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Abstract We study the effect of topographic nano-cues

on neuronal growth-morphology using invertebrate neu-

rons in culture. We use photolithography to fabricate

substrates with repeatable line-pattern ridges of nano-scale

heights of 10–150 nm. We plate leech neurons atop the

patterned-substrates and compare their growth pattern to

neurons plated atop non-patterned substrates. The model

system allows us the analysis of single neurite–single ridge

interactions. The use of high resolution electron micros-

copy reveals small filopodia processes that attach to the

line-pattern ridges. These fine processes, that cannot be

detected in light microscopy, add anchoring sites onto the

side of the ridges, thus additional physical support. These

interactions of the neuronal process dominantly affect the

neuronal growth direction. We analyze the response of the

entire neuronal branching tree to the patterned substrates

and find significant effect on the growth patterns compared

to non-patterned substrates. Moreover, interactions with

the nano-cues trigger a growth strategy similarly to

interactions with other neuronal cells, as reflected in their

morphometric parameters. The number of branches and the

number of neurites originating from the soma decrease

following the interaction demonstrating a tendency to a

more simplified neuronal branching tree. The effect of

the nano-cues on the neuronal function deserves further

investigation and will strengthen our understanding of the

interplay between function and form.
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Introduction

A key mechanism in neuronal development is the ability

of the motile growth cone at the tip of a growing process

to measure environmental cues and use them to grow

accordingly (Whitington 1993; Tessier-Lavigne and

Goodman 1996; Huber et al. 2003). A majority of the

studies focus on chemicals cues. Spatial concentration

gradients of chemo-repelling and chemo-attracting mole-

cules direct neuronal processes towards their targets [see

review by Huber et al. (2003)]. A second type of envi-

ronmental cues is the topography of the substrate.

According to a model suggested by Suter and Forscher

(2000), growth cones can move forward if they are capable

of coupling intracellular motility signals to a fixed extra-

cellular translocation substrate via cell surface adhesion

receptors. It was shown that neuronal outgrowth is signif-

icantly affected by the topography of the substrate that

interacts with the cell, controlling cell adhesion, migration,

orientation, and shape (Clark et al. 1990; Curtis and

Wilkinson 1997; Rico et al. 2004; Shefi et al. 2004; Anava
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et al. 2009; Kim et al. 2010). Topographic structures such

as grooves and ridges were found to affect the direction and

length of axonal growth when these structures were of

micron sizes, a similar scale as the axons (Britland et al.

1996; den Braber et al. 1998; Mahoney et al. 2005; Lee

et al. 2007; Hwang et al. 2009; Fricke et al. 2011).

Therefore, initially, nano-sized features were not expected

to modify cell behavior. However, current studies have

shown that neurons can interact closely with features of

few hundreds of nanometers. Vertical nanopillars protrud-

ing from a flat surface serve as focal adhesion points and

non-invasively inhibit migration of neurons on the sub-

strate (Xie et al. 2010). Nanowires and lithography based

patterns have been used for both positioning neurons and

for directing axonal growth (Johansson et al. 2006; Hall-

strom et al. 2007; Prinz et al. 2008; Hanson et al. 2009;

Fozdar et al. 2010; Dos Reis et al. 2010). We have recently

demonstrated that neurons are sensitive to topographic cues

of even 10 nm height (Baranes et al. 2012). Neurons that

are plated on the line-patterned substrates have a signifi-

cantly different growth pattern than neurons on non-pat-

terned substrates. The neurons develop branching trees that

are highly aligned with the nano-scale topographic cues.

We examined the interactions between single neuronal

processes and topographic cues of different heights and

showed that the strength of interaction depends linearly on

the ridges’ height. We proposed a model where the strength

of process-ridge interaction correlates with the effective

ridge surface that serves as an anchor for the neuronal

membrane (Baranes et al. 2012).

In both guidance cues, chemical and topographical,

growth cones interact with the environment and contact

either target cells or the topographic structures. Previously

we have shown that interactions of growth cones with other

neuronal cells in culture significantly affected the neuronal

outgrowth pattern and modified the morphology of the

whole dendritic tree (Baranes et al. 2012). Neurons have

demonstrated different growth strategies before and after

the contact. Before contact, isolated neurons tend to elab-

orate their dendritic tree, extend more branches and gen-

erate more neurites out of the soma, in order to increase

their probability to contact target cells. In contrast, fol-

lowing a contact with a neighbor neuron, the growth

strategy becomes more economic, the dendritic tree tends

to simplify and the number of branches and number of

neurites from the soma decrease (Shefi et al. 2002a, b,

2005). Interestingly, it has been shown that neurons that are

attached to topographic structures respond in up-regulation

of gap-junctional proteins that are usually involved in

neuron–neuron interactions (Kim et al. 2010). However,

the effect of neuron-ridges interactions in comparison to

the effect of neuron–neuron interaction on the neuronal

branching tree was not studied.

Here we use invertebrate neurons that can develop in

culture at extremely low densities to study the effect of

topographic nano-cues on neuronal growth-morphology in

culture. The model system allows us an accurate analysis of

morphometric measurements of single neurons. We plate

the neurons atop substrates with line-pattern ridges of na-

nometric height and compare their growth pattern to neu-

rons atop non-patterned substrates. First, we zoom into a

single process–single ridge interaction using high resolution

microscopy which enables the detection of fine filopodia

processes that attach to the ridge and dominantly affect the

neuronal growth direction. We demonstrate how neurons

rely on the topographic nano-cues during their growth

towards the ridge and from the ridge. Then, we analyze the

response of the entire neuronal branching tree to the contact

with the topographic cues and compare the effect to inter-

actions of neurons with neighbor cells. We show that

topographic nano-cues affect the development of the neu-

ronal branching tree and play a role in stabilizing neuronal

branches. Neurons on the nano-cues show modifications in

their morphometric parameters similar to those of neurons

that contact other neuronal cells during their growth.

Materials and methods

Substrates fabrication

Our pattern consisted of lines size 3 9 45 lm2 with lateral

spacing of 6 micron and vertical spacing of 30 micron,

covering a total area of 6 9 6 mm2 (Fig. 1a). The pat-

terned substrates are prepared as described in details in

Baranes et al. (2012). In general, precut glass slides

1 9 1 cm2 are ultrasonically cleaned using acetone/etha-

nol/isopropanol, and dried by high purity nitrogen. Lines

are fabricated by standard photolithography methods.

S1813 (Shipley Company) resist is spin coated on the glass

substrate and baked. Next, using a mask aligner and pre-

designed photo-mask, the line pattern is transferred to the

resist. It is then developed and afterwards washed in dis-

tilled water to stop the developer. The sample is then dried

and cleaned using nitrogen gas.

The samples are transferred to the deposition chamber

where they are cleaned prior to deposition. We deposit a

5 nm Ni adhesion layer followed by vanadium pentoxide

(V2O5) layers of various thicknesses, between 5 and

145 nm. Finally, the non-patterned photoresist is removed.

We use V2O5 since it is insulating and transparent.

Cell culture

Neurons are isolated from the central nervous system of

adult medicinal leeches Hirudo medicinalis as described in
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details in Baranes et al. (2012). Leeches are anaesthetized in

8 % ethanol in leech Ringer before dissection. Nerve cords

are dissected and ganglia are removed and pinned on Syl-

gard petri dish. Then, ganglia are treated enzymatically with

2 mg/ml Collagenase/Dispase enzyme solution (Roche,

Mannheim, Germany) for 1 h at room temperature. Next,

ganglia capsules are opened to expose the cells. Neuronal

cells are rinsed and plated on the different substrates.

Neurons out of three ganglia are plated on each substrate. A

day after plating enriched medium is added to the cultures

(Leibovitz L-15 supplemented with glucose, gentamycin,

glutamine and fetal bovine serum). As for control, neurons

are plated on substrates of glass with no deliberate topog-

raphy. All patterned and non-patterned substrates are pre-

coated with Concanavalin-A (Con-A) (Sigma-Aldrich Co.,

Saint Louis, MO, USA, 0.5 mg/ml) to obtain uniform

growth conditions on both glass and V2O5 substrates. Plates

are kept in a 25 �C incubator for up to 2 weeks.

High resolution scanning electron microscopy

To closely examine the neuron-ridge interaction neurons

are imaged by a high resolution scanning electron micro-

scope (HR-SEM). Several days after plating, neurons are

fixed by 2 % gluteraldehyde in PBS (no Ca3?, no Mg3?,

pH 7.2) for 1 h at room temperature. After fixation cultures

are repeatedly rinsed in PBS and then treated with Gua-

nidine-HCl:Tannic acid (4:5) solution (2 %) for 1 h at

room temperature. Cultures are repeatedly rinsed again in

PBS and then incubated in 2 % OsO4 solution in PBS for

1 h. After repeatedly rinsed again in PBS, cultures are

dehydrated in graded series of ethanol (50, 70, 80, 90 and

100 %) and finally with graded series of Freon (50, 75,

100 % 9 3). Finally, the preparations are sputtered with

carbon before examination by HR-SEM (Magellan 400L,

FEI, Hillsboro, OR, USA).

Live-cell labeling of synaptic vesicles

The culture medium is replaced by 1 ml leech Ringer

solution with no calcium. Then, the solution is replaced by

1 ml Ringer solution with calcium, 90 mM KCl and 1 ll

NTS-143 (Anaspec, Fremont, CA, USA) and incubated for

5 min. After incubation, the cultures are washed for five

times, 2 min each, with a Ringer solution with no calcium.

Confocal imaging is performed using Leica TCS SP5

microscope to acquire fluorescent and bright field images.

Morphometric analysis

We measure morphometric parameters of neurons on pat-

terned substrates and non-patterned substrates. Figure 1b

demonstrates a schematic neuron and the morphometric

parameters we measure: the number of originating neurites

from the soma, the neurtie’s length and number of

branching points. Branching points and number of pro-

cesses originating from the soma are measured manually.

To measure the processes length we use NeuronJ (Meij-

ering et al. 2004), an ImageJ plugin (US National Institutes

of Health, Bethesda, MD, USA) which enables semi-

Fig. 1 Schematic drawing of patterned substrates’ fabrication and

neuronal morphometric analysis. a Schematic drawing of the line-

patterns for the fabrication process of the substrates on which neurons

are plated (upper panel) and 3D side view of the ridge consists of

deposited layers of V2O5 on top of Ni adhesion layer (lower panel).

b Schematic drawing of a neuron illustrating the measured morpho-

metric parameters: branching points (red circles), processes originat-

ing from soma (orange arrow) and length of neurite (green two-sided
arrow). (Color figure online)
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automatic tracing of neurites and lengths measurements.

For connected neurons we measure the total neurtie length

and branching points and divide by the number of neurons

within the cluster.

Statistical analysis

For the analysis a minimum of three plates are considered

for each substrate. Neurons on line patterns of 10 and 25 nm

heights are not measured for the statistics. Over 200 neurons

are measured for the branching tree lengths on patterned

substrates and over 300 neurons on the non-patterned sub-

strates. When neurons are classified into neurons that are

isolated and neurons that are connected to neighbor cells, a

minimum of 120 neurons are considered for each category

(and up to 300 neurons). The measurements of the effect of

the substrates on the neuronal growth and morphology are

summarized into bar charts. Error bars represent standard

errors. In order to test frequency differences of affected

morphology in the different group types, t test is performed

resulting in a p value (significant levels of\0.05).

Results

A day after plating (see Sect. ‘‘Materials and methods’’),

neurons are already attached to the substrates and neurites

have initiated out of the soma to develop into a neuronal

branching tree. During the regeneration process in the dish

neurons grow according to chemical and topographical

cues forming a neuronal network. The use of invertebrate

neurons allows growth of low density cultures that enables

morphological analysis at the single cell level and of single

neuronal processes.

Nano-scale topographic cues as anchor sites

for neuronal processes

We have performed HR-SEM micrographs of neurons

grown atop patterned substrates 2–7 days after plating.

Figure 2 demonstrates a typical neuronal process growing

on the Con-A-coated glass, climbing on top a ridge (orange

square area), bifurcating into two daughter branches that

continue to grow off the line-pattern and on the glass

(green squares). We find a clear difference between the

processes that are climbing up the ridge to those climbing

down the ridge. Figure 3a–d presents instances of neuronal

processes encountering the nano-cues. In these cases the

main process that grows towards the ridge extends addi-

tional fine filopodia processes that attach to the side of the

ridge and serve as anchor sites. In Fig. 3a the main process

develops from left to right (ridge located at right hand edge

of image). The fine process, top right corner, extends from

the main process and attaches to the ridge. Similarly in

Fig. 3b, c minor filopodia processes are anchoring to the

side wall (bottom left corner in Fig. 3b and center in c). In

Fig. 3d there is even an extension of membrane below the

process that fills the gap between the process and the

substrate and anchors to the ridge. We find that most of the

processes that are scanned and climb up the ridges have

extended minor processes towards the ridge (15 out of 16).

Neuronal processes climbing down the ridge present a

different behavior. In these cases the neuronal processes do

not extend fine processes towards the side wall of the ridge

(Fig. 3e, f). None of the scanned climbing-down neurites

have developed minor processes (total of 12 scanned pro-

cesses). Occasionally, we observe fine processes extend

and attach to the glass substrate some distance away from

the ridge (Fig. 3f). The fine processes that we have pre-

sented in the HR images are of at the scale of the ridge-

height (*100 nm). These are the fine filopodia processes

that direct the growth cone thus the neuronal outgrowth

morphology. In the following sections we analyze the

effect of the interactions with the nano-cues on the com-

plete dendritic tree structure.

Nano-scale topographic cues affect neuronal branching

trees

Neurons that are grown atop control non-patterned bare

substrates, with no topographic cues, extend processes with

Fig. 2 HR-SEM micrograph of leech neuron growing atop a line-

patterned substrate. A neuron 6 days after plating growing atop the

glass (pre-coated with Con-A), climbing on top a 50 nm height ridge

(orange square area, upper square), bifurcating into two daughter

branches that continue to climb off the line-pattern ridge and grow

towards the glass (green squares, lower squares). Bar 4 lm. (Color

figure online)
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no preferred outgrowth direction. Neurons that are plated

on the patterned substrate demonstrate different growth

patterns. The neuronal processes navigate onto the sub-

strates, tend to attach to the ridges and outgrow along the

line-patterns. Figure 4 presents two single neurons at two

different stages of growth. In Fig. 4a a single neuron,

3 days after plating, is attached to the glass substrate, its

soma is in between the line patterns and several neurites

have extended from the soma. 3 Days later the same neu-

ron has extensively developed, with additional processes

that are partially aligned to the line patterns (Fig. 4b). In

Fig. 4c the neuronal soma is attached to the line patterns

with two major processes that are aligned with the patterns.

3 Days later the soma is attached to the same area and the

processes have elongated and branched further. The lower

branch that grows along the ridges climbs down the second

ridge and continues to develop across neighbor ridges

(Fig. 4d). The time lapse measurements demonstrate no

dislocations of the neuronal soma with time. Moreover, the

neuronal dendritic structure is less dynamic with time in

comparison to neurons on bare substrates (Shefi et al.

2002a). In most of the experiments the substrates are pre-

coated with Con-A in order to allow optimal neuronal

growth and to rule out differences in substrate materials.

However, when neurons are plated directly atop the pat-

terned substrates, the effect of the topographic cues on the

neuronal growth pattern is even more significant. The

neuronal processes that adhere less efficiently to the flat

surfaces are stretched into straight branches between the

perpendicular ridges (Fig. 5).

To quantify the effect of the nano-cues on the neuronal

structure we measure and compare morphometric param-

eters of neuronal dendritic trees for neurons growing on

patterned-substrates and on non-patterned substrates. The

populations of neurons that are analyzed for the two groups

are of similar ages, between days 3 and 7. The calculations

are performed for the complete set of neuronal processes

per cell, including the neuronal processes that grow along

line-patterns and in between line patterns.

We measure the average branch length and the total

branching tree length on the two types of substrates. The

average total branching tree length per cell is significantly

higher for neurons grown on patterned substrates,

840 ± 50 lm, than for neurons on non-patterned substrates,

550 ± 20 lm (Fig. 6, t test, p \ 0.05). We find that also the

average branch length is twice longer for neurons that are

Fig. 3 HR-SEM micrographs of neuronal processes instances climb-

ing up and down the line-patterned ridges. a–d Neuronal processes

encountering a 50 nm height ridge (pre-coated with Con-A). In these

cases the main process that grows towards the ridge extends

additional fine filopodia processes that attach to the side of the ridge

and serve as additional anchoring sites. e, f Neuronal processes

climbing down a 50 nm height ridge present a different behavior. In

these cases the neuronal processes do not extend fine processes

towards the side of the ridge. Bars 200 nm (a, d), 300 nm (b), 500 nm

(c, f), 1 lm (e)
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atop patterned substrates than neurons on the non-patterned

substrates (Fig. 7a, t test, p \ 0.05). An additional parame-

ter we compare is the average number of branching points

per cell (see illustration in Fig. 1b). For this comparison we

narrow the measured population to 7 days old cultures. For

the patterned substrates the average number of branching

points is 11 ± 1 and for the control substrates it is 39 ± 2

(neurons analyzed in both groups have no contact to other

cells in the dish). This parameter demonstrates a significant

effect of the patterned substrate on the typical elaboration

and complexity of the dendritic tree.

We find that interaction of neurites with the nano-cues

affect not only the number of branching points but also the

nature of the bifurcations. We measure the percentage of

neurites that bifurcate following an interaction with the

ridge. We classify the bifurcations into two categories. In the

first, a neurite crosses the ridge then bifurcates into its

daughter branches (Fig. 7b, upper panel). The second cate-

gory includes neurites that are attached to the topographic

cues, aligned with the ridges and grow along them. At the tip

of the ridge these neurites bifurcate into daughter branches

(Fig. 7b, lower panel). We find that only 15 ± 1 % of neu-

rites that cross the line-pattern bifurcate as in category one,

while the majority of the neurites that grow along the line-

pattern cues bifurcate at the tip of the line-pattern as in cat-

egory two (81 ± 3 %). It seems that neuronal processes that

grow along the line-patterns tend to interact with the ridge

and not to bifurcate while they grow along the line-pattern.

Fig. 4 Time lapse images of leech neurons growing atop patterned

substrates. a A single neuron, 3 days after plating, is attached to the

glass substrate, its soma is in between the line patterns and several

neurites have extended from the soma. b Same neuron 3 days later

with additional processes that are partially aligned to the line patterns.

c A second single neuron, 4 days after plating, the neuronal soma is

attached to the line patterns with two major processes that are aligned

with the patterns. d Same neuron 3 days later, the soma is attached to

the same area and the processes have elongated and branched further.

Bars 50 lm
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Neuron-ridge interactions affect morphometric

parameters similar to neuron–neuron interactions

In this section we measure morphometric parameters of

neurons that are not connected to other neurons and

are practically isolated, non-contacted neurons, termed

‘N-neurons’ and neurons that are connected to other neu-

rons, termed ‘C-neurons’. We compare the morphometric

parameters of the two classes of neurons along their

development on the patterned and non-patterned substrates.

In our measurements we detect physical contacts between

the neurons, however, we consider the connections as

functional, based on synaptic staining [using NTS-143, as

in Trueta et al. (2003), Verstreken et al. (2008)] of

C-neurons at the same developmental stage (Fig. 9a–d).

In the control experiments we find clear differences

between N-neurons and C-neurons (Fig. 8a, b). The num-

ber of processes originating from the neuronal soma is

larger for the N-neurons in comparison to C-neurons, an

average of 7.4 ± 0.2 and 4.2 ± 0.1, respectively (t test,

p \ 0.05, Fig. 8c). We find that neurons that are grown

atop patterned substrates (Fig. 8d, e) have similar number

of processes originating from the soma for both C-neurons

and N-neurons, 4.1 ± 0.2 and 4.9 ± 0.2, respectively

(Fig. 8f). Moreover, this measurement is almost the same

as the number of processes measured for C-neurons on bare

substrates.

In Fig. 9e we compare the number of branching points

between C-neurons and N-neurons on both patterned and

non-patterned substrates (only 7 days old cultures). It is

clear that N-neurons that interact with the ridges have

similar branching-points statistics as C-neurons that are

connected to other neurons on bare substrates (11 ± 1 and

14 ± 2, respectively). The effect is even stronger for

neurons that are connected to both neurons and ridges

(7 ± 1).

In all the parameters we measure the interaction of

neurons with the ridges has a similar effect on the mor-

phology as interactions of neurons with neighbor neurons.

Discussion

Using photolithography we fabricate substrates with line-

pattern ridges of nano-scale heights (10–150 nm). We

grow leech neurons on the patterned substrates and follow

their morphology. Plating invertebrate neurons that can

develop at low densities allow the analysis of single pro-

cess–single ridge interactions. In previous study we have

demonstrated that interactions with the ridges affect the

direction of neuronal growth with a linear correlation

Fig. 5 Leech neurons growing atop patterned substrates without the

Con-A treatment. A phase microscopy image of a neuron aligned to

the 100 nm high ridges. The neuronal processes that adhere less

efficiently to the flat surfaces are stretched into straight branches

between the perpendicular ridges. Bar 50 lm

Fig. 6 Average total branching tree length on patterned versus non-

patterned substrates. The average total branching tree length per cell

is significantly higher for neurons grown on patterned substrates (red
bar), than for neurons on non-patterned substrates (blue bar). t Test,

p \ 0.05. (Color figure online)
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between the interaction strength and ridges’ heights (Bar-

anes et al. 2012). Here we grow the neurons on the same

types of substrates and zoom into the interface between the

neuronal process and the ridge. HR-SEM images reveal

small filopodia processes that attach to the side of the line-

pattern. These fine processes that cannot be detected in

light microscopy usually extend from the major processes

and lead the growth cone along development. Our high

resolution images demonstrate that the fine processes add

anchoring sites onto the side of the ridge, thus add physical

support to the neuronal process along its outgrowth. Spe-

cifically, we find that the minor processes are attached to

the side of the ridges usually when the neuronal process

grows towards the ridge and climbs onto it. A neuronal

process that climbs off the ridge does not rely on the sides

of the ridges. Since the sides of the ridges serve as pref-

erable anchoring sites, more than the flat substrates, the

structure of neurons on top line patterns is more stabilized

than neurons on top non-patterned substrates. Our findings

underline the attachment of fine processes to topographic

cues and specifically to the side of the cues as a physical

axonal guidance mechanism that affect the neuronal

growth pattern. Such mechanism is valid for interactions

with micron-scale topographic cues (as in (Britland et al.

1996; den Braber et al. 1998; Mahoney et al. 2005; Lee

et al. 2007; Hwang et al. 2009; Fricke et al. 2011)) as well

as with nano-scale cues as in our experiments and others

(Johansson et al. 2006; Hallstrom et al. 2007; Prinz et al.

2008; Dos Reis et al. 2010; Fozdar et al. 2010; Xie et al.

2010; Baranes et al. 2012). The attachment of fine pro-

cesses can explain the sensitivity of the neuronal response

to differences of even 10 nm in ridges’ height which we

have shown previously (Baranes et al. 2012). According to

Arnold et al. (2004) 5 nm is also the minimal typical length

scale of multimolecular complexes within focal adhesion

sites and the minimum number of effective integrin clusters

Fig. 7 Bifurcations on

patterned and non-patterned

substrates. a Average branch

length atop patterned substrates

(red bar) and atop non-

patterned substrates (blue bar).

b Schematic drawing of a

neurite encountering a line

pattern for the two different

categories. A neurite crosses the

ridge then bifurcates into its

daughter branches (upper panel)
and a neurite that is attached to

the topographic cues, aligned

with the ridges and grow along

them, bifurcating at the tip of

the ridge (lower panel).
c Probability of the neurites to

branch as in category one, after

crossing the line-pattern

(orange bar), and as in category

two at the tip of the line-pattern

(green bar). (Color figure

online)
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to obtain cell attachment. The molecular picture and our

high resolution morphological description demonstrate

similar nanometric scales of response.

In order to study the systemic effect of the interactions

with the nano-cues on neuronal morphology we expand our

measurements and analyze the complete dendritic tree

structure of single neurons. We find that line patterned

substrates affect the typical neuronal tree length and

bifurcation frequency. The attachment of the neuronal

processes to the ridges practically promotes the neuronal

growth. The average total branching tree and the average

branch length are larger for neurons on patterns. On the

other hand the number of branching points is lower for

neurons on patterned substrates than for neurons on non-

patterned substrates, showing less dendritic complexity.

We also find that neuronal processes growing along the

ridges tend to attach to the ridges and avoid bifurcations

until they reach the ridges’ tip. Then, at the tip of the ridge

most of the neuronal processes bifurcate. This, together

with our finding that the average branch length is longer on

the patterned substrates demonstrate that the nano-cues

have inhibiting effect on branching pattern.

The trend of simplified neuronal structure following

interactions with the nano-scale ridges has led us to

compare the morphological effect of the ridge-interactions

to the effect of interactions with neighbor cells. Previous

work has shown clear modifications of neuron-neuron

interactions on the number of branches and the number of

originating neurites from the soma of neurons in culture

(Shefi et al. 2002a). Here we analyze the two parameters

for neurons that interact with neurons and neurons that

interact only with the ridges. We compare the morpho-

metric parameters of the N-neurons and C-neurons popu-

lations as they develop on patterned and non-patterned

substrates. Interestingly, we find that the interactions with

neighbor neurons and interactions with ridges modify both

parameters similarly. The number of branching points and

the number of processes originating from the soma are

Fig. 8 Morphometric parameters of neurons growing atop patterned

versus non-patterned substrates. a, b Non-contact neurons (‘N-

neurons’) and contact-neurons (‘C-neurons’) growing atop non-

patterned substrate. c The number of originating processes from the

neuronal soma for the two categories of neurons on non-patterned

substrates. d, e Non-contact neurons (‘N-neurons’) and contact-

neurons (‘C-neurons’) growing atop patterned substrate. f The number

of originating processes from the neuronal soma for the two

categories of neurons on patterned substrates. Bars 50 lm
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similar and much smaller than for neurons that have no

interactions with other neurons or ridges. One typical

response of neurons to physical connection with other

neurons is the establishment of synapses and gap-junc-

tions. Kim and coauthors have demonstrated the synthesis

of gap-junctional proteins following the attachment to

topographic cues (Kim et al. 2010). However, according to

common paradigms neuronal connections need to be

functional in order to be stabilized. An important future

direction is the analysis of morphology with time for

longer periods. It is interesting to investigate whether

neurons can identify the interactions with the ridges as

unfunctional and to switch back to the growth strategy of

non-contacted neurons.
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