N
N

N

HAL

open science

Tuning the adhesive geometry of neurons: length and
polarity control.
Caterina Tomba, Céline Braini, Beilun Wu, Nir Gov, Catherine Villard

» To cite this version:

Caterina Tomba, Céline Braini, Beilun Wu, Nir Gov, Catherine Villard. Tuning the adhesive geometry
of neurons: length and polarity control.. Soft Matter, 2014, 10 (14), pp.2381. 10.1039/c3sm52342j .

hal-00987841

HAL Id: hal-00987841
https://hal.science/hal-00987841

Submitted on 6 May 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00987841
https://hal.archives-ouvertes.fr

CREATED USING THE RSC LaTeX PCCP ARTICLE TEMPLATE - SEE www.rsc.org/electronicfiles FOR DETAILS

ARTICLETYPE WWW. 15C.0rg/ 3ok | XXXXXXXX

Tuning the adhesive geometry of neurons : length and polarity

control’

Caterina Tomba,*” Céline Braini,” Beilun Wu,? Nir S. Gov,* and Catherine Villard**

Received Xth XXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
First published on the web Xth XXXXXXXXXX 200X
DOI: 10.1039/b000000x

Neurons acquire their functional and morphological axo-dendritic polarity by extending, from competing minor processes (neu-
rites), one long axon among numerous dendrites. We employed complementary sets of micropatterns built from 2 and 6 pum
wide stripes of various length to constrain hippocampal neuron shapes. Using these geometries, we have (i) limited the number
of neuronal extensions to obtain a minimal in vitro system of bipolar neurons, and (ii) controlled neurite width during growth
by the generation of a progressive cell shape asymmetry on either side of the cellular body. From this geometrical approach, we
gained a high level of control of each neurite length and of the localization of axonal specification. To analyze these results, we
developed a model based on a width and polarization dependent neurite elongation rate and on the existence of a critical neurite
length that sets the axonal fate. Our data on the four series of micro-patterns developed for this study are described by a single
set of growth parameters, well supported by experiments. The control of neuronal shapes by adhesive micro-patterns thereby
offers a novel paradigm to follow the dynamical process of neurite lengthening and competition through the process of axonal

polarization.

1 Introduction

Neurons are branched cells whose various stages of growth
can be monitored in vitro. A fundamental step of neuronal de-
velopment is the acquisition of polarity which results in both
a morphological and functional distinction between numerous
dendrites and one long axon. In cultured hippocampal neu-
rons, primary undifferentiated neuronal branches, or neurites,
compete for axonal fate by a race for the highest elongation
rate'. Tt is now well established that the various aspects of
neuronal growth including branching, growth rate and axonal
specification can be modulated by physical cues. Of note,
these cues can be provided by the architecture of the brain
itself, with the striking example of the in vivo migrating neu-
rons constrained to adopt a bipolar geometry in their journey
along micron-wide elongated glial cells?. While the mechan-
ical rigidity has proven to tune branching when approaching
the extreme softness of the brain tissue >, topography provided
by micro-pillars can increase the neurite elongation rate and
thereby bias neuritic competition*. Geometries imposed by
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adhesive micro-patterns are also an efficient way to control
neuronal growth and to impose the localization of axonal spec-
ification, either by constraining neuronal shapes> or by super-
imposing to these shapes a chemical gradient of adhesion®.
Poly-lysine constitutes a widely used polycationic coating on
glass’ although laminin, a component of the extra-cellular ma-
trix, is also commonly employed to foster axonal growth®. In-
terestingly, varying the neurite width from 2 to 4 um seems
to have some influence on both neuronal growth and polariza-
tion®. However a simple picture of the role of this geometric
parameter would deserve an extensive study.

The nascent axon is not only the longest neurite, it also
presents molecular specificities according to a characteristic
spatial organization. In particular, a structure named the ax-
onal initial segment (AIS) plays the role of a diffusion barrier
at the axon base to ensure the establishment and the mainte-
nance of polarity®. The characteristic length of the AIS (30-
40 pm) is also found in axotomy experiments where the re-
maining stump retains a memory of its axonal nature only
when longer than 35 um!'®. A length threshold of 40 um
seems also to be required to stabilize the polarized state!!: 12,

In this work, we performed an in-depth study of the role of
the neurite width in the process of neurite elongation and ax-
onal specification. In that aim, we used a geometric variations
on the theme of a generic bipolar geometry imposed by poly-
L-lysine micro-patterns. This non-specific coating against
dendrite or axonal elongation was specifically chosen to dis-
pose of a system where the shape is the only control parameter.
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Four series of micro-patterns allowing changes in the surface
of adhesion between and along competing neurites were de-
signed. The lengths of neurites were systematically measured,
and the possible axonal nature of these neuronal extensions
were assessed using the usual Tau-immunostaining 1> 14, We
provide for the first time experimental data that allow to follow
the dynamical neurite lengthening and competition through
the process of axonal polarization. These data were compared
to a simple model based on a width-dependent elongation rate
modulated by a distance over which a neurite has the high-
est probability to become an axon. By unraveling the rela-
tion between neuronal shapes and growth, our results support
the existence of a critical length, close to the AIS length, that
controls the axonal fate of a neuronal extension. Most of all,
we provide in this work an original experimental paradigm to
probe the impact of geometry on polarization.

2 Adhesive geometries and cells

We designed a minimal system of neurons characterized by
two diametrically opposite neurites. This bipolar cell geom-
etry was obtained by growing in vitro hippocampal neurons
(see the Experimental section) on Poly-L-lysine (PLL) adhe-
sive stripes intercalated with 14 um PLL disks designed to
anchor the cell body (or soma). All patterns derived from an
initial geometry built from 2 pm and 6 um wide stripes located
on each side of the central disk (6:2 pattern). Then, the length
of either the 2 pum or the 6 um wide stripe is progressively re-
duced and replaced by a 6 um or 2 um wide portion of length
[, respectively. Patterns differ from the localization of these
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Fig. 1 Progressive evolution of the 6:2 (2:6) pattern (dark red) from
a geometrical modification initiated from the central disk. A) The
6:2 pattern (top) and the derived 6:62 patterns formed by the
addition of a 6 um wide portions of various lengths (in red). B) The
2:6 pattern (top) and the derived 2:26 patterns formed by the
addition of a 2 um wide portions of various lengths (in red).

portions and are divided into two categories. In the first set of
patterns (Fig.1), the 6 um (Fig. 1a) or 2 um (Fig. 1b) wide
portions of length [ depart from the circular disk (i.e. from the
soma). In the second set of patterns (Fig. 2), the non-modified
portions of the 6:2 pattern on the contrary remains near the ad-
hesive disk. All patterns are defined by a simple nomenclature
of type x : xy or y:xy expressing the spatial succession of the 2
and 6 um wide stripes.

As an example, the typical morphology of cells grown on
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Fig. 2 Progressive evolution of the 6:2 (2:6) pattern (dark red) from
a geometrical modification initiated away from the central disk. A)
The 6:2 pattern (top) and the derived 6:26 patterns. In red, the
remaining 2 tm wide stumps of various lengths from the central
disk. B) The 2:6 pattern (top) and the derived 2:62 patterns. In red,
the remaining 6 um wide stumps of various lengths from the central
disk.

the 2:26 patterns are given on Figure 3. In this particular set
of neurons, only the longest neuron (top) grown on the geom-
etry characterized by I = 20 um expresses the characteristic
axonal Tau gradient on its longest, 2 um wide neurite. Other
examples of Tau staining are displayed in Fig. S1.

Fig. 3 Four neurons illustrating the four different geometries (from
top to bottom, / = 20,40, 60 and 100 pm, respectively) associated to
the 2:26 pattern. The position and length of the various 2 um wide
stumps emerging from the central disk are indicated on each image.
Microtubules (YL1/2, green), nucleus (Hoechts, blue) and axon
(Tau, red). Scale bar : 20 um.
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3 Theoretical Model

We model the elongation of the neurites along the adhesive
strips, by considering the following observations:

1. The growth velocity is affected by the width of the ad-
hesive stripe on which the neurite is growing. We will
consider the simplest scenario where the growth mate-
rial synthetized at the soma level has to be distributed
along the available surface at the neurite growth-cone,
leading to a larger (smaller) velocity v;;, when the width
is smaller (wider).

2. The neurites have a certain probability to turn into axons,
which signals for the whole cell to polarize. This polar-
ization event seems to depend on the absolute length of
the neurite !> 12,

3. Following the polarization event the neurite that was
”chosen” to become the axon may continue to grow at
a different growth velocity Bv;;, (with 8 > 1). The other
neurite(s) continues to grow at a reduced growth velocity
Yviip (0 < ¥ < 1), following the polarization event.

We now turn these assumptions into a calculation of the
mean neurite length on the patterns shown in Figs.1,2. For
this we need to assume some probability density function that
describes the probability for the neurite to undergo polariza-
tion, as a function of its length. Based on the notion of a crit-
ical length for this transition'!" 12, we consider the following
simple step-like cumulative probability to polarize

1 x—L
Ppol(x) = 5 (1 + tanh |:G[1)OI:|> (1)
po
deol (x) X — Lpol 2
= 0 - = h 2
Pp l(x) dx 2(7[,01 sec o-pol ( )

where L, is the critical polarization length and 6, gives the
variance of the probability distribution function around this
critical length, as shown in Fig.4.

We then divide the calculation into two cases, for the case of
the right neurite polarizing, and for the left. We now demon-
strate the calculations that result from our model for the x:xy
patterns (shown in Fig.1). A similar calculation follows along
the same lines for the x:yx patterns. For polarization along
the right neurite, the length of the right neurite is given by the
following

Xpol t+ (T - tpol,l)ﬁv)w
[+ (T 7ll)ﬁVy,
l+ (T - tpal,Z)ﬁVm

[xpol > 1]
ot <LT >1] ()
[xpol <I,T <]

Lpr =

where [ is the length of the x-segment on the right side, x,,; is
the location of the polarization event on the right neurite, T is

Ppol(x)

1_

Ppol(x)
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Fig. 4 Polarization cumulative probability P, (x) (Eq.1), and the
probability distribution function p,,;(x) (Eq.2) (inset).The
parameters used are: Ly, = 50Um, G, = 201 m.

the time at which the observation is performed and v, , are the
tip velocities on the respective width. The different times are
defined as

l Xpol —1
tpol ) = —+ L @)
Vx Vy
Xpol
! -— (%)
pol 2 Ve
l — Xpol
1 = lIpop+ B, (6)
(7
The maximal value of x,,, for the right neurite is
. _ L+ (T —(1/ve))vy, [T > (1/vy)] 8)
pol,max,R Tv,, [T < (Z/VX)]

Over the possible range of x,,; we need to integrate the lengths
in Eq.3 multiplied by the probability that the right neurite po-
larizes at position x,,;, which is given by p . (x) (Eq.2). In ad-
dition we need to multiply by the probability that the compet-
ing neurite has not already polarized itself by this time. This
probability is given by the cumulative probability up to the po-
sition of the tip on the left neurite x,,;; corresponding to x,,/
on the right neurite

Xpol L
1—/0 Ppoi(X)dx
= 1- l (tanh [Lpoz} — tanh {L’ml tponx})
2 c;pol c7pol
©

where ,,; stands for 7,0/,1,2p01,2 given in Eqs.4,5 respectively,
and X071, = tpoiVx-
The final mean length that we get is

Propol L (xp()l ) =

Xpol ,max,R
<LR,R> = /0 LR,Rppol (xpol)pnopol,L (xpol)dxpol (10)
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where the overall probability for polarization of the right neu-
rite is given by

Xpol max,R
Pr = /0 Ppol (xpt?l)pnopol,L(xpgl)dxpol (11)

For completeness, the overall probability for polarization of
the left neurite is given by

Xpol max,L
P = /0 Ppol(xpol)PnopoLR(xpol)dxpol (12)

where: X0/ max.r. = Tvy, and

Xpol R
pnopol,R(xpol) = 1 _/0 Ppol (x)dx
1 Lot Lyoi—*pot
1-— 3 tanh % — tanh W y [l > xp(,l]
1 Lpol Lpol_(l""(xpol _l)*vy/vx)
1 — 5 (tanh ol — tanh Gt v <xpoil

In a similar manner we calculate the length of the left neu-
rite when the right one is polarized ((Lz z)) and the lengths for
the case of polarization on the left neurite (i.e. (L. 1), (LrL)).
In order to get the total mean length along each side, we also
need to consider the lengths of the neurites when no side has
polarized. For the x : xy these lengths are given by

Lio= TVxPnopol (13)

and

Lgo = {

where the probability for no polarization is given by: P,,p0 =
1 — Pg — Pr, where Py is given in Eq.11.

Summing the lengths on each neurite from all the possi-
ble polarization outcomes gives the final mean lengths: L; =
Lo+ <LL,R> + <LL7L> and Lg = Lgo+ <LR,R> + <LR,L>.

(l + (T - (l/vx))vy)Pnopola
TVxPnopolv

[T > (1/vy)]
[T < (1/vi)]

4 Results

The model presented above requires a set of parameters,
namely the culture duration (7'), the elongation rates of neu-
rites constrained by either 2 and 6 um wide stripes, the mul-
tiplicative coefficients controlling the change of these elon-
gation rates after axonal specification (f for the axon, ¥ for
the dendrite), and the characteristic lengths of the probability

distribution function L,,; and 0,,. The three first parame-
ters are fixed by the experiments, with (i) 7 = 72hrs (all neu-
rons were fixed and analyzed after 3 days of culture), and (ii)
ve = 2um/hr and v, = 4um/hr, as roughly indicated from the
data presented in Fig5 showing the evolution of the total neu-
rite length for cells grown on symmetric x : x patterns (x=2, 4
and 6 um).

2um _ 350
@ E
= 300 %
<
to
4um § 250
—— ¢
E 200
c
6um = 150 i
* é
100

2 6

4
Stripe width (um)

Fig. 5 Influence of the stripe width on the total neurite length after 3
days of culture. The geometries used are sketched beside the graph.
Errors bars denote the standard deviation. .

Fitting our model to the experimental data while keeping
within the available constraints on the values of the different
parameters, we were able to obtain the values of L., G, ¥
and f3.

We want to emphasize here the limiting case of the 2:6 pat-
tern. From the analysis of 180 neurons coming from 3 differ-
ent cultures performed in the same conditions, 161 exhibited
a Tau immunostaining on the 2 um wide stripe. Strikingly,
none displayed this marker on the 6 um wide side (of note,
the 6 um wide neurite is always the shortest) (see for example
Fig.6B, red symbols). Therefore, the 2:6 pattern offers for the
first time and to the best of our knowledge the first demon-
stration that the localization of axonal specification can be re-
liably set by geometrical constraints on the neurite width. Of
note, neurons plated on the four different x : xy or y : xy sets of
patterns were grown under slightly different conditions of cul-
ture (different serum batch, mice type, temperature set-point
of the incubator) that prevents a comparison of the length data
obtained from these neurons with the ones of the 2:6 pattern.
Nevertheless, we made the choice to show on the same graphs
the polarization data coming from all patterns, including the
2:6 geometry .

In Fig.6A we compare the calculations of length presented
in the previous section with the experimental data for the 6 : 62
pattern. In Fig.6B we compare the calculated polarization
probabilities Py, Pr to the observed frequency of axons identi-
fied. In Figs.7,9,8 we compare the calculated neurite lengths
and the polarization probabilities to the observations for the
other three patterns shown in Figs.1,2. The points correspond-
ing to the 2:6 pattern in Figs.8 and 9 are arbitrary located at
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the coordinate / =200 pum (and naturally at / = 0 pm in Figs.6
and 7).

For all the cases we used the same set of parameters, given in
the caption of Fig.6.
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Fig. 6 Patterns 6:62. A) Neurite lengths. B) Polarization
probabilities. All results after three days of growth. Symbols denote
the experimental data and lines the result of the model calculation:
Circles (dashed line, Lg) along the right neurite (here the :xy
branch,) and squares (solid line, Ly ) along the left neurite (here the
x: branch). The red symbols correspond to the 2:6 pattern. The
parameters used in this calculation are: 7 = 72hrs, vg = 2um/hr,

vy =4um/hr, B =1.2,7y=0.4, Ly, = 50um, 6,y = 20um.
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Fig. 7 Patterns 2:26. A) Neurite lengths. B) Polarization
probabilities. All results after three days of growth. Symbols denote
the experimental data and lines the result of the model calculation:
Circles (dashed line, Lg) along the right neurite (here the :xy
branch,) and squares (solid line, L) along the left neurite (here the
x: branch). The red symbols correspond to the 2:6 pattern. The
parameters used in this calculation are the same as in Fig.6.

5 Discussion

We first emphasize that the lengths corresponding to the four
categories of patterns, namely 6:62, 2:26, 6:26 and 2:62, were
fitted by the same set of parameters. Among them, only L,
Opot» B and y were free when running our model.

The fits displayed in Figs.6,7,9,8 give for the two first param-
eters the values L,,; = 50um and 6,, = 20um. The criti-
cal polarization length L, is therefore similar to the value
of the AIS (i.e. 30-40 um) found experimentally in'!" 12, al-
though a little bit higher. Note that the probability to polarize
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Length of the 2 segment (um) Length of the 2 segment (um)
Fig. 8 Pattern 6:26. A) Neurite lengths. B) Polarization
probabilities. All results after three days of growth. Symbols denote
the experimental data and lines the result of the model calculation:
Circles (dashed line, Lg) along the right neurite (here the :xy
branch,) and squares (solid line, Ly ) along the left neurite (here the
y: branch). The red symbols correspond to the 2:6 pattern. The
parameters used in this calculation are the same as in Fig.6.
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Fig. 9 Patterns 2:62. A) Neurite lengths. B) Polarization
probabilities. All results after three days of growth. Symbols denote
the experimental data and lines the result of the model calculation:
Circles (dashed line, Lg) along the right neurite (here the :xy
branch,) and squares (solid line, L; ) along the left neurite (here the
y: branch). The red symbols correspond to the 2:6 pattern.The
parameters used in this calculation are the same as in Fig.6.

into an axon has a significant spread around this critical length
(see Fig.4), in coherence with the experimental data reported
in1. Interestingly, it has been shown that a differential neu-
rite elongation obtained using adhesive geometries where only
one neurite among four is allowed to extend beyond a length
of >60 um is highly favorable for the axonal specification of
the longest neurite !°. Our findings are in very good agree-
ment with these recents results that also indicate the existence
of a critical length for the establishment of the neuronal axo-
dendritic polarity.

Then, some specific modalities of hippocampal neuron
growth first described by Ruthel and Banker !7 ® and more re-
cently by Flynn et al.!® might provide a better understanding
of the significance of the parameters  and y. These works
report that neurite elongation is mediated by periodic growth
spurts produced by propagative growth-cone like structures
(so-called waves) when reaching the neurite tip. We indeed
observed the presence of waves in neurons on micro-patterns

This journal is © The Royal Society of Chemistry [year]
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(see Fig. S2 and the associated movie in the Supplementary
Materials). Interestingly, these authors found a difference in
the periodicity of waves and in the amplitude of the wave-
associated growth spurts between the nascent axon and the
other minor processes (see Fig. 2 in ref. ). From these speci-
ficities of waves, we expect a growth ratio between the nascent
axon and the other neurites of about ~ 2 —4, which is in agree-
ment with the value §/y = 3 that came out of our model. We
therefore emphasize that the adjustable parameters used in the
model show a biological relevance.

We explored the sensitivity of our model to its adjustable
parameters in the particular example of the 6:62 patterns (see
Fig. S3 and commentaries). One important feature here is
that the polarization probability is very sensitive to L. In-
terestingly, higher lengths (and higher polarization probabili-
ties on the :62 branch) can be obtained for the shortest 6 um
wide stumps when increasing L. This result is a direct con-
sequence of the fact that, for relatively large L,,; values, the
polarization decision is taken when the future axon tip has al-
ready reached the 2 um wide portion. This increases the :62
branch probability to experience the fastest possible elonga-
tion rate 8 X v, during the period T of growth.

The length data are well fitted by our model. The trend of
the polarization rate is also correctly described by the model,
although a systematic shift can be observed (see for example
results on the 6:26 pattern, Fig.8B). To discuss the polariza-
tion fits, we first emphasize that the identification of polar-
ized neurons, i.e. of axons, is based on the observation of
specific markers, in our case Tau '3 4. This microtubule bind-
ing protein is distributed along a gradient revealing the distal
part of the axon, about 100 um away and more from the soma
(see Fig.3). Interestingly, the largest discrepancies between
the model and the experimental data are observed when the
Tau-staining should appear on a 6 um wide portion. In this
condition of unusual neurite spreading (the spontaneous neu-
rite diameter is indeed ~ 1 —2 um on uniformly adhesive sur-
faces), the establishment of a Tau gradient might be impaired.
To test this hypothesis, we additionally counted as axons the
longest neurite in neurons that present a strong length asym-
metry (i.e. a ratio greater than 2 between the neurite lengths)
without however showing a Tau-staining. With these new set
of data we significantly reduced the shifts (see Fig. S4 and the
particular improvement obtained for the 6:26 pattern) without
however obtaining a perfect match between the model and the
experimental data. This point therefore remains an open issue.

6 Experimental

6.1 Neuron culture, labelling and imaging

Embryonic day E(18) hippocampi were dissected and then
dissociated in MEM medium supplemented with 10% horse
serum, 1% L-Glutamine, 1% Sodium pyruvate and 0.05%
Peni-streptomycine (Invitrogen). Neurons were plated on
Poly-L-Lysine (Sigma, P2636) coated coverslips and kept first
(for 3 hours) in the dissociation medium and then in the main-
tenance medium of Neurobasal supplemented with 2% B27,
1% L-Glutamine and 0.05% Peni-streptomycine (Invitrogen).
Neurons were fixed in 4% paraformaldehyde and immunos-
tained with standard techniques, after a permeabilization step
of 30 minutes in PBS supplemented with 2% BSA and 0.25%
Triton. The following antibodies and respective secondary an-
tibodies were used in the indicated dilutions: for microtubules,
rat anti-tubulin antibody (clone YL1/2, 1:500) and Alexa488
coupled (Invitrogen, 1:250), for axons, Tau (clone Tau-1, Mil-
lipore, 1:500) and CY3 coupled (Invitrogen, 1:250), for DNA,
Hoechst (Invitrogen, 1:1000).

Isolated fixed neurons were analyzed with a right Olympus
BXS51 microscope.

6.2 Patterning

Poly-L-lysine patterns were transferred on silanized substrates
(18x18 mm? coverslips from VWR, ref. 631-1331). Af-
ter an oxygen plasma cleaning step (S0W) of 2 min in du-
ration, silanization was performed in a liquid phase using the
3Methacryloxypropyltrimethoxysilane (Bind-Silane, Sigma).
Then, patterns were defined using UV classical photolithogra-
phy steps, including Shipley S1805 photoresist spinning (4000
rpm, 0.5 um thickness, 115°C annealing step for 1 min), insu-
lation through a mask, development (Microposit concentrate
1:1, Shipley), Poly-L-lysine deposition (Img/ml over night),
and lift-off using an ultra-sound ethanol bath.

7 Conclusions

By combining experimental and modeling approaches of neu-
ron growth and polarization under constrained geometries, this
work provide an original system to explore some fundamental
aspects of neuronal biology. In particular, using the proposed
model we conclude that the tip elongation rate in neurites is
width dependent. This finding should direct future research
to reveal the underlying mechanism. One possible direction
could be to explore the width-dependence of the propagative
growth cone like structures (waves) that are associated to neu-
rite elongation in these neurons'”. Finally, although indica-
tions for the existence of a critical length for axonal polariza-
tion already exist 16 our work indicates that this length, unlike

6| Journal Name, 2010, [voll 1-7

This journal is © The Royal Society of Chemistry [year]



the tip velocity, does not depend on the neurite width. This
gives some new insights into the still mysterious phenomena
of the establishment of axo-dendritic polarity. As a whole,
by combining a novel experimental set-up and a simple phys-
ical model, our work helps to identify several key properties
of neurite growth and polarization, that a more microscopic
model would have to account for. Furthermore, we have
shown that by controlling the neurite width we can achieve an
unequaled control over the localization of the axonal branch.
This finding could have practical implications for the manipu-
lation of in vitro neurons and the design of controlled neuronal
micro-circuits.
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