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Protrusions at the leading-edge of a cell play an important role in
sensing the extracellular cues, during cellular spreading and motil-
ity. Recent studies provided indications that these protrusions wrap
(coil) around the extra-cellular fibers. The details of this coiling pro-
cess, and the mechanisms that drive it, are not well understood. We
present a combined theoretical and experimental study of the coil-
ing of cellular protrusions on fibers of different geometry. Our the-
oretical model describes membrane protrusions that are produced
by curved membrane proteins that recruit the protrusive forces of
actin polymerization, and identifies the role of bending and adhe-
sion energies in orienting the leading-edges of the protrusions along
the azimuthal (coiling) direction. Our model predicts that the cell’s
leading-edge coils on round fibers, but the coiling ceases for a fiber
of elliptical (flat) cross-section. These predictions are verified by 3D
visualization and quantitation of coiling on suspended fibers using
Dual-View light-sheet microscopy (diSPIM). Overall, we provide a the-
oretical framework supported by high spatiotemporal resolution ex-
periments capable of resolving coiling of cellular protrusions around
extracellular fibers of varying diameters.
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Cellular protrusions play important roles in exploring and1

sensing the extracellular environment, during cell spread-2

ing and adhesion, cell migration, and cell-cell interaction (1–5).3

Lamellipodia and filopodia are protrusive structures formed at4

the leading-edge of a migratory cell (6–11). These protrusions5

enable cells to adhere and spread on fiber-like surfaces (12–14),6

such as the fibers of the extra-cellular matrix (ECM) (15, 16),7

as well as cylindrical protrusions of other cells, such as glial8

cells spreading over neighboring axonal extensions (17). In9

vitro studies of the cellular spreading and migration on fibers10

(12, 13) have shown how different cell types organize on these11

fibers (18–23), with the cellular shape and motility found to12

depend on the curvature (diameter) of the fibers (18, 20–25).13

Experiments studying the membrane dynamics at the14

leading-edge of cellular protrusions, have found indications for15

coiling (wrapping) dynamics around the extracellular fibers.16

In (26, 27), protrusions of metastatic cancer cells (breast and17

ovarian) were observed to coil and rotate around the fiber’s18

axis in a curvature-dependent manner, while in (28) similar19

coiling dynamics of leading-edge ‘fin’-like protrusions were ob-20

served for several cell types (fibroblasts, epithelial, endothelial).21

These protrusions are important during the cell’s adhesion22

and spreading, and play an important role in maintaining the23

cell polarity and migration.24

The mechanism that gives rise to the rotational spreading25

of the membrane on the fibers is not understood at present.26
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Fig. 1. Coiling events occurring at the leading-edges of cellular protrusions while
suspended on a single fiber of 200nm diameter. (A) 3D render of a C2C12 cell
captured with Dual-View Light Sheet microscopy. C2C12 cells were tagged with GFP
actin (shown in Magenta), and the polystyrene fiber was coated with Rhodamine
Fibronectin (shown in Cyan). Scale bar is 10 µm (B) I-IV time-lapse sequence
images of cellular protrusion highlighted by the red oval in A. Images track with arrows
(frames II-IV) the path of the membrane ruffles marked with dots in the frame I,
during 10-second intervals. (C) I-IV time-lapse sequence images that follow the same
description as in B, but for the leading-edge highlighted by the yellow oval in A. The
scale bar shown in frame I is 5 µm.

Here we use a theoretical model (29) where the leading-edge 27

protrusion forms due to forces produced by curved actin nu- 28

cleators, combined with adhesion to the substrate. Curved 29

membrane proteins that recruit the actin cytoskeleton have 30

been recently located at the leading edge of lamellipodia pro- 31

trusions (30, 31). We show here that this model spontaneously 32

gives rise to the coiling motion of the membrane when the 33

vesicle spreads over a cylindrical surface that represents the 34

external fiber, and therefore may offer a mechanism for the 35
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Fig. 2. Phase-diagram of the steady-state vesicle shapes in the R− ρ plane, where R is the fiber radius and ρ is the density of curved proteins. The snapshots are shown for
R = 4, 6, 8, 10 (in units of lmin), and ρ = 3.2%, 6.4% and 9.6%. The red regions in the snapshots denote the curved proteins while the blue regions denote the bare
membrane. Here, we use adhesion strength (Ead) = 1.0kBT , F = 2.0kBT/lmin. (a) The background color is showing the adhered area fraction of the vesicle, which is
maximal for largeR and ρ (phase III). (b) The background color is showing the variance of the vertices locations along the cylinder axis (scaled by 103 l2min), which is maximal
for small R and ρ, where the vesicle is aligned along the axis (phase I). (c) The background color is showing the angular variance of the vertices along the circumferential
direction, which is maximal when the vesicle coils over the cylinder for large R and small ρ (phase IV). (d) Comparison between the transition lines between the different vesicle
shapes from the simulations (dashed lines) and the analytical predictions (solid lines).

observed coiling dynamics in cells. Motivated by this theoreti-36

cal result, we use Dual-View light-sheet microscopy (diSPIM)37

(32, 33) to obtain high-resolution imaging of these coiling38

protrusions (Fig.1, Movie-S1-S3), which we compare to the39

theoretical predictions.40

1. Results41

In our theoretical model, we consider a three-dimensional cell-42

like vesicle, which is described by a closed surface, having N43

vertices, each of them connected to its neighbors with bonds,44

forming a dynamically triangulated, self-avoiding network,45

with the topology of a sphere (29, 34, 35). The membrane46

contains proteins with convex spontaneous curvature, that47

diffuse on the surface of the vesicle, having attractive nearest48

neighbour interactions with each other. Each curved protein49

exerts a force (F ) in the direction of the local outward normal50

of the surface, representing the protrusive force due to actin51

polymerization (see the Methods section for details).52

A. Shapes of vesicles spreading on the fiber. We start by an-53

alyzing the dynamics of how a vesicle spreads on an adhesive54

fiber of a circular cross-section. Spreading of the vesicle over55

an adhesive cylindrical surface is determined by the balance56

between the bending and adhesion energies (29). The curved57

membrane proteins, even when passive (do not recruit the58

protrusive forces due to actin polymerization, F = 0), can 59

enhance the spreading by reducing the bending energy cost. 60

This is shown in SI sec. S1, Figs. S1, S2 (Movie-S4-S8), with a 61

monotonously increasing adhered area as the adhesion energy, 62

radius of the cylindrical fiber (R) and the average density of 63

curved proteins (ρ) increase. These systems do not exhibit 64

any tendency for rotations or coiling dynamics. 65

In Fig.2 we describe the steady-state shapes for vesicles 66

with active curved proteins (F 6= 0), as a function of R and 67

ρ. In Fig. 2(a), we plot the adhered fraction of the vesicle 68

(background color), along with the steady-state snapshots. We 69

notice that there are several distinct phases of adhered vesicles 70

on the fiber, which are marked by the colored “transition" 71

lines (Fig.2d). The details of the analytic calculation of the 72

transition lines are given in the SI Sec. S2. 73

I) For small R and ρ, the vesicle shape is elongated (aligned 74

axially, along the long axis of the fiber), with a very small 75

adhered area. Since R is small, and there are not enough 76

curved proteins to form a ring-like aggregate around the whole 77

rim of the vesicle (as in phase II, above), the vesicle can only 78

adhere axially and in this way minimize its bending energy. 79

We identify this phase as it maximizes the axial elongation 80

of the adhered vesicle (Fig.2b, Movie-S9) as measured by the 81

variance in the distribution of vertices along the axial direction 82

(Z-axis) (background color in Fig. 2b, and SI sec. S3, Fig. 83
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S4).84

II) For small R, if we increase ρ, the vesicle will eventually85

form a flat pancake-like shape with all the proteins clustered86

as a ring around the rim. The protrusive forces in this case act87

side-way around the ring and make this pancake-like shape88

stable. These type of shapes were also observed for a free89

vesicle (without any adhesive substrate) (34), when the protein90

density ρ reaches a critical value. For small R the bending91

energy cost of pancake-like vesicle for wrapping around the92

fiber is too high, and it remains “hanging" on the fiber (14)93

(Movie-S10).94

III) At large ρ (such that the vesicle is able to form a95

pancake-like shape), if we increase R, the vesicle will fully96

adhere, as the adhesion energy gain now dominates over the97

bending energy cost of wrapping around the fiber. This phase98

is identified by having the maximal adhered area fraction of99

∼ 0.50 (background color in Fig.2a, Movie-S11).100

IV) At large R, if ρ is small enough so that the proteins can101

not form a circular aggregate around the flat (pancake-like)102

vesicle, they form a two-arc phase (29, 34), where two aggre-103

gates of proteins form at opposing ends of the cell, stretching104

the elongated membrane between them. This shape sponta-105

neously orients to point along the circumferential direction,106

and pull the vesicle into a coiled helical structure. This phase107

is therefore identified by the large overall angular spread of108

the vesicle along its length (Fig.2c, Movie-S12), quantified by109

the variance in the angular distribution of the vertices along110

the circumferential direction (background color in Fig. 2(c)111

and SI sec. S3, Fig. S5).112

Note that in the parameter regime of phase IV, the vesicles113

can also form a phenotype where all the proteins are aggregated114

in a single cluster. These vesicles become motile, as observed115

on a flat adhesive substrate (29).116

B. The mechanism driving the coiling phase. We now analyze117

the coiling phase (IV, Fig. 2), to expose the mechanism that118

drives the circumferential orientation of the leading-edges of119

the membrane protrusions.120

We consider a two-arc vesicle, generated on a flat substrate,121

and place it on the cylindrical fiber along the axial orientation122

as shown in Fig. 3(a). We find that the vesicle is unstable in the123

axially aligned state, and the two leading-edges spontaneously124

rotate to circumferential alignment, thus causing the vesicle125

to coil (Movie-S13). We follow the evolution of the energy126

components during this process (Fig. 3(b-e)). Globally, the127

adhesion energy (WA) decreases (smaller in absolute value)128

at the early stage (Fig. 3(b), time . 200), as the tubular129

middle part of the vesicle partially detaches from the curved130

fiber surface and is stretched by the active force (Fig. 3(d),131

inset). The overall bending energy (Wb) increases throughout132

the process, as the tubular part is stretched to become thinner133

and is bent (coiled) circumferentially around the fiber (Fig.3c).134

These energy penalties are counter-balanced by the work135

done by the active force (WF ) in stretching the vesicle (Fig.3d).136

This energy is calculated as the integrated change in length of137

the vesicle multiplied by the net active force component that138

is aligned along the stretch direction (red arrows in Fig.3a at139

t = 300). As was shown for the two-arc configuration on a flat140

substrate (29), the active work contributes a negative term to141

the total effective energy of this configuration (Fig.3e), which142

is the sum Wtotal = WA +Wb +WF , and acts to stabilize it.143

At a later stage (time & 200, Fig.3b), the adhesion energy144

is partially recovered as the flat leading-edges are stretched 145

along the axial directions by the active forces, increasing their 146

adhered area (Fig. 3j, 3h). Overall, the total effective energy 147

decreases (becomes more negative) over time (Fig. 3e), so the 148

process continues until full coiling. 149

Note that there is a low probability for the two arcs of the 150

initially axial vesicle (Fig. 3a, t = 0) to reorient in the same 151

direction along the circumference. In such a case, the two arcs 152

will merge to form a motile crescent vesicle (36). 153

While the coiling process is therefore mainly driven by 154

the active forces that elongate the vesicle, performing active 155

work, the above analysis does not explain the origin of the 156

initial reorientation of the leading-edges from the axial to the 157

circumferential alignment. In order to understand this stage, 158

we need to “zoom-in" on the dynamics of the leading-edges 159

(during the process shown in Fig.3a). We consider a section of 160

the vesicle which contains the leading-edge protein aggregate 161

and the flat membrane protrusion that it forms (Fig.3f). We 162

define this leading-edge region as follows: we draw a plane 163

perpendicular to the direction of the net force of each protein 164

arc, and place it in a position such that all the proteins forming 165

that arc are on one side of this plane. This criteria is not 166

sufficient when the shape of the arc is highly coiled, so we 167

use another constraint (Fig.3f at time& 300): we consider the 168

leading-edge region for all nodes that are within a distance 169

rmax from the center-of-mass (COM) of the proteins forming 170

the arc, where rmax is the maximum distance of a protein in 171

the arc from the COM of the proteins. These criteria define 172

a leading-edge membrane region that slightly fluctuates in 173

size over time (Fig. 3(g) inset, where we see that the biggest 174

change in the number of vertices occurs at time∼ 300). 175

At the beginning of the process the total force due to 176

the proteins in each arc is directed along the axial direction, 177

and the angle of this force with the cylinder’s axis increases 178

until it is perpendicular (∼ π/2) at later times (Fig.3g). The 179

adhesion and bending energies per vertex of the membrane 180

within the leading-edge region are shown in Fig. 3(h,i). We 181

plot the energies per vertex to remove the effect of the variation 182

in the number of vertices over time (Fig.3g, inset). The 183

adhesion energy fluctuates in the beginning but there is an 184

overall increase, while the bending energy slightly improves 185

throughout the process. The total value of adhesion and 186

bending energies without scaling by the number of vertices 187

are shown in SI sec. S4, Fig. S6. 188

These changes arise from the flat membrane at the leading- 189

edge region being more stretched along the axis (the zero 190

curvature direction) by the active proteins when oriented 191

circumferentially, thereby increasing the adhesion energy and 192

reducing the bending energy (Fig. 3j). In the initial axial 193

orientation the active forces of the proteins along the leading- 194

edge are not as effective in stretching the membrane sideways, 195

as this involves strong bending of the membrane around the 196

fiber (Fig. 3j), and therefore encounters a large bending 197

energy penalty. From these observations we conclude that 198

the reorientation process of the leading-edge regions is mainly 199

driven by locally increasing the adhesion and decreasing the 200

bending energies, while the global coiling process of the whole 201

vesicle is driven by the work done by the active forces. 202

C. Theoretical predictions compared with experiments. We 203

now use our theoretical model to make several predictions 204

that we then test in experiments. 205
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Fig. 3. Transition of a two arc shape from axial to circumferential (coiling) orientation. (a) Configurations of the vesicle at different times (in Monte-Carlo units). The red arrows
on the 3rd inset are showing the direction of active forces acting on each of the two arcs of the elongated vesicle. (b) Variation of the total adhesion energy (WA) with time,
showing a non-monotonic variation. (c) The total bending energy (Wb) of the vesicle as a function of time, which is increasing monotonously during the coiling process. (d) Total
work done by the active force (WF ), increasing the vesicle length over time (shown in the inset). The length is measured by assuming that the vesicle is organized like a helix,
with the end positions being the centers of mass of the proteins in each of the two leading-edge arcs. (e) The total effective energy (Wtotal), sum of b-d, which is a decreasing
function of time. (f) Configurations showing the edge region, as defined by the grid-plane, and the grid-sphere at later times when the shape is highly coiled. (g) The angle (θ)
between the direction of the total force acting at the cell edge (as denoted in (f)), with the cylindrical axis as a function of time. The inset is showing the total number of vertices
within this region. (h) Adhesion energy and (i) bending energy per vertex for the leading-edge region (f). (j) The configuration of an arc at the leading-edge when it is oriented
axially (as in t = 0 in (a)), versus circumferentially (as in t = 600 in (a)). The arrows denote the active axial stretching when the leading-edge is oriented circumferentially,
increasing the adhesion energy (h). Here, we use Ead = 2.0kBT , ρ = 2.4% and F = 2.0kBT/lmin. The unit of time in the plots is normalized to be 2× 104 MC steps.

In Fig.4a we plot the angular displacement (θ) of the pro-206

teins on the leading-edges of the membrane protrusions, where207

θ is defined as the angle between the initial and subsequent208

location of a leading-edge protein (measured from the center of209

the fiber) on the X − Y plane. We next vary the cross-section210

shape of the fiber by considering an elliptical cross section211

having the same circumference as the circular fiber with a212

radius R = 10lmin. We find that above a critical aspect ratio213

(ratio of the semi-major to the semi-minor axis of the ellipse214

∼ 1.6), the vesicle does not coil but rather remains axially215

aligned (Fig. 4b, Movie-S14). The minimal radius of curvature216

for this cross-section is 5 lmin, which is a little bit smaller than 217

the radius at which coiling stops for a fiber with a circular 218

cross-section (R . 7 lmin in Fig. 2). The coiling dynamics 219

of the leading-edges of the vesicle on a fiber with such a high 220

aspect ratio is inhibited, and the value of the angular position 221

of the leading-edge fluctuates around zero (Fig.4c), while on 222

fibers with circular cross-section the angular displacement of 223

the leading-edges increases beyond |2π|, and saturates when 224

the vesicle fully coiled (Fig.4a). 225

We verify this prediction using our experimental results of 226

the trajectories of membrane ruffles for round and flat fibers 227
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(experimental images are shown in Fig. 5; details of the experi-228

mental methods are in the Material and Method section). Note229

that in the simulations we model the coiling of the leading-edge230

that is adhered to the fiber surface, while in the experiments231

we could visualize the motion of membrane ruffles that extend232

above the fiber surface. Nevertheless, the motion of these233

ruffles appears to be correlated with and reflects the quali-234

tative features of the motion of the underlying leading-edge235

membrane. We find that on a fiber with a round cross-section236

(diameter 200 nm) the ruffles exhibit highly directed angular237

trajectories (Fig.4e), while on the flat-ribbon fibers the tra-238

jectories fluctuate around zero (see corresponding trajectories239

on the cell images in Fig. 5b), in close agreement with the240

theoretical simulations (Fig.4a,c). The directed trajectories241

persist for fibers of larger diameter (1500nm), but lose their242

directionality when the fiber diameter is even larger (3000nm).243

These differences in the experimental trajectories can also be244

quantified by their angular persistence (Fig. 4f).245

The difference between coiling dynamics on round and flat246

fibers can be further quantified by plotting the mean square247

angular displacement (MSAD) for both cases. The MSAD is248

expected to vary as ∼ tα, where α = 1 for a diffusive behavior,249

while α = 2 represents ballistic, persistent coiling. In the250

simulations we find ballistic behavior for round fibers (before251

the coiling saturates due to finite membrane area), while252

diffusive for fibers with highly elliptic cross-section (Fig.4d).253

The experimental data exhibits the same trends (Fig.4h), with254

ballistic dynamics on the round fibers (of diameter 200 nm and255

1500 nm), and diffusive motion on the flat-ribbon fiber. On the256

round fibers with the largest diameter (3000nm), we observe257

mixed behavior. The values of the exponent α, extracted from258

the experimental data, are summarized in Fig.4g. The coiling259

velocity for each of the experiments is shown in SI sec. S5,260

Fig. S7, compared with the simulations.261

The experimental images of the cells’ leading-edges and262

the trajectories of the ruffles are shown in Fig. 5 (also see263

Movie-S15-S19). Fig. 5A shows the isometric view of the264

cells leading-edge. The protrusions are highly dynamic for the265

round fiber of D = 200 nm, while less for the flat-ribbon fiber266

(Fig. 5B). The kymographs in Fig. 5C clearly demonstrate267

that the ruffles on the round fibers coil around the fiber and268

move from side to side of the fiber axis, while on the flat-ribbon269

fibers they stay only on one side and do not wrap around the270

axis.271

2. Discussion272

Cells often encounter extra-cellular fibers on which they ad-273

here, spread and migrate. We show that the tendency of the274

leading-edge of such cells to coil around adhesive fibers can be275

understood using a model with a minimal set of components:276

membrane with curved membrane proteins that induce out-277

wards active forces (representing cytoskeletal activity), and278

adhesion. Within this model the coiling process emerges spon-279

taneously, and is driven by the physics of minimizing the free280

energy and the active work. This physics-based model predicts281

that the coiling will be inhibited when the radius of curvature282

of the fiber is too small, which prevents coiling around flat rib-283

bons due to high membrane bending energy. This prediction284

is verified in our experiments. Furthermore, the essential role285

of the curved membrane proteins in our model can explain the286

reduced coiling observed in cells with reduced amount of such287
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Fig. 4. Membrane coiling dynamics on fibers of circular and elliptical cross-sections.
(a) Angular displacement (θ) of the leading-edge of vesicle with time for the circular
fiber (R = 10lmin). Different colors represent different realizations. The inset
shows the definition of angular displacement θ. Here, P and Q are the initial and
final position of a leading-edge protein on the X − Y plane, and θ is the angular
displacement between them. We use here Ead = 1.0kBT , ρ = 2.4% and
F = 2.0kBT/lmin. The unit of time is 105 MC steps. (b) Configurations of
vesicle with fibers of elliptical cross section. The coiling ceases as the aspect ratio
of the elliptical cross section (Rx/Ry ) increase. The circumference of the elliptical
cross section is kept constant, which is equal to the circumference of the circular
cross-section (= 2πR) with R = 10.0lmin. (c) Angular displacement of the
leading-edge of the vesicle as function of time, for an elliptical fiber of aspect ratio 1.6.
Different colors represent different realizations. (d) Mean square angular displacement
(MSAD) with time for circular and elliptical fibers. The initial growth of MSAD is∼ tα,
where α = 1 represents diffusive behavior while α = 2 shows ballistic nature. (e)
Experimental data for the angular position with time for different types of fibers. (f)
Experimental results for angular persistence for various types of circular and flat fibers.
(g) The value of power law exponent (α) for the experimental data for various fibers.
(h) MSAD for the experimental case for various types of fibers.

curved and actin-related proteins (37). 288

There are obvious biological consequences for the coiling 289

process. Cells may form better overall grip when coiling on 290
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Fig. 5. Coiling at leading-edges for cells spread on fibers with different diameters. The
round polystyrene fibers have diameter of 200nm, 1500nm and 3000nm, while the
“Flat Ribbon” fibers are produced by flattening a 200nm fiber, increasing its cross-
sectional width to approximately π D ≈ 600 nm with a thickness t ≈ 50 nm.
(A) Maximum intensity projections of the inclined volumetric scan of the cell with
Dual-View Light Sheet microscopy. (B) Typical coiling trajectories of membrane
ruffles, extracted by cross-sectional manual tracking. The color lines denote the
displacements of the tracked ruffle, with the trajectories ending with the dot. (C)
Kymographs for the ruffles shown in B. These are illustrating the movement of the
membrane boundary along a line placed at the leading-edge of the cell as shown in
the dashed line of the illustration on the left.

fibrillar structures (i.e., ECM and cellular processes), aiding291

cell motility and intercellular interactions. For example, can-292

cer cells exhibit enhanced coiling activity on fibers (26, 27).293

Furthermore, cells migration on tube-like cellular structures294

during tissue development and organogenesis, as well as during295

cancer progression, may utilize membrane coiling. One such296

example is the process of myelination, during which glial cells297

of the vertebrate central and peripheral nervous systems pro-298

duce a multi lamellar substance called myelin around axons,299

thereby allowing fast nerve conduction (38, 39). In the periph-300

eral nervous system, Schwann cells myelination is a process301

that requires these cells to efficiently coil around fiber-like302

axons (40, 41). In order to closely visualize coiling of Schwann303

cells on axons, we used a transgenic mouse which expressed304

a GFP-tagged myelin-specific membrane protein (42) to gen-305

erate Schwann cell-neuron myelinating cultures with neurons306

that expressed TdTomato (red fluorescence) in their cytoplasm.307

Time lapse imaging of these cultures clearly showed that al-308

ready at the initial Schwann cell-axon interaction (Fig.6A,309

Movie-S20) the Schwann cell sent thin processes that coiled310

around the axons that were to be myelinated. During the311

myelination process itself (Fig.6B, Movie-S21), we visualized312

slower and more prominent spiraling of the Schwann cell mem-313

brane around the axon, as demonstrated by a kymograph (Fig.314

6C), which probably represents wrapping of the inner myelin315

layer, as known to occur during myelin formation (43). It316

is thus clear that coiling of Schwann cell membranes around317

axons is a main feature of the unique inter-cellular interactions318

between Schwann cells and the cylindrical axonal processes.319

Our theoretical work indicates that there is a fundamental320

physical mechanism that leads to membrane coiling dynamics,321

which can then be further tuned and regulated by biological322

molecular signaling. Furthermore, myelination is known to323

occur on axons for which diameter exceeds a critical threshold324

(38). Our results reveal a physical mechanism that inhibits325

coiling, and may correspondingly prevent myelination around326

very thin fibers in the vertebrate nervous system.327

In conclusion, we propose a physics-based mechanism for328

the tendency of adhering cellular membranes to coil around 329

fibers. The mechanism is driven by the out-of-equilibrium 330

(active) nature of the forces exerted by the cytoskeleton on 331

the membrane, and the feedback between curved membrane 332

proteins, adhesion and membrane bending. This mechanism 333

may underlie crucial processes in biology, and remains to be 334

tested by more detailed molecular studies. 335

3. Materials and methods 336

A. Theoretical model. We consider a three-dimensional vesicle, 337

which is described by a closed surface having N vertices, each 338

of them is connected to its neighbors with bonds, and forms 339

a dynamically triangulated, self-avoiding network, with the 340

topology of a sphere (29, 34, 35). The vesicle is placed on a 341

fiber, with which the vesicle has a uniform attractive contact- 342

interaction (adhesion), as shown in Fig. 7. The vesicle energy 343

has the four following contributions: The bending energy is 344

given by, 345

Wb = κ

2

∫
A

(C1 + C2 − C0)2dA, [1] 346

where κ is the bending rigidity, C1, C2 are the principal 347

curvatures and C0 is the spontaneous curvature. We consider 348

the spontaneous curvature C0 to be non-zero at the location 349

of the curved proteins, while in the absence of any curved 350

proteins, the spontaneous curvature is considered to be zero. 351

We consider only convex curved proteins in our simulation, 352

such that their spontaneous curvature C0 = 1.0l−1
min. The 353

protein-protein interaction energy is given by, 354

Wd = −w
∑
i<j

H(r0 − rij), [2] 355

where, H is the Heaviside step function, rij = |−→r j −−→r i| is 356

the distance between proteins and r0 is the range of attraction, 357

w is the strength of attraction. The range of attraction is 358

chosen in a way so that only the proteins that are in the 359

neighboring vertices can interact with each other. The active 360

energy is given by, 361

WF = −F
∑
i

n̂i.
−→r i, [3] 362

where, F is the magnitude of the force, n̂i is the outward 363

normal vector of the vertex that contains a protein and −→r i 364

is the position vector of the protein. These forces are "ac- 365

tive" since they give an effective energy (work) term that is 366

unbounded from below and thereby drive the system out-of- 367

equilibrium. If the proteins are distributed inhomogeneously, 368

there will be a net force in a particular direction. However, 369

since we only simulate vesicles that are adhered to the rigid 370

fibers, and the fiber is fixed in its location, this links our vesicle 371

to the lab frame thereby restoring momentum conservation 372

(fixing the fiber acts as an infinite momentum reservoir). 373

Finally, the adhesion energy, which is due to the attractive 374

interaction between the fiber and the vesicle, is given by, 375

WA = −
∑
i′

Ead, [4] 376

where Ead is the adhesion strength, and the sum runs 377

over all the vertices that are adhered to the fiber (29, 34, 378

44). By ‘adhered vertices’, we mean all such vertices, whose 379

6 | www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX Sadhu et al.

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2022. ; https://doi.org/10.1101/2022.05.24.493192doi: bioRxiv preprint 

www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX
https://doi.org/10.1101/2022.05.24.493192
http://creativecommons.org/licenses/by-nc-nd/4.0/


DRAFT

0 0.5 1 1.5 2 2.5 3 3.5

Time (Hours)

12

10

8

6

4

2

0

D
is

ta
n

c
e

 (
µ

m
)

25

50

75

100

125

150

In
te

n
s
it
y
 (

a
. 

u
.)

A. C.

.

Fig. 6. Coiling events involved in inter-cellular interactions during vertebrate myelin development. Time lapse imaging of mouse DRG myelinating culture showing (A) initial
contact between a thin process of pre-myelinating Schwann cell (green) spiraling around an axon (red). Time intervals between images are 30 minutes. (B) As myelination
proceeds, a thicker Schwann cell process wraps around an axon at a slower speed. Time intervals between images: 1 hour. Arrows point at clear spiral turns, as they rotate. (C)
Kymograph showing fluorescence intensity along a fixed line across the spiral shown in (B) (depicted as a dashed white line) over the duration of 4 hours in 15 minute intervals.
Scale bars: 10 µm. The kymograph clearly shows the apparent upwards motion of the fluorescent Schwann cell process, as the spiral shape rotates around the axon.

perpendicular distance from the surface of the fiber are less380

than lmin. Thus, the total energy of the system is given by,381

W = Wb +Wd +WF +WA [5]382

We update the vesicle with mainly two moves, (1) Vertex383

movement and (2) Bond flip. In a vertex movement, a vertex is384

randomly chosen and attempt to move by a random length and385

direction, with the maximum possible distance of 0.15lmin.386

In a bond flip move, a single bond is chosen, which is a387

common side of two neighboring triangles, and this bond is388

cut and reestablished between the other two unconnected389

vertices (29, 34, 44). The maximum bond length is chosen390

to be lmax = 1.7lmin. The fiber is assumed to be infinite in391

length in the axial direction (Z-axis), while having a finite392

cross-section (either circular or elliptical) on the X − Y plane393

(Fig. 7).394

We update the system using Metropolis algorithm, where395

any movement that increases the energy of the system by an396

amount ∆W occurs with rate exp(−∆W/kBT ), otherwise it397

occurs with rate unity.398

We used in this study a vesicle of total number of vertices,399

N = 3127 (radius∼ 20 lmin), where lmin is the unit of length in400

our model, and defines the minimum bond length. The bending401

rigidity κ = 20 kBT , the protein-protein attraction strength402

w = 1 kBT , and ρ = Nc/N is the protein density, where403

Nc are the number of vertices occupied by curved membrane404

proteins with spontaneous curvature: C0 = 1.0 l−1
min. We do405

not conserve the vesicle volume here, while the membrane area406

is well conserved (∆A/A < 1%) (34).407

Note that our simulation length scale lmin does not have408

any correspondence with a real length. By assigning a different409

real length to the basic length-scale of the simulation (lmin)410

we do not in fact change the dynamics. The effect of such a411

change in length scale will be just to rescale the parameters412

(Ead, F , C0 etc.) according to the choice of lmin. The absolute413

scaling of lmin does not therefore make any qualitative change414

in our simulations, since all the energies are scale-invariant415

with our definition of Ead and F , while the bending energy is416

always scale-invariant (intensive energy).417

B. Imaging of the coiling of leading-edge protrusions on sus-418

pended fibers.419

Parameters used in simulation
Symbol Definition Unit
N Number of vertices NA
R Radius of the round fiber lmin

Rx (Ry) Semi-major (minor) axis of the flat fiber lmin

Ead Adhesion strength kBT (per node)
ρ Density of curved proteins NA
w Strength of protein-protein binding kBT

F Active protrusive force kBT/lmin

C0 Spontaneous curvature l−1
min

Table 1. List of parameters used in our simulation

Circular fiber Elliptical fiber
Z X

Y

Fig. 7. Schematic representation of our theoretical model. We consider a three
dimensional vesicle, and an adhesive fiber of circular as well as elliptical cross-section.
The red dots on the vesicle represent the curved proteins, while the blue regions are
the bare membrane.

B.1. Scaffold Preparation. Using the previously reported non- 420

electrospinning STEP technique (24, 45, 46), suspended fiber 421

nanonets composed of 200 or 500 nm diameter fibers spaced 422

20 µm apart were deposited orthogonally on 2 µm diameter 423

fibers spaced 300 µm apart. Nanofibers were manufactured 424

from solutions of polystyrene (MW: 2,500,000 g/mol; Cate- 425

gory No. 1025; Scientific Polymer Products, Ontario, NY, 426

USA) dissolved in xylene (X5-500; Thermo Fisher Scientific, 427

Waltham, MA, USA) in 6 and 9 wt% solutions. 1 and 3.5 428

µm diameter fibers were manufactured from 2 and 5 wt% of 429

high molecular weight polystyrene (MW: 15,000,000 g/mol, 430

Agilent Technologies, Santa Clara, CA, USA) and equally 431

spaced at approximately 60 µm. The polymeric solutions 432

were extruded through micropipettes with an inside diame- 433

ter of 100µm (Jensen Global, Santa Barbara, CA, USA) for 434
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deposition of fibers on a hollow substrate. All fiber networks435

were crosslinked at intersection points using a custom fusing436

chamber, to create fixed-fixed boundary conditions. 200nm di-437

ameter fibers were made into flat ribbons (of width πD, where438

D is the diameter of the original fiber of circular cross-section)439

as described in (14).440

B.2. Cell Culturing. Mouse Muscle Myoblasts (C2C12s) express-441

ing GFP actin were a gift from the Konstantopoulos Lab442

at Johns Hopkins University. Cells were cultured on Petri443

dishes using Dulbecco’s Modified Eagle Medium (DMEM,444

Gibco, Thermo Fisher Scientific) with 10% Fetal Bovine Serum445

(FBS, Invitrogen, Carlsbad, CA, USA) and 1% Penicillin-446

Streptomycin. STEP-spun scaffolds were placed on 100x20mm447

Petri dishes and disinfected with 70% ethanol, then coated448

with 6µg/ml of Rhodamine Fibronectin (Cat. # FNR01, CY-449

TOSKELETON, Denver, CO, USA) by incubating at 37°C for450

1hr. The trypsinized and resuspended cells were seeded onto451

STEP-spun scaffolds, allowed to attach for at least two hours452

and the wells were flooded with 2mL of DMEM +10% FBS.453

B.3. Cell Imaging with Dual-View Light Sheet Microscopy. The454

seeded samples with DMEM were PBS washed, then flooded455

with Live-Cell Imaging Solution (Invitrogen, Carlsbad, CA,456

USA) for imaging using Dual-View Plane Illumination Mi-457

croscopy (diSPIM) (32, 33). Samples were mounted in the458

diSPIM and kept at 37°C after calibrating the light-sheet move-459

ment to piezo step factor using a micromanager plugin (47).460

Cells were volumetrically imaged (two views), up to 120 time461

points at 1.5, 2.5, and 3.5-second intervals constrained by the462

cell size, the number of slices, and location in the suspended463

nanonets.464

B.4. Cell Imaging with Dual-View Light Sheet Microscopy. Z stacks465

acquired from the diSPIM were background subtracted, bleach466

corrected, cropped, and sorted in Fiji (48). The orthogonal467

views (SPIM A and SPIM B) were fused using a GPU opti-468

mized pipeline as described in Guo 2020 (49). Fused stacks469

with isotropic resolution were rotated with the TransformJ470

plugin for visualization and analysis. Maximum intensity pro-471

jections derived from the volumetric time series were used to472

manually track the protrusive activity at the coiling fronts of473

cells. RStudio was used to generate all plots and statistical474

comparisons of means using Kruskal-Wallis test.475

C. Imaging of early stage myelination process. For the gen-476

eration of Schwann cell-dorsal root ganglia (DRG) neuron477

myelinating cultures we used mice expressing S-MAG-GFP (a478

transgene expressed specifically in myelinating cells membranes479

(42)). DRG cultures were prepared from mouse embryos at480

day 13.5 of gestation. DRGs were dissociated and plated at481

a density of 4 × 104 per chamber (Lab-Tek coverglass sys-482

tem Nunc #155411), coated with Matrigel (Becton Dickinson)483

and Poly-L-lysine. Cultures were grown for 2 days in Neu-484

robasal medium supplemented with B-27, glutamax, penicillin485

/streptomycin and 50 ng/ml NGF. At day 2 post seeding486

cultures were infected with a lentivirus carrying a cytoplas-487

mic Tdtomato reporter, resulting in neuronal expression of488

TdTomato. Cultures were then grown for 4 additional days in489

BN medium containing Basal medium-Eagle, ITS supplement,490

glutamax, 0.2% BSA, 4 mg/ml D-glucose, 50 ng/ml NGF491

and antibiotics. To induce myelination, cultures were grown492

in BNC, namely a BN medium supplemented with 15% heat493

inactivated fetal calf serum (replacing the BSA) and 50 µg/ml 494

L-ascorbic acid. 495

Cultures were imaged at 7 days with myelinating medium 496

(for fluorescence imaging, at a frequency of 4 frames per hour 497

for 65 or 19 hours). Fluorescence images were obtained us- 498

ing a confocal microscope (LSM700 confocal microscope Carl 499

Zeiss) 488-nm and 555-nm laser lines. Confocal time-lapse 500

images were captured using a Plan-Apochromat 20×/0.8 M27 501

objective (Carl Zeiss), at temperature , CO2 and humidity 502

controlled conditions. Image capture was performed using 503

acquisition Blocks (Carl Zeiss Zen 2012). Images and movies 504

were generated and analyzed using Zeiss Zen 2012 and Adobe 505

Photoshop CC 2019. 506
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Supporting Information Text19

Results for passive vesicle20

We present here the results for the adhesion and spreading of protein-free vesicles on cylindrical substrates, for different fiber21

radius and strength of adhesion (Fig. S1). As expected, the adhered area fraction increases strongly with both fiber radius22

and adhesion energy, with the transition to complete adhesion determined by the balance between the bending and adhesion23

energies. At large adhered area fractions, the bending energy per vesicle-substrate area balances the adhesion area, with the24

complete adhesion regime occurring when: κ/R2 ≤ Ead, shown by the yellow dashed line in Fig. S1.
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Fig. S1. Phase diagram Ead − R plane for protein-free case (ρ = 0). Background color is showing the adhered fraction of vesicle. Adhered fraction increases either with R
or Ead.

25

We next show our results with passive curved proteins (F = 0) and a given radius of fiber R = 10 lmin in Fig. S2. With the26

introduction of curved passive proteins, the complete adhesion regime is extended to lower adhesion energies, as was observed27

for flat substrates (1). For a given small Ead, as we increase protein density ρ, the vesicle gets adhered more and more. For28

larger Ead, however, the strong adhesion is achieved even without (or small) proteins. The yellow horizontal dashed line is29

showing the transition given by κ/R2 ≤ Ead (for a given R) above which the adhesion energy dominates.
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Fig. S2. Phase diagram Ead − ρ plane for vesicle with passive proteins (F = 0). Background color is showing the adhered area fraction. The adhered fraction increases with
Ead and ρ.

30

Analytical estimation of transition lines31

Here, we present our simple analytical estimation of all the transition lines separating different phases (shown in Fig. 2d, main32

text).33

2 of 8Raj Kumar Sadhu1, Christian Hernandez-Padilla2, Yael Eshed Eisenbach3, Lixia Zhang4, Harshad D Vishwasrao4, Bahareh
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A. Transition to a pancake shape (phase-I to II or phase-IV to III). Let us consider the surface area of the vesicle is A. If we34

make this a flat pancake-like, the radius of this circular face will be given by the relation,35

πR2
p ' A/2 [S1]36

or,37

Rp '
√
A/2π [S2]38

The perimeter of the circular face of the pancake-like shape is,39

2πR '
√

2πA [S3]40

If the average size of a protein is, lav = (lmin + lmax)/2, then, the number of proteins that will fit in that perimeter is given41

by,42

Np '
√

2πA
lav

[S4]43

Now, the average surface area of the vesicle is,44

A = 2N
√

3
4 l2av [S5]45

where, N is the number of nodes, and 2N is the approximate number of triangles. Since, N = 3127, and lav = 1.35 lmin,46

the total number of proteins that will fit into the rim of circular pancake is,47

Np =
√

2πA
lav

' 130 [S6]48

The density of proteins is thus,49

ρp(%) = (100× 130)/N ' 4% [S7]50

B. Transition from “hanging” pancake (phase-II) to “wrapped” pancake (phase-III). Let us assume the vesicle forms a circular51

pancake-like shape with the radius of Rp, such that the total area of the vesicle, A = 2πR2
p. Now, consider the case where the52

pancake just touching the cylinder and remains unadhered. The adhesion energy in this case is,53

WA = −Ead
2dRp
l2av

[S8]54

Here, lav is the average length of the bond, lav = (lmin + lmax)/2. Here, we assume that the width that is in contact with55

the cylinder is of the length d = lmin, such that the number of adhered nodes are 2Rp/l2av. After the pancake is fully adhered,56

the new adhesion energy and the bending energy are,57

WA = −Ead
πR2

p

l2av
[S9]58

and the extra bending energy cost for this transition,59

Wb = κπR2
p

1
R2 [S10]60

The condition for the transition is,61

Ead
l2av

(πRp − 2) = κ
πRp
R2 [S11]62

which gives,63

R2 = κ

Ead

l2av(
1− 2

πRp

) [S12]64

Assuming Rp � 1, we have,65

R ∼
√
κ/Eadlav ∼ 6lmin [S13]66
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C. Coiling transition (phase-I to phase-IV). For small ρ, the vesicle either forms elongated shapes axially aligned, or coiled67

shape. For small R, the vesicle aligned along the axial direction and for large R, it forms a circumferential (coiled) shape. Let68

us assume a spherical vesicle having zero force (Fig. S3a(i)). As the force increases, the vesicle will get stretched (Fig. S3a(ii)).69

Using the energy minimization, and area conservation, we can get the elongated shape, assuming it to be cylindrical. The area70

conservation states,71

4πR2
0 ' 2πrcht [S14]72

where, we neglect the area for the two circular edges. Now, assume that for spherical vesicle, only a single vertex of adhered,73

while for cylindrical shape, a linear chain of vertices are adhered along the axial direction. Thus, from energy minimization,74

(NcR0F + Ead − 8πκ)r2
C − 2R2

0(Ead/lav +NcF/2)− 8πκR2
0(NcR0F + Ead − 8πκ) = 0 [S15]75

The solution of this equation will give two values of rc among which, one is greater than R0 and hence is unphysical. We76

consider the other solution We can also calculate ht from area conservation.77

Now, let us assume that for large R, when the vesicle goes to a coiled shape, the value of rc remains same, and the shape78

becomes a combination of cylinder and two flat circular shapes (Fig. S3a(iii)). The radius of the flat circular shapes will be79

determined by the protein density,80

2πr − 2rc = Nclav/2 [S16]81

or,82

r = (Nclav/2 + 2rc)/2π [S17]83

From area conservation,84

4πR2
0 = 2πhrc + 4πr2 [S18]85

and from energy minimization,86

− Eadht/lav + κ

2 2πrcht
1
r2
c

= −Ead(h/lav + 2πr2/l2av) + κ

2 2πrch
1
r2
c

+ κ

2 4πR2
0

1
R2 [S19]87

R2 = κA

2 [Ead(h/lav + 2πr2/l2av − ht/lav) + πκ/rc(ht − h)]−1 [S20]88

where, R is the radius of the cylinder. We solve the above equation numerically in the R− ρ plane, and show in Fig. S3(b)89

with green solid line, and compare with simulation results with dashed line-points.90
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Fig. S3. Analytical estimation of transition line for coiling transition (phase-I to phase-IV). (a) Schematic representation of steps of analytical calculations. (i) For the vesicle
without any force, the shape is spherical. (ii) For small R, when force is applied, the vesicle shape changes to cylindrical one. (iii) For larger R, the vesicle shape changes to
coiling shape, having a combination of cylindrical and circular shape. The red lines are representing the curved proteins. (b) Comparison of analytical estimation with the
simulation. Other simulation parameters are same as in Fig. 2, main text.
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Quantification of axial and circumferential alignment91

In our main text, we quantify the axial and circumferential alignment of the vesicle by measuring the variance in the distribution92

of vertices along the axial direction and the distribution of angle along the circumferential direction respectively. Here, we show93

the full distribution of the vertices along the axial and circumferential direction in Fig. S4 and Fig. S5 respectively.
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Reorientation process: Energy with time without scaling per vertex95

Here, we show the adhesion and bending energies for an arc without scaling by the total number of vertices that are forming the96

arc, in Fig. S6(a-b). We also show the energy of the rest of the cylindrical part of the vesicle (after subtracting the contribution97

due to the other two arcs) in Fig. S6(c-d). We note that the adhesion energy is increasing throughout and bending energy is98

also larger in the final configuration.99
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Coiling speed for different fiber radius100

In Fig. S7 we compare the coiling velocity of the leading edge protrusion measured from experiments with the simulation data.101

The simulation data indicates that over the fiber radii that we can test, the coiling speed does not change significantly (slopes102

of the graphs in Fig. S7b). However, in the experiments the coiling speed was found to decrease for increasing radii, most103

significantly for small radius (Fig. S7d).104
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Fig. S7. Coiling speed for different fiber radius in simulations, and compared with experiments. (a) The overall angular-length-span of the vesicle coil as function of time. (b)
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Supplementary movies105

All the supplementary movies are available online in the link: https://app.box.com/s/slkec3eu8h34fo6p9s414s0km4a8jgw5106

107

Movie S1. Experimental movie corresponding to Fig. 1A. Deconvolved isometric render in ImageJ 3D Viewer108

of a C2C12 expressing GFP actin spread on a rhodamine fibronectin coated 200 nm fiber. Scale bar shown is109

for 10µm.110

Movie S2. Experimental movie corresponding to Fig. 1B. Zoomed-in perspective of leading/trailing edge of111

the cell as it migrates and coils around the 200nm fiber. Scale bar shown is for 5µm112

Movie S3. Experimental movie corresponding to Fig. 1C. Zoomed-in perspective of leading/trailing edge of113

the cell as it migrates and coils around the 200nm fiber. Scale bar shown is for 5µm.114

Movie S4. Spreading of protein-free vesicle on cylindrical fiber of smaller radius. The parameter values are :115

Ead = 1.5 kBT , R = 5.0 lmin.116

Movie S5. Spreading of protein-free vesicle on cylindrical fiber of larger radius. The parameter values are :117

Ead = 1.5 kBT , R = 15.0 lmin.118

Movie S6. Spreading of a vesicle with passive proteins (low density) on cylindrical fiber. The parameters are:119

Ead = 1.0 kBT , ρ = 1.6%, R = 10.0 lmin.120

Movie S7. Spreading of a vesicle with passive proteins (medium density) on cylindrical substrate. The121

parameters are: Ead = 1.0 kBT , ρ = 3.2%, R = 10.0 lmin.122

Movie S8. Spreading of a vesicle with passive proteins (high density) on cylindrical substrate. The parameters123

are: Ead = 1.0 kBT , ρ = 6.4%, R = 10.0 lmin.124

Movie S9. Spreading of a vesicle with active proteins with small R and small ρ (Phase-I). The parameters125

are: Ead = 1.0 kBT , ρ = 3.2%, R = 4.0 lmin, and F = 2.0 kBT/lmin.126

Movie S10. Spreading of a vesicle with active proteins with small R and large ρ (Phase-II). The parameters127

are: Ead = 1.0 kBT , ρ = 6.4%, R = 4.0 lmin, and F = 2.0 kBT/lmin.128
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Movie S11. Spreading of a vesicle with active proteins with large R and large ρ (Phase-III). The parameters129

are: Ead = 1.0 kBT , ρ = 6.4%, R = 10.0 lmin, and F = 2.0 kBT/lmin.130

Movie S12. Spreading of a vesicle with active proteins with large R and small ρ (Phase-IV). The parameters131

are: Ead = 2.0 kBT , ρ = 2.4%, R = 10.0 lmin, and F = 2.0 kBT/lmin.132

Movie S13. Axial to circumferential (coiling) transition. The parameters are: Ead = 1.0 kBT , ρ = 2.4%,133

R = 10.0 lmin, and F = 2.0 kBT/lmin.134

Movie S14. Spreading of vesicle with active proteins on a cylinder with elliptical cross-section. The parameters135

are: Ead = 1.0 kBT , ρ = 3.2%, Rx = 12.0 lmin, Ry = 7.77 lmin, and F = 2.0 kBT/lmin.136

Movie S15. Experimental movie corresponding to Fig. 5a, 200nm, leading-edge 1. Maximum intensity137

projection of the leading-edge volume used for rotational analysis. Dots and lines are overlayed paths using138

ImageJ manual tracking plugin.139

Movie S16. Experimental movie corresponding to Fig. 5a, 200nm, leading-edge 2. Maximum intensity140

projection of the leading-edge volume used for rotational analysis. Dots and lines are overlayed paths using141

ImageJ manual tracking plugin.142

Movie S17. Experimental movie corresponding to Fig. 5b, flat ribbon. Maximum intensity projection of the143

leading-edge volume used for rotational analysis. Dots and lines are overlayed paths using ImageJ manual144

tracking plugin.145

Movie S18. Experimental movie corresponding to Fig. 5c, 1500 nm. Maximum intensity projection of the146

leading-edge volume used for rotational analysis. Dots and lines are overlayed paths using ImageJ manual147

tracking plugin.148

Movie S19. Experimental movie corresponding to Fig. 5d, 3000 nm. Maximum intensity projection of the149

leading-edge volume used for rotational analysis. Dots and lines are overlayed paths using ImageJ manual150

tracking plugin.151

Movie S20. Time lapse imaging of mouse DRG myelinating culture showing initial contact (arrow) between152

a pre-myelinating Schwann cell (green) and an axon (red).Images were taken at time intervals of 15min. The153

Schwann cell process spirals around the axon at a speed of aprx 90 minutes per round . Figure 6A depicts154

frames #68,70,72,74 of this movie.155

Movie S21. Time lapse imaging of mouse DRG myelinating culture, taken time intervals of 15 minutes,156

showing a myelinating Schwann cell membrane (green, arrow) wrapping around an axon (red) at a speed of157

aprx 180 minutes per round, generating a prominent dynamic spiral. Figure 6B depicts frames 52,56,60,64 of158

this movie.159
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