening experiments using a microneedle suggested that axons can regulate

their rest tension [21]. Later, motor based active contraction of axons was pro-

posed in PC12 cells [78]. Our trypsin-mediated de-adhesion and straightening

experiments suggest an active, actomyosin dependent contraction as a potential

mechanism to regulate the rest tension. In order to study active contraction and
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axonal tension generation quantitatively, we used the optical fiber-based force

transducer. Since this involves measurements lasting several minutes, as a first

step, we characterized drift in the system.

5.2.1 Design of the stage incubator

In order to study active responses, a stage incubator was fabricated (figure 5.2,

figure 5.3) to maintain 37 ◦C throughout the force measurements. There are two

heating coils one in the base and one in the lid. Voltage set for the base coil and

for the lid was 12V. A resistor of 18 Ω was attached in series in the base coil.

This is to keep the lid temperature slightly higher than base in order to suppress

convection since there could be some heat loss from the window which was made

to insert the cantilever.

Figure 5.2: Design of the stage incubator.
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Figure 5.3: Optical fiber force measurement set up with the stage incubator.

5.2.2 Calibration of the temperature sensors and characteriza-

tion of thermal drift

Platinum resistance sensors (Pt100) were kept in the hot air oven at varying tem-

perature, ranging from 40 to 70 degrees and also at 4 degrees in the refrigerator.

The exact temperature was measured using a thermometer (with 0.1-degree accu-

racy) and the corresponding resistance was measured using a multimeter. Resis-

tance values obtained from multimeter vs temperature shows a linear plot (figure

5.4, figure 5.5). After setting up of temperature controller and checking its sta-

bility, convection was checked by putting chalk dust particles in the medium and

movement of these particles were tracked using the microscope. Only Brownian

motion without any appreciable drift was detected.
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Figure 5.4: Calibration of Pt100 temperature sensors.

Figure 5.5: Calibration of Pt100 temperature sensors.
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5.2.3 Characterization of the mechanical drift

To understand the mechanical drift in the system, a rigid cantilever was used at

room temperature. Long-term drift of 1 µm was observed in 20 to 30 minutes.

Also, short-term drift of 20 to 100 seconds was noticed. The region marked in red

in (figure 5.6) shows short-term drift. Similar drift pattern was observed at 37 ◦C.

Figure 5.6: The mechanical drift. Change in position of the stiff cantilever at

room temperature. Short-term drift happens at the time scale of 20-100 seconds

as shown in a red box.

Since the pattern of the drift is similar at room temperature and 37 ◦C, it is likely to

be mechanical in origin. Based on these observations we decided to systematically

evaluate contribution of each mechnical component causing the drift. Rigid fiber

at room temperature was used for these experiments and multiple runs were done

for each test.

Mechanical drift check by systematically changing each component:
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Table 5.1. Drift characterization

There was no detectable source of the drift. In the future, it is important to

estimate noise everytime long term force measurements are done.

5.2.4 Axon pulling experiments

Since there was no detectable source of the drift, we decided to check noise every-

time we do force measurements on axons. Axonal pulling was carried out using

soft cantilever with the stiffness range 0.00026 N/m to 0.002 N/m. Using a con-

stant extension mode, axons were displaced by 5 microns then the position of the
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cantilever was recorded (figure 5.7). Axons occasionally show an initial viscoelas-

tic response followed by an increase in force. The initial viscoelastic response is

consistent with the force measurements at 25 degree, this is possibly due to the

dissipation of the forces caused by crosslinker detachment ( P.P. lab, unpublished

work). In few cases, where we could do force measurements successfully (n=5),

we occassionaly saw an increase in tension (about 1 nN) after initial viscoelastic

relaxation. Reverse steps were given to the piezo (e.g. from 15 µm extension to

10 µm, as shown in figure 5.8.A and B) to assess the force response. In the re-

verse pull, increase in force could be due to the sudden release of tension in axons

(figure 5.8 A). This data needs to be confirmed further with more numbers to un-

derstand the transition from passive to active behavior and axonal contraction and

tension build up in a detailed quantitative manner.
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Figure 5.7: Axon pulling experiments. A and B are two different examples of

axon pulling experiments. The bright spot is the laser light exiting the optical

fiber cantilever. Stiffness of the cantilever: 0.002 N/m. Scale bar: 5 µm.
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Figure 5.8: Step pulls of axons using a constant extension mode. A. Occasionally

the initial viscoelastic force relaxation is followed by an increase in tension. B.

Axon loses contact with the cantilever and hence force drops to 0 suggesting that

increase in force is indeed coming from the axon and not the drift. (Data for the

same axons shown in (figure 5.7))

5.3 Summary and conclusions

1. Drift in the system is not of thermal origin but rather mechanical.

2. We checked all mechanical components including piezo, laser, cantilever holder

etc. but we don’t see a reduction in the drift with any of these consistently.

3. We also ruled out thermal drift by checking the temperature stability of incu-

bator and by checking convection.

4. We ruled out that something is happening at the level of detection by checking

on camera and PSD at the same time.

Based on these studies, we considered the drift as a limitation of the setup. In order
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to overcome the drift problem, we decided to use extremely soft cantilever (since

drift is mechanical, it is assumed that use of soft cantilever will increase the force

signal without changing the overall drift). In order to distinguish between drift and

actual data, we quantified the drift every time we performed force measurements

on neurons.

5. In a few successful trials, we saw an increase in force but this a preliminary

data and begs more confirmatory experiments.

In earlier chapters, the axonal contraction was studied using axonal strains. The

pulling device is a more sensitive and a complementary approach to the earlier

studies. Though axonal pulling using an optical fiber is again a localized per-

turbation similar to ablation and microneedle experiments, it is likely to provide

quantitative data that will be central to understanding the finer details of mecha-

nisms underlying axonal contraction.

In the future, optical fiber based force transducer will allow us to do mechanical

perturbations using controlled force or controlled strain modes and simultaneous

observation of detailed microscopic dynamics along thin axons which are not pos-

sible with the conventional mechanical perturbations.

5.4 Materials and methods

5.4.1 Cantilever preparation

The optic fiber comes with the two layers of plastic sheaths. An outer layer is

removed by a scalpel. Fiber is passed through a needle with the piezo holder in a

way that required length of the cantilever is coming out from the distal tip of the

needle. Next, second plastic layer was removed by exposing it to flame so that
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glass fiber is exposed. The base of the cantilever with both plastic sheets intact

was packed with aluminum foil in the needle’s part meant to fit a syringe. The

needle was coated with a nail paint properly then dipped in Hydrofluoric Acid

(HF, Merck, India) for one hour with stirring to achieve 9-10 µm diameter. The

diameter was checked under the microscope before use. Before etching, the fiber

diameter is originally 120 microns. Length of the fiber ranges from 6-7mm.

5.4.2 Dissection and culture

DRGs were cultured using the protocol mentioned earlier, in chapter 3, using

the medium containing 0.6 mg/ml Methocel (Colorcon), 10% FBS (Gibco) and 6

mg/ml D-glucose (Sigma), 20 ng/ml NGF (Invitrogen) and PSG antibiotic (Invit-

rogen) at 1X concentration.

To avoid the convection and drift, cells were cultured in glass rings of around 1

cm outer diameter and 1 cm height so that the cantilever is completely immersed

in the medium.

5.4.3 Axonal pulling experiments

The medium was replaced with L15 media without Methocel followed by 30 min-

utes incubation in the stage incubator. An etched optical fiber is mounted in a

way that it is dipped in the medium and dish was covered using a split acrylic

disc in a way that only 1 mm hole is open from where cantilever passes through.

Then axon is focused and aligned vertically by moving the incubator. Axons were

pulled by using a step pull protocol in which 5 µm steps were given to the piezo

and position of the cantilever was recorded on the PSD. The experiments were

done in constant extension mode.
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5.4.4 Analysis

Figure 5.9: Schematic of force measurements. Piezo is moved by distance D

which leads to extension of axon by the cantilever attached to it, by the distance d

(Adapted from [135])

The defection of the cantilever is obtained as follows:

δ = D − d

Using Hookes law,

Fc = Kc× δ

Kc is the stiffness of the cantilever and is calculated based on its length and diam-

eter.

Kc = 8.5 × 10−5(d4/l3)

(Please refer to the [134] for the details of the calibration)



6. Summary and future directions

Mechanical forces influence various aspects of neuronal functions and develop-

ment due to the unique shape and mechanical properties of neurons. Cytoskeletal

driven forces generated intracellularly can regulate neuronal shape and motility.

In this thesis, we have discussed two different problems pertaining to cytoskeletal

functions in the regulation of mechanical forces in neurons:

6.1 Fmn2 mediated regulation of traction forces in neuronal growth cones.

6.2 Cytoskeletal mechanisms of axonal contractility.

6.1 Fmn2 mediated regulation of traction forces in

neuronal growth cones

In this study, we have shown that Fmn2 is involved in regulating filopodial traction

dynamics and growth cone traction force transmission. We propose Fmn2 as a

potential regulator of clutch and transmission of forces.

To test, how Fmn2 regulates clutch engagement; dynamics of focal contact upon

Fmn2 knockdown can be studied. Dynamics of focal contacts can be studied using

photoactivation of photobleaching techniques.
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To address Fmn2-mediated clutch regulation, the intra-molecular tension of com-

ponent proteins of adhesion sites can be measured by using recently developed

tension sensors like that for talin [136]. Fmn2-dependent actin organization can

be studied using transmission electron microscopy studies. This will be a direct

evidence for defects in actin organization upon Fmn2 knockdown and hence will

provide insight into mechanisms.

Fmn2 has been implicated in axonal guidance including, the mid-line crossing

of spinal commissural neurons. It will be interesting to explore the biophysical

mechanisms underlying this. It has been shown earlier that netrin coated beads

can reorient the growth cone and modulate the traction [137]. It will be of interest

to see if Fmn2 regulates this; whether Fmn2 is involved in a cue- dependent force

transmission.

Using general inhibitor of formins, SMIFH2, we would like to see if the FH2

domain is involved in this regulation and whether this is generic a function of

formins. Interestingly, optical trap-based measurements in HeLa cells suggests

that formins are involved in regulating filopodial pulling forces [32].

How filopodia pull is an intriguing question due to their unique actin organization.

How parallel actin bundles show a contractile response is still not clear. Though

helical buckling [54] and coupling with the contractile forces generated in the cen-

tral region [30] have been proposed; mechanistic details are still missing. Fmn2

perturbation may affect actin organization selectively without affecting motor ac-

tivity and may be useful to understand filopodial force generation mechanisms.

In this thesis, we have attempted to understand biophysical mechanisms of force

transmission and growth cone motility in the context of Fmn2. In the future, these

assays will allow us to study growth cone mechanics in greater details.



Summary and future directions 113

6.2 Cytoskeletal mechanism of axonal contractility

We developed a simple cell biological assay for axonal contraction and showed

that axonal contraction is actomyosin dependent. Axons have intrinsic, sponta-

neous contractile activity and it is limited by the rate of de-adhesion. Microtubule

depolymerization did not prevent axonal contraction, however, affected the rate.

Using docked mitochondria as a marker for bulk cytoskeleton dynamics, we

show that underlying cytoskeletal contracts heterogeneously with the contraction-

extension cycles. This heterogeneity may offer plasticity to axonal cytoskeleton

to regulate various functions. In the future, Myosin-II and actin can be imaged to

confirm mitochondria strain dynamics.

So far, in the trypsin-mediated de-adhesion assay, we have been relaying on

curved axonal trajectories on the poly-L-lysine substrate in absence of serum.

However, this approach cannot be scaled up and is low throughput. In the

future, it may be possible to grow neurons on curved micropatterns to ensure

more curved neurons at the same time. As a proof of principle, we have data

where axons constrained to follow curved trajectories spontaneously detach

and straighten (figure 6.1). This preliminary data suggests the feasibility of the

approach. In these experiments, the curvature and time of incubation to get

enough number of curved axons will have to be optimized. This assay will allow

us to evaluate spontaneous detachment due to the contraction, as shown in (figure

6.1) and can also be used in combination with trypsin-mediated de-adhesion of

axons with predefined curvature.
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Figure 6.1: Example of an axon (arrow) detaching from a curved extracellular

matrix pattern and straightening. (A-A”). In time, the axon reduces the curvature

and becomes straight. Scale bar: 25 µm.

Interestingly, straight axons often show a pulsatile contractile response (data not

shown). Straight axons with their growth cones immobilized on discrete adhesive

patterns will allow evaluation of contraction when growth cones pause. In combi-

nation with labeled mitochondria, it may be possible to understand contraction of

straight axons; a baseline contractile activity.

Straightening on the soft substrates with beads embedded in the gel will allow

us to measure forces involved in axonal de-adhesion and straightening; however,

the stiffness of the gel has to be standardized to appropriately evaluate these re-

sponses.

How the actomyosin machinery drives the axonal contraction is a really fascinat-

ing question. Cortical F-actin network might play a pivotal role in driving con-
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traction. It will be interesting to study if spectrin dependent actin rings are present

at this stages of neurons and whether spectrin dependent actin organization drives

axonal contraction. This will confirm whether the circumferential contraction is

coupled to the axial contraction.

Axonal rest tension and growth cone traction are interdependent. Recent work

suggests that unbalanced traction decides axonal rest tension [138]. We have de-

veloped assays to look at axonal contractility and growth cone traction separately.

In the future, combination of these assays will allow us to explore the neuronal

force balance and its functional implications.
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