










	 22	

Beading observed in PC12 neurites treated with either Latrunculin-A or Nocodazole: 

	

	

(c) 

	

(d) 

	

Fig. S8: Neurites of mouse PC12 cells show beading when either microtubules or f-actin is 
pharmacologically disrupted. (a) Beading observed in PC12 cells when treated with 10 µg/ml 
Nocodazole (Noco). (b) Beading in PC12 cells occurring as a result of exposure to 0.2 µg/ml 
Latrunculin-A (Lat-A). (c) The distributions of the initial radius and the beading wavelengths for 
PC12 cells treated with either Noco or Lat-A as indicated on the plots. (d) Wavelength (#) vs 
initial radius (R0) plots for PC12 cells treated with Noco or Lat-A as indicated above the figures. 
The fits are forced through (0,0). 
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Analysis of bead shape: 
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Fig. S9: Analysis of bead shapes reveals balance of forces on axon surface. (A) Fluorescence 
image of axon bead after Noco treatment. (B) Radial distance from centerline to axon bead 
surface, R, as a function of axial position, z. R is in pixels. (C) Principal curvature of bead surface 
in plane perpendicular to R and z, as a function of z.  (D) Principal curvature of bead surface in (R, 
z) plane, as a function of z.  (E) Mean curvature of surface, H, as a function of z.  Curvatures are 
expressed in inverse pixels.  
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Table 1 : 
Noco beading 

Drug  No of beaded axons Total no of axons 

Nocodazole 121 126 

Y-27632 + 
Nocodazole 

123 143 

 

Lat-A retraction 

Drug  No of retracted  axons Total no of axons 

Latrunculin A 137 141 

Y-27632 + 
Latrunculin A 

149 151 

 

Table 2 : 
Quantification of beading and retraction as a function of drug concentration:  

Drug Concentration Beading (%) Retraction (%) No. of axons 

Nocodazole  3. 33 µM 71.26 12.64  90 

Nocodazole  33.3 µM 95.2 4.81  104 

Latrunculin A 1 µM 3 97  100 

Latrunculin A 10 µM 18.75 81.25  75 

Table 1: Quantification of beading or retraction events after pre-treating cells with the 30 µM Rho 
Kinase inhibitor Y-27632 for 20 min in each case. The quantification was done after 20 min of 
exposure to Noco at 16.6 µM or Lat-A at 1 µM.    

Table 2. Quantification of the concentration dependence of percentage of beading and retraction 
upon different drug treatments. Note that while Nocodazole predominantly causes beading, some 
percentage of retraction is also observed, and this number is higher at lower Noco concentration. 
And in the case of Latrunculin-A, the predominant mode is retraction, but an increasing percentage 
of beading close to the retracting front is observed with increasing Lat-A concentration.   
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Appendix 1 

Quantification of microtubule depolymerization dynamics: 

 

	

	

The time constant 𝜏([Noco]), corresponding to the rate of beading at different Noco concentrations 
and obtained from the fits shown in Fig. 1c, is plotted against Noco concentration in Fig. S10. This 
data fits well to the equation 𝜏 = @

[^_`_]
+	 𝜏=, where  𝑎 = 26 and 𝜏= = 8.5	s are constants. Saturation 

of the curve to 𝜏= indicates that there is a rate limiting step in the Noco-induced depolymerization 
process. The diffusion of Noco into the axon happens within a minute as per the response of the 
growth cone end of the axon observed in local drug experiments. This is fast compared to the time 
taken for beading which is of the order of 10 min at the highest Noco concentration (see Fig. 1c). 
Therefore, we conclude that the rate limiting step has its origin in the turnover rate of microtubules in 
the axons. This is because Noco binds to tubulin in a 1:1 ratio, and at high concentration all 𝛼𝛽-
subunits are bound to Noco and incapable in participating in the polymerization process. In such a 
scenario, the beading rate is dictated by microtubule depolymerization rate alone. This allows us to 
obtain an estimate for the microtubule turnover rate in live axons, which is otherwise difficult to 
quantify. If one supposes that the average length of microtubules is 𝐿~5	µm (Yu and Baas, 1994), and 
that the bare shrinkage rate (i.e, without any Noco) is 𝐿̇~500	nm/s (REF), then 𝑘_ll should be of 
order 𝐿̇/𝐿~0.1	sRF. The inverse of this gives 10 s, which is close to the value of 𝜏= obtained from the 
fit in Fig. S10. Thus, quantifying the beading percentage under the action of Noco provides a 
powerful assay to quantify the stability of microtubules in axons. It can be used to study the effect of 
post-translational modifications to microtubules on their stability or to screen anticancer drugs for 
their potential to cause neuropathy. 

 

 

Fig. S10: Plot of the beading time constant obtained from the fits shown in Fig. 1c plotted against 
Noco concentration [Noco]. The data is fitted to the equation shown in the figure and discussed in 
detail below. 
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Appendix 2 

Rayleigh-Plateau and Pearling instabilities: 

A cylindrical column of any fluid is unstable and will break 
up into a series of droplets. This break-up is driven by surface 
tension 𝜎. This is because there is a net reduction in surface 
area in going from a cylinder of radius 𝑅= to a series of 𝑛 
spherical drops of radius 𝑅n of same net volume. Since the 
total volume has to be conserved, this gives a cylinder-to-
spherical drops surface area ratio op

qor
= 	 Lst

usr
 . Thus, a series of 

spheres with 𝑅n >	
L
u
	𝑅= has a lower surface area compared to 

the original cylinder. As a result, a fluid cylinder is unstable 
to shape perturbations with wavelengths greater than 𝑅=. 

This is, of course, a static argument, and the actual shape 
change of the fluid cylinder depends on dynamics. It was 
shown by Rayleigh that the shape evolution happens via 
sinusoidal peristaltic modes. Sinusoidal perturbation of the 
radius of the form 𝑅(𝑧) = 𝑅= + 	𝜀 sin(2𝜋𝑧/𝜆)  reduces 
surface area provided the wavelength 𝜆 > 	2𝜋𝑅=  (ignoring 
epsilon square terms which guaranty constant volume). In 
such cases, the higher Laplace pressure (𝑃	~	𝜎/𝑅) in the 
thinner parts drive fluid to the thicker parts leading to the 
fomation of a series of bulges that grow with time until 
break-up. The optimal wavelength—the fastest growing 

mode—is decided by a competition between the gain in surface energy for a given wavelength and the 
time scale for fluid transfer. Long wavelengths (resulting in fewer final drops) are energetically more 
favourable but they are slow to grow as they require  transport of fluid over long distances (trough to 
crest). Short wavelengths require fluid flow over short distances but also results in less energy gain 
and hence slow to grow. Thus, in experiments only the fastest growing mode becomes apparent.  

An easy way to obtain a fluid cylinder is to allow fluid to fall free from a vertical faucet. The image 
on the left shows a snapshot of ink coloured water dropping from a plastic tube which can be seen at 
the top. The vertical axis can be thought of as time with zero time at the tube opening. 

The mechanism is similar for a synthetic lipid bilayer membrane tubes filled with a fluid undergoing 
“Pearling instability”, expect that in this case the tube is unstable only if the membrane is under 
tension (an unconstrained piece of lipid bilayer has zero tension and hence zero interfacial elastic free 
energy). Moreover, the gain in surface energy has to overcome the cost of bending the membrane. 
Hence there is a small but finite critical tension for the tube to become unstable to Rayleigh-Plateau-
like modes (see Bar-Ziv and Moses, Phys. Rev. Lett., 73(10), p.1392-1395, (1994)).    

If the membrane tube is filled with an elastic matrix, like in the case of axons, there is a bulk elastic 
free enrgy cost for shape change as any deformation increases the free energy. This increases the 
threshold tension required for beading. In a highly simplified case, this critical tension goes as  
𝜎9	~	𝐸𝑅= , where 𝐸 is the bulk elastic shear modulus (Pullarkat et al., Phys. Rev. Lett., 96, p.048104, 
(2006)). If 𝐸 is reduced due to “melting” of the bulk material, the tube can develop peristaltic modes 
under very low membrane tension. In axons, depolymerization of microtubules generate a fluid-like 
layer between the stable core and the outer membrane which makes the membrane unstable to 
beading-like modes. If the core has a thickness gradient, the beads will propagate as in the case of 
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conical wires wetted by a viscous fluid (Lorenceau E & Quéré D, J. Fluid. Mech., 510(510): p.29–45, 
(2004)). In axons, the instability can be very periodic when the driving force is strong (high 
membrane tension) as in osmotic-shock experiments (here only axons which were not attached to the 
substrate were used). When driving is weak (low membrane tension as in Noco. experiments), 
structural heterogeneities and adhesive contacts with the growth substrate cause significant dispersion 
in bead distribution (Fig. S1). 

 

Appendix 3 

Bead shapes at long times after Noco treatment 

To further test the capillary (i.e., membrane tension) origin of Noco-induced beading, we analyzed the 
shape of an isolated bead at long times after treatment; see Fig. S9A.  Figure 2 shows a remaining 
microtubule track long after Noco treatment is applied, suggesting a resemblance between axon 
beading and Rayleigh-Plateau instability-driven dewetting of a liquid film on a cylindrical fiber.  In 
this case, it is well known that the instability saturates to a final pattern of static, isolated droplets.  
The shape of these droplets can be derived from Laplace's law: 𝐻 = 𝑃/(2𝜎), where H is  the surface 
mean curvature, P is the fluid pressure and 𝜎	the liquid-vapor interfacial tension.  At equilibrium P is 
uniform, and therefore H is, as well.  From this, the shape of axisymmetric droplets on the fiber can be 
obtained (B. J. Carroll, J. Colloid and Interface Science, 57 p. 488 (1976)).  

To see whether axons can be analyzed in a similar manner, we first mathematically characterized the 
surface of a typical axon bead by determining the radial distance, R(z), from the bead centerline to the 
bead contour in the image plane as a function of distance along the axon, z; see Fig. S9A. Then, by 
fitting the contour data (Fig. S9A) and assuming that the bead is axisymmetric, we calculated the 
surface principal curvature in the orthoradial direction, 𝑐y =

F
s(z){F|(Ms/Mz)}

  (Fig. S9B); the principal 

curvature in the (R, z) plane, 𝑐z = − M}s/Mz}

{[F|(Ms/Mz)}]~
 (Fig. S9C); and the mean curvature 𝐻 = (𝑐y +

𝑐z)/2, (Fig. S9D).  Interestingly, there is a central region of the bead where H is approximately 
constant, suggesting that the bead is liquid and with a surface shape governed by a competition 
between internal pressure and membrane tension.  However, the mean curvature increases by roughly 
a factor of two near the bead edges, where the axon surface is expected to interact with the remaining 
microtubule core, a behavior which does not occur for liquid droplets wetting a fibre.   

We argue that this difference is likely due to the bending rigidity, 𝜅, of the membrane enclosing the 
axon.  That is, the shape of the axon surface, R(z), is determined by a balance of forces and torques 
acting on each surface element; in contrast, the shape of a liquid droplet only involves forces.  This 
translates into requiring greater specification of boundary conditions along the contact line (CL) 
between the surface and the central fibre than in the liquid case.  Namely, H is imposed along the CL, 
and is likely quite different than the value given by 𝑃/(2𝜎).  We therefore expect there to be a region 
of thickness of order ℓ = {𝜅/𝜎 (the characteristic length scale of the membrane), over which H 
varies from the boundary value to the bulk value 𝑃/(2𝜎).  At distances away from the bead edges 
large compared with ℓ, bending becomes irrelevant and the bead shape is controlled by pressure and 
tension. Taking 𝜅 = 3 × 10RF�	J, as measured for chicken DRG neuronal membrane (Hochmuth et 
al., Biophys. J., 70(1), p.358—369 (1996)),  and 𝜎 = 8 × 10RS	 N/m obtained for our Noco-treated 
axons, we find	ℓ ≈ 200 nm.  Note that this value could be modified by the rigidity conferred by the 
actin-spectrin skeleton.  Thus, at long times after axon beading begins, the deformed shape can be 
understood as arising from a simple balance of forces and torques involving uniform pressure, surface 
tension, and bending rigidity.   

************************	
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