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Abstract6

Axons of neurons are contractile, i.e., they actively maintain a rest tension. However, the spatial ori-7

gin of this contractility along the axon, and the role of cytoskeleton in generating tension and sustaining8

rigidity are unknown. Here, using a microfluidic platform, we exposed a small segment of the axons of9

embryonic Drosophila motor neurons to specific cytoskeletal disruption drugs. We observed that a local10

acto-myosin disruption led to a total loss in axonal tension, with the stiffness of the axon remaining11

unchanged. A local disruption of microtubules led to a local reduction in bending stiffness, while tension12

remained unchanged. These observations demonstrated that contractile forces are generated and trans-13

ferred along the entire length of the axon in a series fashion. Thus, a local force disruption results in a14

collapse of tension of the entire axon. This mechanism potentially provides a pathway for rapid tension15

regulation to facilitate physiological processes that are influenced by axonal tension.16

Introduction17

Mechanical tension has been shown to play an influential role in vesicle clustering1, vesicle dynamics2, neural18

excitability3, axon growth4,5, and genetic regulation6. Studies using glass needles7,8, force probe9, and flui-19

dic flow10 show that there exists a finite intrinsic tension in in vitro and in vivo neurons. Further evidence20

shows that mammalian brains also maintain a residual tension11, which was speculated to drive cortical21

folding among other processes12,13. It is thus possible that a neuron can regulate its function by regulating22

its intrinsic tension.23

24

How a neuron regulates its tension therefore warrants investigation. Several studies have shown that actin25

and myosin are responsible for generating tension, while microtubules act against tension14–16. Recently, it26

is further revealed that axonal tension has a coupled circumferential component, pointing to the hypothesis27

that tension is generated by a contractile network unaligned with the axis of the axon17. Super-resolution28

microscopy reveals that F-actin forms periodic rings along the length of the axon, with connecting spectrin29

tetramer in between each ring18,19. Myosin motors have also been shown to associate with the F-actin30

rings20. We therefore hypothesize that the contractile network works in series and tension is transmitted31

along the acto-myosin network of the axon.32

33

Here, we test this hypothesis by disrupting a segment of axonal cytoskeletal proteins by partial chemical34

treatment—if the contractile network is indeed in series, a local disruption will lead to a total loss of35

tension. We achieved this by using a microfluidic device that can combine partial treatment with tension36

measurement21. We modeled the axon as a slender string subjected to a shear load. Flow rate was increased37

in a step-wise fashion to probe the elastic response of the axon. A global/partial chemical treatment could38

also be simultaneously applied. Such laminar flow allowed us to evaluate the stiffness and rest tension of39

axons under partial/global F-actin, myosin, and microtubules disruption.40

∗corresponding author: yungfan2@illinois.edu
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Materials & Methods41

Drosophila culture42

Drosophila culture followed standard procedure22. The fly line expressing green fluorescence protein (GFP)43

on neuronal membranes (5146) was purchased from Bloomington stock center (Bloomington, IN). Flies were44

placed in a culture chamber and embryos were collected on a grape-agar gel. Embryos of stage 16 were45

selected based on morphology.46

Microfluidics setup47

Sample preparation followed an established protocol21. Briefly, a dissected embryo was placed on a cover slip48

(12-545H; Fisher Scientific, Hampton, NH). A slab of patterned liquid silicon rubber (Bluestar LSR-4305)49

is positioned on top of the embryo and mounted directly to the cover slip. A suction flow is used to backfill50

the device to remove the bubbles trapped during assembly. Three other forward flows provide the saline51

side flows and the center flow containing the chemical treatment. The ratio of the volumetric flow rate of52

the 3 forward channels dictates the size and position of the center flow, allowing localized placement of the53

treatment. The total flow rate governs the shear load applied onto the axon (see mechanics model below).54

Chemical treatment55

Cytochalasin D (50 µg/mL), Nocodazole (15 µg/mL), Y-27632 (110 µM) were applied to the center flow to56

either partially or globally inhibit the respective proteins. Cytochalasin D and nocodazole were purchased57

from Sigma-Aldrich (St. Louis, MO) and Y-27632 from Cayman Chemical (Ann Arbor, MI).58

Imaging59

An inverted microscope (IX81; Olympus, Center Valley, PA) with standard GFP and mCherry filters was60

used. All images were acquired using a 20x/0.4 lens (LCPlanFI; Olympus, Center Valley, PA). Exposure61

time for axon imaging is set to 300ms. Red fluorescent beads of 0.1 µm in diameter (F8801; Thermo Fisher62

Scientific, Waltham, MA) were placed at the bottom of the glass slide (exposed to air). The best focal planes63

of the beads and the axon were identified. The distance d between the 2 planes minus the thickness t of the64

glass slide provided the elevation, za, of the axon from the glass surface (Fig. 1a).65

Mechanics Model66

The elevation of the axon, za, from the floor is used to estimate flow velocity and shear load. Our device67

can be approximated as a parallel plate setup (Fig. 1b) since the width w (1.5 mm) is much larger than the68

height h (0.2 mm). Given the no-slip boundary condition at the fluid-solid interface and the laminar flow69

condition at low Reynold’s number, the flow profile is:70

V (z) = Vmax(1 − 4 z
2

h2 ) (1)

where z is the direction perpendicular to the top and bottom surface, and z=0 is the mid-plane of the71

chamber. The constant Vmax could be determined by integrating V (z) over z multiplied by the width, and72

matching the applied volumetric flow rate, Qapp, from the syringe pump:73

Qapp = w

∫ h
2

−h
2

V (z)dz = Vmaxw

∫ h
2

−h
2

(1 − 4 z
2

h2 )dz (2)

As a result, the flow velocity felt by the axon is:74

V (za) = Qapp

w
∫ h

2
−h

2
(1 − 4 z2

h2 )dz
(1 − 4za

2

h2 ) (3)
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Figure 1: Schematics of the device. (a) A side-view of the device illustrating the position of the red fluores-
cence beads and their role in determining the elevation of the exposed axon, za = d − t. (b) The elevation
of the exposed axon is important in determining the flow rate at that z-plane, which governs the shear load
on the axon.
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Figure 2: Free body diagram of the axon under a distributed load τ induced by the fluid flow.

The flow velocity can then be further converted to a shear load, given by τ = 4πµV
ln( 3.7ν

rV )
23, where µ is the75

dynamic viscosity, ν is the kinematic viscosity, and r is the radius of the axon.76

77

The shear load would lead to a force balance (Fig. 2) in the form of:

dTx = 0 (4)
dTy = τdx (5)

Eq. 4 & 5 can be rewritten as:

T0 cosθ0 = T cosθ (6)
d(T sinθ) = τdx (7)

where T0 and θ0 indicate tension and angle at the origin. Eq. 7 can then be reformulated to:78

d(T0 cosθ0
dy

dx
) = τdx (8)

3
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By performing integrations and applying the appropriate boundary conditions: 1) y(x = 0) = 0, and 2)79
dy
dx

∣∣
x=0 = tanθ0, we arrived at the following expression for the profile of the axon subjected to a shear load80

of τ :81

y = τ

2T0 cosθ0︸ ︷︷ ︸
A(t)

x2 + tan θ0︸ ︷︷ ︸
B(t)

x (9)

The profile of the axon was obtained from image analysis. The identified points along the axon were expressed
as x-y coordinates. The points were then fit to Eq. 9 to obtain the constants A and B for each t with the
point closest to the central nervous system (CNS) as the origin. By substituting Eq. 6 to Eq. 9, tension can
also be expressed as:

T (x, t) = τ

2A(t)cosθ(x, t) (10)

T (t) =
∫
T (x, t)dx∫

dx
= τ

2A(t)

∫
secθ(x, t)dx∫

dx
(11)

= τ

2A(t)

∫
ds(t)∫
dx

(12)

where T is the average tension along the axon,
∫
ds is the arc length of the axon, and

∫
dx is the projected82

length of the axon perpendicular to the flow direction. The arc length can be evaluated by using Eq. 9.83

The difference in arc lengths over time will also provide the stretch of the axon due to flow. The projected84

length does not vary significantly with time because it is perpendicular to the flow direction and thus can85

be prescribed based on the images.86

Image Analysis87

The following procedures were performed by a custom code written in MATLAB (Fig. S1). Image intensity88

profile along the y-axis for every x was collected and smoothed. Intensity peaks falling between predefi-89

ned minimum and maximum widths and satisfying a minimum prominence were obtained. The obtained90

peak points were further screened for continuity to identify the axon. The profile of the axon (now in x-y91

coordinate) was then translated such that the point closest to the CNS was at the origin. The profile was92

subsequently fitted to a quadratic function. The parameters A and B in Eq. 9 could then be obtained and93

were used to calculate the average tension and the path length of the axon.94

Results95

Stiffness and rest tension of axon96

The ability to calculate tension using the profile of the axon enabled us to perform a loading experiment97

by increasing the flow rate. Therefore, we held the flow rate at 0, 20, 40, 60, 100, 140, and 200 µL/min98

respectively for approximately 3 minutes at each step (Fig. S2 & Movie 1). The immediate elastic response99

as captured by the dotted line in Fig. S2 were used to calculate axonal stretch (path length difference)100

and the change in average tension. A tension vs. stretch plot could then be obtained by adding the elastic101

response sequentially. This procedure allows us to look at the pure elastic response of the axon with minimal102

influence from the viscous response.103

104

The tension-stretch plot conforms to a linear function with the slope being the stiffness and the y-intercept105

being the rest tension (Fig. 3a). Since stiffness is length dependent—a longer axon under the same load will106

lead to a larger deflection, we plotted the stiffness value for each axon tested with respect to their initial107

length before stretch (Fig. 3b). A 1/length scaling was observed as expected. Note that the length reported108

here is the exposed length, which was dependent on the sample preparation procedure. The actual length of109

the axon should be similar in all samples, because their age was controlled. Further comparing to existing110

literature we found that PC12 axons of 100 - 200 µm in length had stiffness values of 0.4 - 0.5 nN/µm8,10,14,111

4
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Figure 3: Stiffness and rest tension measurements. (a) An example tension-stretch curve of an untreated
axon. By definition, the slope and y-intercept of the linear fit gives the stiffness and rest tension of the axon
respectively. (b) Stiffness values of 8 tested axons are reported here. We assess the length (L) dependency
of stiffness (K) by fitting K = C

L to the data, as indicated by the black curve. (c) Rest tension values of 8
axons are summarized here. Error bars showing the minimum and maximum tension values.

matching our results in Fig. 3b. We also observed a rest tension range of 0.1 to 3.5 nN (Fig. 3c), agreeing112

with those reported previously both for in vitro 8,10 and in vivo 9.113

Partial F-actin and myosin disruption can lead to total tension loss without114

changing an axon’s elasticity115

After confirming the validity of our setup by comparing our tension and stiffness measurements to that116

found in the literature, we can then use our setup to partially treat the axons with appropriate drugs. A117

flow containing cytochalasin D or Y-27632 were applied through one of the center channels (Fig. 4). At118

the same time, the side channels applied the appropriate saline flow rate such that the central flow can be119

focused onto only a portion of the axon (∼30 µm21). To achieve partial treatment at all times, the total flow120

rate had to be kept high. Therefore, we held the flow rate at 100 µL/min for 10 minutes. Then the axon was121

loaded twice more at 140 and 200 µL/min. After the loading paradigm, the flow rate was brought back to122

100 µL/min and held for another 10 minutes. However, the central flow was switched off in this case. This123

way, we intended to wash out the effect of the chemical treatment. The axon was again loaded at 140 and124

200 µL/min after the washout. We then repeated the same procedure as described in the previous section125

to obtain the tension-stretch plots that allowed us to calculate stiffness and rest tension.126

127

Both F-actin and myosin disruptions led to a decrease in rest tension to a negative value, while stiffness128

remained largely unchanged (Fig, 5a & b). A negative rest tension simply means that the axon would be129

slack under the unforced condition. We checked this by unloading the axon in a few cases immediately after130

the partial treatment. The axons did remain slack (Movie 2). This observation is similar to that obser-131

ved previously in another study16 where axons were buckled under the influence of acto-myosin disruption.132

Those axons would remain buckled since contractility was hampered.133

134

To further test the hypothesis of an in series actin-myosin connection, we performed another set of135

experiments this time shifting the center drug flow (by manipulating the flow ratios) toward the CNS or136

NMJ side of the axons respectively (Fig. S3a & c). We observed a total loss of tension again in both cases137

(Fig. S3b & d). Thus, it seems that a local force disruption anywhere along the axon can result in total138

tension loss, strengthening the in series hypothesis. This result might seem to contradict with the recent139

observation of contraction strain heterogeneity24. However, contraction strain heterogeneity could be the140

result of actomyosin restoring tension when a tension cannot be sustained during contraction and activities141

5
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Figure 4: Schematics of (a) global and (b) partial treatments. (c) An expanded schematic of an axon under
partial treatment. Only a portion of the axon length is subjected to chemical treatment. (d) An experimental
image showing the partial treatment. Contrast created by added food dye.
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such as motor slipping. The spatial temporal strain fluctuation demonstrated that actomyosin was active142

along the entire axon24.143

Partial and global microtubules disruption can lead to axon softening without144

changing an axon’s rest tension145

Microtubules are known to provide the structural stiffness for axons25. This led us to treat axons with146

nocodazole to disrupt microtubules both partially and globally to investigate if such would affect the slope147

in our tension-stretch plots. Indeed, stiffness after washout increased several folds, but rest tension remained148

the same (Fig. 5c).149

150

We normalized the drug disruptions by dividing the stiffness and tension values for each axon subjected151

to treatment with the corresponding values after drug washout. This way we compare the same axon with152

disruption and without disruption. We observed a similar trend that microtubules disruption led to a decrease153

in stiffness but not rest tension, and acto-myosin disruption led to a decrease in rest tension but not stiffness154

(Fig. 5d & e). The magnitude of stiffness decrease was more pronounced in global microtubules disruption155

(Fig. 5d). We therefore inspected the experimental images of axons under partial disruption of microtubules.156

We found that the curvature within the exposed segment of the axon was significantly higher compared to157

the segments subjected to saline flow implying low bending rigidity of the microtubule disrupted segment.158

Since microtubules disruption was localized in the partial treatment cases, the axons retained some of their159

structural stiffness in the untreated regions (Fig. 5f & g).160

Discussion161

In this study, we employed a microfluidic setup21 that can expose a segment of an axon to cytoskeleton162

disruption drugs to 1) measure the elastic response of the axon, and 2) disrupt F-actin, myosin motors, and163

microtubules locally at a segment of the axon conduit. This unique approach allowed us to investigate the164

underlying architecture of the cytoskeletal network.165

166

We revealed that a local F-actin or myosin disruption in axons could lead to a complete intrinsic tension167

loss without effecting the elastic properties of the axon. We reasoned that this observation could be explained168

by a connected network of acto-myosin contractile units (Fig. 6). A failure to transmit tension at any point169

would lead to a total loss of tension in the entire axon.170

171

Local disruption of microtubules, on the other hand, led to a local reduction of bending stiffness, but not172

the intrinsic tension. This observation agrees with the current view that microtubules plays a passive role in173

tension generation in axons; they provide resistance to the contractile motion of F-actin and myosin motors,174

but do not actively generate a force16.175

176

A recent study provided a functional insight related to our experiments here21. Using the same partial177

treatment system, the study revealed that a local myosin motor disruption away from the synapse can lead178

to presynaptic vesicle declustering. Using the results of the current study, we reasoned that both global and179

local disruptions should result in similar magnitude of vesicle declustering due to a total tension loss in the180

connected tension network. Because of this connectivity in tension transmission, it is possible that a neuron181

can regulate its synaptic efficacy—which occurs at the distal end—by regulating mechanical tension at the182

proximal region of its axon or even its cell body.183

184

It was shown that a 20% stretch can lead to the disruption of axonal cytoskeleton structure17. Pre-185

stretch can also lead to an increase in tension. Tension, however, would eventually reduce back to the rest186

tension level9. For these reasons, care was given to minimize pre-stretch during sample preparation. Anot-187

her concern with sample preparation could be its effect—particularly with the masses just before and after188

the axon (along the flow direction)—on the flow pattern and hence the applied force. In our experiments,189

this was unavoidable and hence the exact value of the forces could be difficult to determine. We however190

7
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Figure 5: Effects of chemical treatments on axonal stiffness and rest tension. Tension-stretch curves of axons
under partial treatment (red) and subsequent PBS washout (blue) using (a) cytochalasin D and (b) Y-27632
to target F-actin and myosin motors respectively. (c) Tension-stretch curves of axons under global treatment
(red) and subsequent PBS washout (blue) using nocodazole to target microtubules. (d) Stiffness and (e)
tension ratios are obtained by dividing the stiffness and rest tension values under drug disruption with those
after washout respectively. The values for all conditions are compared. Dotted lines indicate a ratio of 1
expected for unchanged values. Error bars showing minimum and maximum values. N=3 for all conditions.
Results from nocodazole treatment are significantly different than those from Cytochalasin D and Y-27632
treatments (p < 0.05). 2-tail student t-test with unequal variance used. An axon (f) before and (g) after
partial microtubules disruption is shown. Chemical treatment is applied at the region between the dotted
lines, which leads to a more pronounced curvature compared to the other regions.8
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Figure 6: An illustration of the tension generating contractile network. (top) F-actin rings and myosin
motors form periodic intercalating units that are actively contractile to generate tension. (bottom) When a
disruption occurs locally (black band), the intact units lose the connections in between. Contractile motion
might still occur but a tension is not sustained leading to total tension loss.

found that our results in stiffness and rest tension (results derived from the applied flow) matched those191

reported previously, and thus believe any perturbation to the flow dynamics should not affect the qualitative192

arguments made.193

194

Another limitation of this study was the width of the drug flow. Ideally, the width should be as narrow195

as possible such that the drug flow could be used to demonstrate total tension loss at any location. However,196

further reduction of the width would lead to diffusion mixing resulting in loss of contrast and potency. Caged197

chemicals could be used for a shorter-term study, but do not combine well with simultaneous force measuring.198

We believe the exact architecture is best understood using imaging methods; this study aims to provide a199

paradigm of force generation by the known components within this architecture.200
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