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The Regulative Role of Neurite Mechanical Tension in Network
Development
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ABSTRACT A bewildering series of dynamical processes take part in the development of the nervous system. Neuron branch-
ing dynamics, the continuous formation and elimination of neural interconnections, are instrumental in constructing distinct
neuronal networks, which are the functional building blocks of the nervous system. In this study, we investigate and validate
the important regulative role of mechanical tension in determining the final morphology of neuronal networks. To single out
the mechanical effect, we cultured relatively large invertebrate neurons on clean quartz surfaces. Applied to these surfaces
were isolated anchoring sites consisting of carbon nanotube islands to which the cells and the neurites could mechanically
attach. Inspection of branching dynamics and network wiring upon development revealed an innate selection mechanism in
which one axon branch wins over another. The apparent mechanism entails the build-up of mechanical tension in developing
axons. The tension is maintained by the attachment of the growth cone to the substrate or, alternatively, to the neurites of a target
neuron. The induced tension promotes the stabilization of one set of axon branches while causing retraction or elimination of
axon collaterals. We suggest that these findings represent a crucial, early step that precedes the formation of synapses and regu-
lates neuronal interconnections. Mechanical tension serves as a signal for survival of the axonal branch and perhaps for the
subsequent formation of synapses.
INTRODUCTION

The function of the nervous system is strongly linked to its

precise connectivity or wiring diagram and the structure of

the neuronal networks, which are its underlying building

blocks. A bewildering series of dynamical processes take

part in the development of the nervous system. Individual

neuron growth patterns and the formation of distinct inter-

connections between neurons are dominant factors that are

instrumental in setting the future output of the neural circuit.

One important mechanism that takes part in shaping

the connectivity diagram of neuronal systems is axonal

branching and arborization. During the intricate process of

network organization, neuronal processes go through exten-

sive branching. Axon branching enables a single neuron to

connect (form synapses) with multiple targets and is there-

fore essential for the assembly of complex neural circuits.

Establishment of neural connectivity during development

involves neurite outgrowth and the pruning of excess or

inappropriate axon branches by means of retraction or

degeneration (1). New branches are constantly being formed,

with many of them being retracted and absorbed.

The process of axonal branching and pruning of inappro-

priate branches is closely linked to a second important

process that takes place during the development of the

nervous system. Synaptogenesis, the formation and consoli-

dation of chemical synapses, is instrumental in regulating

neuronal interconnections.

Studies have shown that activity-dependent mechanisms

play a major role in regulating retraction or elimination of
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axonal branches (1,2). Similarly, many decades of research

have provided insights into the cellular, molecular, and

activity-dependent processes that guide synapse formation

and stabilization (see articles by Cohen-Cory (3), Li and

Sheng (4), Waites et al. (5), Jontes and Phillips (6), and Atkins

and Biederer (7)). According to the prevailing view at the time

our study was undertaken, an axon targets a dendrite in the

initial stage. Interactions at the contact sites of the axonal

growth cone and dendritic filopodia culminate in assembly

of all the molecular machinery of the active synapse, (e.g.,

as described by Friedman et al. (8)). It is widely accepted

that a critical step in synaptic circuit maturation is the elimina-

tion of excess synaptic inputs (9). Extensive efforts focused

on elucidating the mechanisms governing synaptic elimina-

tion have mostly suggested that the process is activity depen-

dent (10,11). Interestingly, Alsina et al. (12) reported that the

majority of axonal branches destined to be eliminated do not

express presynaptic markers before retraction. This observa-

tion somewhat hampers the strong association between

axonal branching mechanisms and synaptogenesis.

Hence, the above schema is incomplete, and additional

mechanisms are expected to take an active part in shaping

the final structure of neuronal networks. It has been suggested

that activity-independent mechanisms (e.g., adhesion and

recognition) establish the basic pattern of connectivity that

subsequently becomes refined by activity-dependent processes

(6). Neural activity may play an important role only at certain

specific phases of synapse assembly. Recent studies, for

example, suggest that membrane-associated molecules are

involved in branching mechanisms (e.g., thalamocortical

axons as described by Yamamoto (13)). This finding suggests

an instrumental role for cell-surface interactions (mediated by
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adhesion molecules) in the very early stages of synaptogenesis

as well as in the dynamics of axonal arbors (6,7).

An additional activity-independent factor that appears to

affect both axonal branching and synaptogenesis is that of

mechanical interactions. The question of mechanical tension

as a factor influencing axonal growth and differentiation has

been the subject of previous studies that demonstrated the

important role of mechanical factors (14–16). Although the

significance of these effects remains obscure, the wealth of

evidence linking mechanical interactions with network

branching has prepared the stage for reevaluating the puta-

tive regulating role of neurite mechanical tension during

the development of nervous systems.

Here, we investigate and validate the importance of the role

that mechanical tension has in determining the final

morphology of neuronal networks. To this end, we examined

the development and branching pattern of cultured inverte-

brate neurons while they regenerated on clean quartz surfaces

to which were attached isolated anchoring sites of carbon

nanotube (CNT) islands. With this method, we singled out

the effect of mechanical tension by comparing the effect of

tension generated when neurites interact with each other versus

the effect of tension generated upon interaction of neurites with

CNT. We used special cultures of invertebrate neurons with

larger cell bodies and neurites that enabled us to inspect the

geometry of interactions in greater detail. To explain the results

of our observations, we present a model proposing a crucial

early step that precedes the formation of synapses and regu-

lates neuronal interconnections. Our hypothesis for the exis-

tence of this step is based on the mechanical attachment of

neuronal branches to their targets and on the resulting induced

tension that serves as a signal for survival of the axonal branch

(and perhaps for the subsequent formation of synapses).

Hence, we use the findings of previous reports describing the

effect of tension on cellular morphology as a basis on which

to further the premise that tension has an important role in

shaping interneuronal connectivity and, consequently, an

overall effect on network morphology and function.

EXPERIMENTAL PROCEDURES

Neuronal cultures

We have previously developed a locust frontal ganglion culture preparation.

The procedures for the dissection and dissociation of neurons to prepare the

primary cell culture have been previously described in detail (17,18). In

brief, the procedures are as follows. After dissection, neurons are dispersed

by enzymatic treatment and mechanical dissociation, and plated on prefab-

ricated substrates (see below). Plated neurons are fully differentiated adult

neurons that have lost their original dendrites and axon, leaving only the

soma. Culture media (L-15; Sigma, St. Louis, MO) are enriched with 5%

locust hemolymph, and the cells are maintained in darkness, under

controlled temperature and humidity.

Fabrication of CNT islands array

Quartz substrates with CNT islands were prepared using optical lithography

and conventional chemical vapor deposition (CVD) CNT growth (Fig. 1).
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Quartz substrates (1 mm thick; United Silica Products, Franklin, NJ) were

first sputtered with a titanium nitride (TiN) layer (100 nm, MRC 8620 sput-

tering system), which acts as a diffusion barrier in the subsequent CVD

process. Samples were prepared by spin-coating with positive photoresist;

a standard lithography process was then used to define small islands.

Exposed TiN regions were removed by a reactive ion etching process

(NE860; Nextral, Grenoble, France), and the photoresist was removed. A

second lithography step was conducted to form a photoresist mask for the

deposition and lift-off of nickel (Ni) islands directly onto the underlying

TiN islands. A thin layer of Ni (5–7 nm) was coated on the sample using

an electron beam evaporator (VST Services, Petach-Tiqwa, Israel).

Chemical vapor deposition

After the lithography steps described above, the CVD CNT growth process

was performed. This method consisted of an initial purge step in hydrogen

after which the temperature was ramped up until it reached the CNT

growth-onset temperature. Once the furnace had reached 900�C, a constant

FIGURE 1 Scheme of CNT microfabrication. (1) The quartz substrate

with 100 nm sputtering TiN. (2) The sample after the first standard photoli-

thography process followed by a reactive ion etching process and a second

photolithography process to form a 5–7 nm of evaporated Ni catalyst layer.

(3) The sample after the CVD process. The thin black lines represent the

CNTs. Further details are in the text.
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volumetric flow of 20 standard cubic centimeter per minute of ethylene gas

was added. The duration of this step was 10 min.

Light microscopy and culture monitoring

Cultures were maintained for R 10 days in vitro in a special environmental

chamber. The chamber was placed on a microscope stage (TS100; Nikon,

Melville, NY), and images were acquired using a charge-coupled device

(CCD) camera (Nikon DS-Fi1) with a control unit (Nikon DS-L2) set to

take time-lapse images every 5–30 min. The pictures were taken in magni-

fications of 5�, 10�, 20�, or 40�. Because locust cultures are sensitive to

light, a programmed controller unit was used to manage the illumination to

minimize their exposure to light. Fixated samples were imaged using a metal-

lurgical light microscope (Meiji Techno, Saitama, Japan) that was equipped

with a CCD camera.

Neuronal arborization analysis

Images of extending processes were taken every 10 min. To quantify the

length of the processes and the numbers of their branches over time, the

following measurements were conducted for each picture taken. The number

of branches and the process length were measured between the process’ last

anchor point, before the growth cone, until the tip of the growth cone or until

the process’ new anchor point. Lengths were measured and branches were

counted using ImageJ software (U.S. National Institutes of Health, Bethesda,

MD). Graphs of the normalized process length (divided by the maximum

length) versus time and the number of branches versus time were created

using these measurements.

Calculation of tension forces

Tension was calculated according to the scheme presented by Bray (14)

based on the assumption of equilibrium of forces at neurite branching points.

The relative tension in connected segments was estimated by measuring the

angles between each two segments in every junction or brunching point. The

relative tension was then derived from the following relationship:

Tasinqac ¼ Tbsinqbc. Once an initial value was assigned to the first segment

(arbitrarily chosen as T0¼ 1), the next values could be iteratively calculated.

Neurite diameters were measured from light microscope images (the mean

value over an appreciable length), and the predicted relation between diam-

eter and tension along a segment was tested (this value should be approxi-

mately linear based on Bray’s predication and results (14)).

Scanning electron microscopy

For scanning electron microscopy observation, samples were fixated, dried,

and then coated with 6 nm of chrome (K575X coating unit; Emitech, Ash-

ford, UK), as described previously (19). In brief, 4- to 9-day-old cultures

were fixated for 30 min (37�C) in 2.5% glutaraldehyde (49629; Fluka,

Neu-Ulm, Germany) in phosphate-buffered saline ((PBS) 79382; Fluka).

The fixed samples were then rinsed for 5 min in increasing concentrations

of ethanol (25%, 50%, and 75%), and the sample were kept covered with

each of the ethanol solutions. The next step consisted of 10 min rinses

with 96% and 100% ethanol solutions. Finally, the dehydrated samples

were critical point-dried using a critical-point dryer (Balzers Union, Balzers,

Liechtenstein). The samples were examined using a high-resolution scan-

ning electron microscope (JSM-6700; Jeol, Peabody, MA).

Immunohistochemistry

Four-day-old cultures were fixed in 4% paraformaldehyde in PBS for 20 min

at room temperature (RT) and then washed twice with PBS for 10 min. Next,

the cultures were incubated for 30 min at RT in permeabilization solution

(5% goat serum, 1 mg/mL bovine serum albumin, 0.3% Triton in PBS)

and again washed twice with PBS. Immunostaining was used to test for

the presence of synaptic structures. The primary antibody was a monoclonal
mouse antibody raised against the Drosophila synaptic vesicle-associated

protein synapsin (SYNORF1; 3C11; kindly provided by E. Buchner,

University of Würzburg, Würzburg, Germany). Cultures were incubated

overnight at 4�C with the primary antibodies diluted in blocking solution

(5% goat serum, 1 mg/mL bovine serum BSA in PBS). The secondary

antibody was Cy3-conjugated goat anti-mouse (1:200; Jackson Immuno-

Research, West Grove, PA) and applied for 2 h at RT. To visualize all

the neuronal processes, the cultures were costained with primary anti-

horseradish peroxidase serum (1:10000; Sigma) overnight at RT and then

incubated with a secondary antibody (Cy2-conjugated goat anti-rabbit;

1:200; Jackson ImmunoResearch) for 4 h at RT. Cultures were washed

with PBS and mounted in fluorescent mounting medium (Dako, Glostrup,

Denmark).

Double-labeled preparations were analyzed with a confocal laser scanning

microscope (LSM 510; Carl Zeiss, Jena, Germany). For imaging Cy3 fluo-

rescence, a helium-neon laser with an excitation wavelength of 543 nm and

a detection range of 560–700 nm was used; for Cy2 fluorescence, a helium-

neon laser with an excitation wavelength of 488 nm and a detection range of

505–530 nm was used. Images were further processed with the LSM 5

Image Browser (Carl Zeiss).

FIGURE 2 Culture preparation. (A) A circuit of locust neurons cultured

and stabilized using 20 mm CNT islands. The cells position themselves ac-

cording to the spatial distribution of the islands. The topography of the

substrata also dictates the neuronal interconnections. Scale bar, 50 mm.

(B) A high-resolution scanning electron microscope image of a single locust

neuron adhering to an array of CNT islands; also shown are the taut neurites

connecting it to neighboring islands. Scale bar, 10 mm.
Biophysical Journal 96(4) 1661–1670
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RESULTS

Fig. 1 Our first goal in this study was to identify and establish

a preparation in which mechanical tension is readily apparent

and can be easily detected and analyzed. Neurons cultured on

CNT islands provide such a unique system (19,20). By using

(the relatively large) locust neurons, we could significantly

reduce the cell density and so monitor the development of

the network and the important role of the mechanical forces

in greater detail.

Fig. 2 shows a network of locust neurons cultured on

a patterned quartz substrate (5 days in culture). The network

obtained is marked by two main features. First, the cell

bodies are distributed evenly across the surface, and no

major clustering is apparent (compare this image to the

results described in one of our previous studies (15)). This

effect stems from the ability of the CNT islands to anchor

the cell bodies (Fig. 2 B). Indeed, most cell bodies are near

FIGURE 3 Neuron attachment to the CNT. High-resolution scanning

electron microscope images of the point of attachment between the terminals

of neuronal processes and the CNT islands. Two examples (A and B) of the

force of attachment resulting in breaking or tearing of a ‘‘handful’’ of tubes

(shown as whitish mesh) from the CNT island, the edge of which can be seen

on the right (the neurite is ‘‘arriving’’ from the left).
Biophysical Journal 96(4) 1661–1670
a CNT island. The strong affinity of the cells to the CNT

surface is further demonstrated in the high-resolution scan-

ning electron image (also described by Sorkin et al. (20)).

A second important feature is the straightness of the inter-

connected processes. This apparent tautness provides a clear

indication of the existence of tension forces along the

neuronal processes.

The nature of the mechanical attachment of neuronal

processes to the CNT islands allowing the generation of

tension along the neurites is well demonstrated in Fig. 3.

This figure shows two examples of the extensive branching

of terminal neuronal processes and their entanglement within

the CNT islands. As tension along the neurite increased, the

FIGURE 4 Correlation between tension and diameter of neurite segments.

(A) An example of a branched axon with the series of relative tension values.

Tension is approximated by measuring the angles between each angles

between each two segments in every junction or brunching point. An arbi-

trary value is assigned T0 ¼ 1, and the relative tension is then derived

from the following relationship: Tasinqac ¼ Tbsinqbc (as described by

Bray (14))). (B) Four examples of scaled and overlaid relative tension values

versus neurite segment thickness values. The scaling was carried out by

multiplying all relative tension values for each of the four experiments by

a constant number, so that the relative tension of the scaled data is the

same for similar diameter values. The dashed line is a linear fit derived

from the accumulative scaled data.
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FIGURE 5 Time-lapse images (see

Experimental Procedures) and analysis

of process development and neurite

branch pruning. (A) An extensive

growth cone and neuronal arborization

(1 and 2), followed by branch retraction

and absorption (3 and 4). The region

analyzed is traced in red. The reduction

in number and total length of branches

accompanies the attachment of one of

the branches to a CNT island, the estab-

lishment of the connection, and the

formation of tension along the axonal

arbors. The course of neurite arboriza-

tion described by following the change

in number of secondary branches (B)

or the total length of the branches (C).

The independent observations were

normalized by dividing the data by the

maximum value. The images shown in

A correspond to the data in sample 1.

(D) Average curves calculated for the

data shown in B (solid symbols) and C
(open symbols). Data in B through D

were shifted in time to align the

maximum (number of branches or total

length).
forces exerted were such that a ‘‘handful’’ of CNT were

broken or torn from the island.

Because the CNT islands are produced on transparent

quartz surfaces, the morphological development of the

network—from the initial stage of isolated cells to that of in-

terconnected circuits—could be effectively monitored using

optical (inverted) microscopy. The neurons were initially

deposited randomly from solution; within several hours,

the cells had self-organized; as mentioned above, they

were found deposited almost exclusively in very close prox-

imity to CNT islands. During a span of several days, the cells

began regenerating by extending long axonal and dendritic

processes, which later consolidated and stretched into a rela-

tively compact interwired system (Fig. 2 A). The temporal

evolution of this process will be the main focus of the next

sections.

By following the results and predictions described by Bray

(14), we could further establish the presence of tension forces

in our preparations. Using equilibrium of vectors to estimate

the tension of single neurite segments, we obtained the pre-
dicted, very high correlation between the calculated tension

and the measured diameter of the neurite (Fig. 4).

We next turned our attention to the dynamics of the

neuronal growth process. Fig. 5 A depicts images of the

same axonal process and its branches at four different time

points. The growth pattern is marked by extensive growth

cone arborization and neurite branching; after this stage,

the structures are clearly reduced and simplified. These

results are in general agreement with our previous reports

of culture development (without CNT) in which we observed

an initial increase and then a pronounced decrease in the

number of processes originating from the cell body as well

as a lower average number of neurite segments per cell in

later stages of network development (17,21). The same

method of growth was observed in all monitored cases,

both in different neurons and in different preparations.

Data from several such examples are summarized in the

graph presented in Fig. 5 B. In Fig. 5 C, the averaged number

of branches and the averaged total length of the tree (section)

are plotted to establish the consistency of this behavior.
Biophysical Journal 96(4) 1661–1670
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FIGURE 6 Three examples demonstrating the formation

of tension along neurites after attachment to a CNT island

(time-lapse images). The generation of tension is accompa-

nied by the retraction and absorption of unconnected neurite

branches. Solid arrowheads show newly formed branches.

Open arrowheads mark the respective spots of retracted

branches as tension is generated (double-headed arrows).
Close investigation of the data described above revealed

that the destiny of a particular branch (branch survival or

retraction) was closely tied to whether that branch was

attached to a CNT island (Fig. 6; see Movie S1 in the Sup-

porting Material). Moreover, as soon as such a connection

to a CNT island was established, tension was generated

along the neurites, as evidenced in the clear straightening

of the neuronal segments (Fig. 6). Based on these results,

we propose the following putative mechanism: as the tension

in the connected branch increases, other branches (only

loosely connected to the surface) lose their grips on the

surface and subsequently retract, leaving only the very taut,

single branch still connected (Figs. 2, 5, and 6). This phenom-

enon is clearly observed in the experiments described in this

study, probably because of the weak adhesion of the substrate

(outside of the CNT islands).

To establish whether this putative mechanism is character-

istic only of neuron-CNT interactions or whether it consti-
Biophysical Journal 96(4) 1661–1670
tutes an important, regulative step in the development and

stabilization of the neuronal network structure, we explored

several related incidents in which branches were stabilized

by connecting to other neuronal processes rather than to

the CNT islands. To make this determination, we followed

a number of growth cones in different developing networks

while they connected to other neurites. As can be seen in

Fig. 7, the same steps identified in the neurite–CNT island

interactions could be detected during neuron–neuron

connections. A growing neurite approaching other neuronal

processes branches and rebranches (Fig. 7 A). Connection

of one of the second order branches with the perpendicular

process is accompanied by increased tension and followed

by retraction of the sister branch. Further attachment with

the two neuronal processes is also accompanied by retrac-

tion of the unconnected first order branch, leaving only

the strongly attached branch to be part of the wiring

diagram of the developing network. The generation of
FIGURE 7 A process similar to the one shown in Fig. 4 is

demonstrated in two examples of neurite–neurite interac-

tions. As the connection is established, tension is generated

(evidenced in the straightening of the segments), and uncon-

nected branches are retracted and absorbed.



Tension in Neural Network Development 1667
FIGURE 8 Neuron-CNT interactions and synaptogene-

sis. (A) The point of attachment of a neurite terminal to

a CNT island. The area outlined and labeled as b is enlarged

in B. Neuron-specific, anti-horseradish peroxidase immu-

nostaining is shown with green in B1; antisynapsin staining

is red in B2. (C) Two additional examples demonstrating

established connections, evidenced by the straight seg-

ments (induced by tension). The areas outlined and marked

as d and e are enlarged in D and E. The immunostaining is

the same as that described and used for B.
tension is evident in the straightening of the neuronal

segments (Fig. 7 B).

We then considered whether we could relate the genera-

tion of tension and establishment of interconnections versus

branch pruning directly to synaptogenesis. A first step

toward answering this question (although somewhat circum-

stantial rather then conclusive) was achieved by way of

immunohistochemical monitoring of synapse formation

during the development of the network on the CNT-applied

substrate. As suggested by recent work on cultured insect

neurons (22,23), cultured neurons form presynaptic special-

izations independent of postsynaptic structures (even in iso-

lated neurons). As shown in Fig. 8, localized expressions of

presynaptic proteins occurred at neurite terminals after estab-

lishment of the connection to the CNT (after pruning of

unconnected branches).

DISCUSSION

The data presented in this article demonstrate a simple selec-

tion mechanism in which one axon branch wins over others.

The apparent mechanism entails the build-up of mechanical

tension in developing axons. The tension is maintained

through the attachment of the growth cone to the substrate

or, alternatively, to the neurites of a target neuron. The

induced tension promotes the stabilization of one set of

axon branches while causing retraction or elimination of

axon collaterals. Establishment of the connection of the

growth cone may serve as a signal for the early stages of syn-

aptogenesis.

Two primary models have been proposed as taking part in

controlling and regulating the pattern of neuronal connec-
tivity in the developing nervous system. The first model

relies on molecular codes in the form of adhesion and cell

surface molecules that guide the formation of specific

neuronal interconnections (6,24). This model promotes

cell–cell recognition as the major factor preceding the synap-

togenesis. The second class of models suggests dependence

on the formation of active synapses (and correlated activity)

as a factor that stabilizes the ‘‘correct’’ synaptic connectivity.

Several studies have investigated some of the mechanisms

whereby electrical activity shapes the growth and branching

of axon arbors, and thus the formation of neural circuits

during development (25,26). Of course, the two general

schemes may not be mutually exclusive and may both fit

a sequence of events whereby the early ones are dependent

on surface molecules or ‘‘molecular addresses’’ and the

latter, predominantly activity-dependent ones, lead to the

final refinement of a distinct neuronal network wiring

diagram. The picture, however, remains far from complete.

Although axon retraction and degeneration are considered

instrumental in the formation of the distinct neuronal inter-

connections and specific neural circuitry (1,27), much

work remains before the underlying mechanisms can be

well understood.

In contrast to the ample work dedicated to molecular and

activity-dependent regulation of axonal growth and branch-

ing, far less attention has been focused on physical or

mechanical factors, primarily tension. Heidemann and Bux-

baum (16) have reviewed studies indicating that mechanical

tension is a regulator and stimulator of axonal elongation and

retraction. Evidence from these studies includes direct

measurements of the tension generated along a growing

axon, but they do not ascribe a role to the mechanical forces
Biophysical Journal 96(4) 1661–1670
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FIGURE 9 Novel scheme of synap-

togenesis. (A) The accepted stages of

interneuronal connection and synapse

formation (described by Cohen-Cory

(3)): (1) Two-way filopodia connec-

tions; (2) an unspecialized yet func-

tional connection is formed; (3)

synaptic vesicles accumulate and post-

synaptic differentiation is triggered;

and (4) functional maturation of both

the pre- and the postsynaptic sides. (B)

The suggested preceding stages: (1)

An axonal branch growth cone is ap-

proaching a dendrite; (2) entanglement

of the axonal branch along the dendrite;

(3) tension is formed along the axonal

branch (white, double-headed arrow)

as the axodendritic connection is estab-

lished. The axon and dendrite are then

pulled closer toward each other (arrows).

The unattached branches are retracted

(white arrowhead). (4) The mechanical

attachment is secured as tension is

increased (white, double-headed arrow).

The axon and dendrite are pulled yet

closer (arrows). Two-way filopodia

connections are formed (dashed circle).

The subsequent stages are the same as

those described in A. Similar to the orig-

inal model, failure at any of the stages

will result in elimination of the connec-

tion.
in network developmental. Bray (14,15) reported a role for

tension in promoting branching. In accordance with this

finding, further work (e.g., the study by Lamoureux et al.

(28)) suggested that tension along a developing neurite

must send some kind of signal to regulate the fate of axonal

branches and neuronal and network morphology. We have

previously reported on the role of tension in controlling

some aspects of neural network development (neurite

branching angles (29)). The results of this study provide

direct evidence for the important role that mechanical tension

plays in the control and regulation of the topology of devel-

oping networks via control of the retraction and elimination

of axonal branches. We present a model (Fig. 9) that expands

the role of tension to include the regulation of neuronal inter-
Biophysical Journal 96(4) 1661–1670
connections and, subsequently, of the neural circuit wiring

diagram.

We suggest that the process of tension-induced selection

of some axonal arbors over others is instrumental in shaping

the morphology of the neurons and the network. It is related

to molecular recognition and adhesion, although indepen-

dent of them. Tension may be viewed as a selection mecha-

nism during formation of the connectivity between two

neurons (Fig. 9). This mechanism could actually limit the

number of connection points (and later synapses) between

the two cells at a given site (i.e., the first and/or strongest

attachment point has a tendency to persist whereas other

attachment points are eliminated). Our results suggest that

stabilization of the attachment of a neurite terminal, whether
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to the processes of a neighboring cell or even to an abiotic

anchor (e.g., the CNT island), is sufficient to initiate the

process of synaptogenesis. This mechanical tension–depen-

dent step precedes the known scheme of activity-dependent

stabilization of synaptic specificity (Fig. 9).

The important role of tension by no means diminishes the

importance of chemical cues. The advancing growth cone is

undoubtedly subjected to a rich chemical environment in the

developing nervous system, an environment composed of

relatively long-range signals (attractant and repellent mole-

cules) and short-range or contact signals (cell surface mole-

cules). However, our results show that the process of retrac-

tion and degeneration of neurite branches can also be seen

during the interactions with nonbiological elements (CNT

islands). The stabilization of a single branch while its collat-

erals are being retracted and ultimately absorbed seems to be

a direct consequence of both a strong connection between the

branch and a target and the mechanical tension generated in

all the branches resulting in the retraction of the noncon-

nected ones.

In a previous report (30), we demonstrated that tension by

itself is not sufficient to explain the distribution of branching

angles observed in a culture preparation of locust neurons.

We concluded that there were attachment points additional

to the cell body and growth cone that added an extra force

to the equilibrium at a bifurcation point. In this study, the

unique nature of the substrate (pristine quartz substrate

with isolated CNT anchoring points) is such that the attach-

ment points are mainly at the neurite ends. This material

enabled us to use the model suggested by Bray (14) to asses

the tension forces as well as to pinpoint or clearly isolate

their effect.

How is tension generated? This important question has

been frequently addressed in previous reports and is beyond

the scope of our study. The accepted mechanism for the

generation of tension along the neuronal process is perceived

to be dependent on rearrangement of the cellular cytoskel-

eton (31–33). Rearrangement of actin filaments and microtu-

bules is commonly attributed to complex molecular cues in

the nervous system environment (e.g., the study by Challa-

combe et al. (33)). Given the results of our study, we suggest

that the generated tension itself also serves as a signal that

induces a different kind of cytoskeleton rearrangement

leading to growth cone retraction and axonal branch elimina-

tion. Hence, our study supports the findings of Heidemann

and Buxbaum (16), who suggested that mechanical tension

plays a role in axonal development analogous to that of

a second messenger (i.e., a signal molecule).

Finally, Van Essen (34) states that the macroscopic

mechanical properties of the brain in vivo are consistent

with neurite properties observed in vitro. He also suggests

that many structural features of the mammalian central

nervous system can be explained by mechanisms that

involve mechanical tension along neuronal processes. Our

results offer experimental evidence to support this view.
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