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Controlling and improving neuronal cell migration and neurite outgrowth

are critical elements of tissue engineering applications and development of

artificial neuronal interfaces. To this end, a promising approach exploits

nano/microstructured surfaces, which have been demonstrated to be capable

of tuning neuronal differentiation, polarity, migration and neurite orientation.

Here, we investigate the neurite contact guidance of leech neurons on plastic

gratings (GRs; anisotropic topographies composed of alternating lines of

grooves and ridges). By high-resolution microscopy, we quantitatively evalu-

ate the changes in tubulin cytoskeleton organization and cell morphology and

in the neurite and growth cone development. The topography-reading process

of leech neurons on GRs is mediated by filopodia and is more responsive to

4-mm-period GRs than to smaller period GRs. Leech neuron behaviour on

GRs is finally compared and validated with several other neuronal cells,

from murine differentiated embryonic stem cells and primary hippocampal

neurons to differentiated human neuroblastoma cells.
1. Introduction
Cell contact interaction with extracellular domains is important for many phys-

iological processes in vivo (e.g. during embryogenesis, tissue formation or

regeneration) [1–3] and can be exploited to manipulate cell morpho-functional

responses in vitro [4–6].

In the central nervous system (CNS), the contact sensing combines with a com-

plex dynamical signalling pattern that is integrated by cells to establish the final

neuronal polarity and to form a functional network of neuronal connections

[7–9]. Extracellular nano/microtopography signals are locally retrieved through

a complex phenomenon called contact guidance and can drive many neuronal

activities, such as differentiation, polarization, neurite pathfinding, nucleokinesis

and the final CNS wiring [10–16]. These processes are tightly regulated and

involve coordinated interactions between microtubules and the actin cytoskeleton

[16,17] as well as the establishment and maturation of focal adhesions (FAs) [18]. In

particular, growth cones (GCs)—dynamic structures rich in actin filaments at the

tips of neurites—move by probing environmental cues by filopodia [13,19,20] and

integrating multiple sources of physico-chemical information. Recently, it has been

shown that several neuronal subpopulations, or even the same neuronal types

but at a different maturation stage, can read and respond differently to the same

guidance cue during migration and differentiation [21,22].

Owing to the recent developments in micro/nanoengineering techniques,

the processes that control neuronal guidance and differentiation can now be

directly investigated using nano/microtextured substrates [23–28]. In particu-

lar, in the last few years nanogratings—anisotropic topographies composed

of alternating lines of grooves and ridges with submicrometre lateral

dimensions—have been intensively investigated and have emerged as one of
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Figure 1. Substrates with surface GRs. (a) Schematic representation of the
fabrication process: the silicon moulds are fabricated by electron beam litho-
graphy (EBL) and reactive-ion etching (RIE); thermal nanoimprint lithography
is exploited to transfer the pattern from the moulds to thermoplastic
materials as the copolymer 2-norbornene ethylene (COC). (b,c) Scanning elec-
tron microscopy images of COC GRs: T2 (b) and T4 (c); scale bars, 1 mm.
(Online version in colour.)
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the most effective systems for inducing neuronal alignment

via pure cell mechanotransduction. In previous studies, we

showed that the interaction of nerve growth factor (NGF)-dif-

ferentiating PC12 cells with these substrates promotes

bipolarity and alignment to the substrate topography by

interfering with FA establishment and maturation [29–31].

The ability to direct neurite growth depends on both the

dimensions of the underlying patterned substrate and, very

importantly, on the neuronal cell type [31–33].

Invertebrates, for example leeches, have proved to be useful

models for studying neuronal dynamics [34–36]. The simple ner-

vous system and cellular accessibility, together with the large size

and the single neuron identifiability in vivo and in vitro, are some

of the invertebrate advantages that allowed us to improve the

knowledge about evolutionarily conserved neuronal mechan-

isms [37]. Moreover, it is worth mentioning the contribution of

pioneering experimental studies performed on invertebrates

that permitted the identification of the basic mechanisms of neur-

onal functions [38–40]. Both cell body and GC membranes of

leech neurons express mechanosensitive cation channels with

pharmacological features similar to those found in vertebrate

cells [41]. For example, blocking these channels affects neurite

outgrowth in culture [42], an issue confirmed later in vertebrate

neurons [43]. Interaction of isolated leech neurons with pat-

terned substrates was only recently proposed in vitro to

address the influence of micrometre-sized lines with heights

of 10–150 nm [44,45] on neurite outgrowth.

Here, we investigate neurite contact guidance of leech

neurons on topographical gratings (GRs) of varying period-

icity. By using high-resolution fluorescence microscopy on

immunostained cells, we quantitatively evaluated the changes

in tubulin cytoskeleton organization and cell morphology, and

the neurite network and filopodia development induced by

mechanotransduction. Leech neuron contact guidance was

finally compared and validated with several other neuronal

cells, from differentiated human neuroblastoma cells to

primary murine hippocampal neurons.
2. Material and methods
2.1. Substrate fabrication
GRs were fabricated by thermal nanoimprint lithography on copoly-

mer 2-norbornene ethylene (cyclic olefin copolymer (COC)) foils

(IBIDI, Martinsried, Germany). COC was chosen because of its

well-documented biocompatibility and optimal optical properties

for high-resolution fluorescence microscopy. Nanoimprint litho-

graphy is based on the combination of pressure and heat, which

aids the transfer of the chosen pattern from a rigid mould to thermo-

plastic materials. Moulds were fabricated by electron beam

lithography and dry etching techniques, as reported in [46]. COC

foils were imprinted using an Obducat Nanoimprint 24 system

(Obducat, Lund, Sweden). After cleaning with nitrogen flow, the

substrates were placed on top of the silicon moulds and softened

by raising the temperature up to 1508C. A pressure of 50 bar was

then applied for 5 min before cooling down to 708C, i.e. below the

glass transition temperature of the copolymer (Tg¼ 1348C). Finally,

the pressure was released and the mould was detached from the

substrate with a scalpel. The imprinted substrates were quality

checked by optical microscopy and attached to the bottom of

hollow 35 mm Petri dishes by using silicone glue (RS Components

RS692-524). Before cell culturing, the samples were sterilized by

treatment with ethanol, and then rinsed with phosphate-buffered

saline (PBS) twice and with H2OmQ once. The GRs had linewidth
of 1 mm (T2) and 2 mm (T4) (ridge width ¼ groove width; figure 1)

and groove depth was 350 nm for all the substrates. Flat COC sur-

faces (named FLAT) were used as a control.
2.2. Leech neuronal cell culture and immunostaining
Adult specimens of Hirudo medicinalis L. were obtained from a

commercial supplier (Ricarimpex, Eysines, France) and prepared

as previously reported [36]. Briefly, segmental ganglia were

removed from the CNS of anaesthetized animals (chlorobutanol

0.15%; Sigma, Milan, Italy). Neuronal cell bodies of the ventral

lateral packet were collected and plated onto concanavalin A

(Sigma)-coated COC substrates [47]. Cells were maintained in

Leibovitz-15 medium supplemented with 0.6% glucose, 2%

fetal calf serum and gentamicin 200 mM (Sigma), at 208C for

2–4 days. Leech neurons were fixed for 10 min with 4% formal-

dehyde/4% sucrose in PBS at room temperature and processed

as previously reported [48]. After fixation, the cells were

washed in PBS at room temperature, and then incubated with

mouse anti-tubulin-a (Sigma t5168; 1 : 500) primary antibody in

GDB solution (0.2% bovine serum albumin, 0.8 M NaCl, 0.5%

Triton X-100, 30 mM phosphate buffer, pH 7.4) containing phalloi-

din-Alexa647 (Invitrogen A22287; 1 : 20), overnight at 48C.

Samples were then washed three times in PBS at room temperature

and incubated with Alexa488-conjugated secondary antibody

(Invitrogen, 1 : 100) in GDB solution for 2 h at room temperature,

and washed three times in PBS. As previously reported, other

neuronal cell models were processed on GRs as follows. PC12

cells were cultured for 4 days with NGF 100 ng ml21 [31] and

immunostained for tubulin-bIII (Sigma T2200; 1 : 50). F11 hybri-

doma cells, a fusion of a mouse dorsal root ganglion and a rat

neuroblastoma, were differentiated for 4 days with forskolin

10 mM in 1% fetal bovine serum (FBS) medium [24] and immuno-

stained for vinculin (Sigma; monoclonal, 1 : 100). SH-SY5Y cells

(ATCC, CRL-2266) were seeded on collagen type I (50 ng ml21)-

coated GRs and differentiated with retinoic acid 10 mM and

brain-derived neurotrophic factor (BDNF) 50 ng ml21 in 1%

FBS medium for a total of 10 days and immunostained for
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tubulin-bIII (Abcam 78078; 1 : 200). Mouse (strain UBE3/129Sv)

hippocampal neurons were set up from E17 embryos [48], grown

and immunostained on D14 in vitro for tubulin-a (Sigma t5168)

[49]. Mouse embryonic stem cells were seeded (1500 cells cm– 2)

on 0.1% gelatin-coated GRs and differentiated in neurons [50]

and on D14 immunostained for tubulin-bIII. All samples were

incubated in GDB solution containing primary antibodies and

phalloidin-Alexa647 (1 : 20–1 : 50), as for leech neurons. Samples

were mounted using Vectashield mounting medium with

40,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories).

2.3. Fluorescence microscopy
For quantification, confocal images were acquired using a laser scan-

ning confocal microscope TCS SP2 (Leica Microsystems, Wetzlar,

Germany) with a 40� or 63� oil objective, at 1024� 1024 pixel

resolution. Each confocal image was a z-series (stack depth was

4–10 mm; steps¼ 0.5 mm), each averaged three times, and was

chosen to cover the entire region of interest from top to bottom.

The resulting z-stack was processed by IMAGEJ software (National

Institutes of Health, Bethesda, MD, USA) into a single image

using ‘z-project’ and ‘max intensity’ options.

2.4. Image and statistical analysis
Neuronal cytoskeleton polarization was quantified by analysing

the tubulin fluorescence signal of each cell with the directionality

tool of the software FIJI (http://fiji.sc/Fiji), as in [49]. This plugin

returns a directionality histogram by exploiting image fast Fourier

transform (FFT) algorithms: isotropic images generate a flat histo-

gram, whereas oriented images are expected to give a histogram

peaked at the orientation angle. These histograms are finally

fitted by Gaussian curves that return two parameters, dispersion

and directionality (the standard deviation and the centre of the

Gaussian curve, respectively). Cell alignment (named aligned tubu-
lin signal) was reported as the percentage of the FFT signal within

+168 from the GR direction, as in [49].

Leech neurites were semi-automatically segmented (from the

point of origin on the cell body to the tip of the neurite GC) from

the tubulin-stained images using NEURONJ, a plugin of IMAGEJ. Neur-

ites were segmented according to their branching [51]. A file

containing the tracks was exported and loaded into Matlab (Math-

Works) to calculate the neuritic segment length (the distance of

the traced path) and alignment (measured by approximating the

segment as a straight line from the initial point to the endpoint

and taking the angle of this line with respect to the GR orientation)

[27]. Segments with length less than 1 mm were excluded from this

analysis. The GR direction was measured as an angle by the IMAGEJ

angle tool; for FLAT substrates, a random reference angle was

chosen. To quantify the alignment of the neuronal network, the

neurites were considered ‘aligned’ if the angle with respect to the

GR direction was less than or equal to 158 [30].

Filopodia at the GCs were traced on actin-stained high-resol-

ution images and measured (for length and alignment angle) as

described earlier for the neurite segment analysis. Filopodia were

traced from the emerging point of the GC to their end. Similar to

[19], the filopodium actin content was quantified by measuring

the average intensity of the fluorescent F-actin: data were

reported as the ratio of the fluorescence intensity from aligned

filopodia (alignment angle less than or equal to 158) over the flu-

orescence intensity from the misaligned ones (alignment angle

greater than or equal to 458 versus GR).

Data are reported as average value+ standard deviation

(mean+ s.d.); in total, 40 leech neurons and 46 GCs were quanti-

fied. Three independent experiments were carried out for each

substrate showing consistent results. Data were statistically ana-

lysed by the GRAPHPAD PRISM 5.00 program (GRAPHPAD

Software, San Diego, CA, USA). One-way ANOVA Tukey’s mul-

tiple comparison test or Kruskal–Wallis test (for non-parametric
data) analyses were used. Statistical significance refers to results

where p , 0.05 was obtained.
3. Results
GRs, biocompatible nanostructured scaffolds with alternating

lines of micrometre ridges and grooves, were fabricated by ther-

mal nanoimprint lithography on COC foils (figure 1a). Their

optical properties and thickness (0.18 mm) allow high-resol-

ution imaging of living cells [29]. The nanoimprinting protocol

yielded reproducible GRs, with 50% duty cycle (i.e. ridge

width¼ groove width), 350 nm depth and linewidth of 1 mm

(T2) and 2 mm (T4) (figure 1b,c). Importantly, surface wettability

was not affected by the imprinting procedure or by the presence

of GRs [46]. GRs allow breaking of the symmetry of the cell-con-

tacting surface, transferring a full directional mechanical

impulse to the cells.

Leech neurons were dissociated and cultured on T2, T4 and

FLAT substrates (chosen as the isotropic control surface) for

4 days. On FLAT surfaces, neurites grew randomly oriented,

without showing any preferential outgrowth spatial bias

(figure 2a). On GRs, neurons were clearly polarized and aligned

along the GR lines. This effect was more pronounced on T4

(figure 2b,c) than on T2. GCs at the tip of neurites presented

actin-rich filopodia, the cellular structures assigned for the sur-

rounding sensing. High-resolution images of neurite tips with

GCs give indications on the dynamical processes by which

neurites can retrieve contact guidance information and explore

the substrate topography. On T2, neurites appeared thinner and

more segmented than on T4 but with tips and GCs aligned to

the topography (figure 2e). On T4, neurites bundled parallel

to the GRs and exhibited GCs with filopodia following the

GR lines (figure 2f).
In order to quantify the degree of neuronal alignment, the

tubulin signal was first analysed, as described in §2.4. We

measured the cell tubulin signal by image FFT algorithms. As

shown in figure 3a, the aligned tubulin signal was 33.3+7.6%

on T2 and 52.1+15% on T4, while on FLAT it was 19.9+
3.5%. These data demonstrate that leech neurons can develop

following the GR directional signal ( p , 0.01 FLAT versus T2

and p , 0.001 FLAT versus T4; one-way ANOVA, Tukey’s

test). This effect was more pronounced for cells on T4 than on

T2 ( p , 0.001 T4 versus T2; one-way ANOVA, Tukey’s test).

The neuritic arborization was then quantitatively charac-

terized. Briefly, neurites were divided in straight segments

and their lengths and orientations were measured. Both T2

and T4 induced neurite network alignment to the substrate

topography. Specifically, on T2 and T4 61.2+10.6% and

81.6+ 10.8% of the total neuritic length derived from aligned

segments (i.e. forming an angle less than or equal to 158 with

respect to the GR lines), respectively. On FLAT this percen-

tage, which was calculated with respect to a random

direction, reduced to 17.9+2.5% ( p , 0.001 FLAT versus

T2 and T4; one-way ANOVA, Tukey’s test; figure 3b). The

neurite alignment was better on T4 than on T2 ( p , 0.05 T4

versus T2; one-way ANOVA, Tukey’s test). The better per-

formance of T4 was also confirmed by the measure of the

average alignment angle of neurite segments, which was

14.6+ 17.38 for T4 and 25.6+23.88 for T2. As expected, the

neurite segments on FLAT did not show a biased angular dis-

tribution ( p , 0.001 FLAT versus T2 and T4; p , 0.001 T4

versus T2; one-way ANOVA, Kruskal–Wallis test; figure 3c).

http://fiji.sc/Fiji
http://fiji.sc/Fiji
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Figure 3. Leech neurons were grown on T2, T4 and FLAT substrates for 4 days. (a) Tubulin cytoskeleton directionality analysis. The FFT tubulin fluorescence signal
aligned to the GR (within 168) is reported for different GRs. (b) Leech neurites were traced and the total length of the neurite network aligned to the GR (alignment
angle less than or equal to 158) is reported as the percentage over the total neurite network length for the different substrates. (c) Mean alignment angle of neurite
segments for the different substrates. (a,b) *p , 0.05, **p , 0.01, ***p , 0.001, one-way ANOVA, Tukey’s test; (c) #p , 0.001, one-way ANOVA, Kruskal – Wallis
test. Data are reported as mean+ s.d.
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Figure 2. Confocal images of leech neurons cultured on FLAT, T2 and T4. (a – c) Leech neurons were grown on FLAT (a), T2 (b) and T4 (c) substrates and immunostained for
tubulin-a (green) and actin (red); scale bars, 30 mm; inset, GR pattern direction. (d – f ) Details of leech GCs developing on FLAT (d ), T2 (e) and T4 (f ); scale bars, 10 mm.
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In order to better describe the cellular mechanisms

allowing topographical guidance and consequent neuronal

polarization on GRs, we investigated filopodium development

at the GCs. Filopodia were traced and quantified on high-

resolution confocal images of phalloidin-stained neurite tips

on T2, T4 and FLAT substrates (figure 4). On FLAT, GCs

(figure 4a) were more spread and showed a high density of ran-

domly oriented filopodia (9.6+1.7 filopodia/GC), while on

T2 and T4 the GCs (figure 4b,c) were streamlined with fewer

filopodia (7.1+3.4 and 6.0+0.8 filopodia/GC, respectively)

mainly oriented along GR tracks ( p , 0.1 FLAT versus T2

and p , 0.001 versus T4; one-way ANOVA, Tukey’s test). In

fact, aligned filopodia (less than or equal to 158 versus GR) cor-

responded to 42.9+6.4% and 41+10.5% of the total filopodia

emerging from GCs on T2 and T4, respectively. On FLAT, this

percentage reduced to 19.6+8.5% ( p , 0.01 FLAT versus T2

and p , 0.001 versus T4; one-way ANOVA, Tukey’s test;

figure 4d ). The average angle of the filopodia was 32.1+
26.38 and 32+26.98 for T2 and T4, respectively, while on

FLAT they showed a random spatial distribution (average

angle ¼ 44.6+25.48; p , 0.001 FLAT versus T2 and T4; one-

way ANOVA, Kruskal–Wallis test; figure 4e), suggesting that
both the GRs could similarly interfere with the filopodium

development. Finally, our analysis reveals an increase in the

F-actin content of the aligned filopodia with respect to the

not-aligned ones for both T2 and T4. This actin enrichment

was significantly greater than that measured for FLAT ( p ,

0.05 FLAT versus T2 and p , 0.01 versus T4; one-way

ANOVA, Tukey’s test). Finally, we found that aligned filopodia

were longer than the perpendicular ones for both T2 and T4

(figure 4g), while no difference was measured for FLAT.

Taken together these data demonstrate that leech neurons

can effectively read GR topographies and that their tubulin

cytoskeleton polarizes along the GR direction. Moreover,

leech neurite contact guidance was more efficient on T4

tracks than on T2 tracks. We speculate that the topography-

reading process was mediated by filopodium sensing: infor-

mation from the aligned (longer and richer in actin) and

not-aligned (shorted and less rich in actin) filopodia was inte-

grated at the GC level and favoured neurite extension along

GR tracks, on both T2 and T4 patterns.

As the capability to drive neurite outgrowth was shown

to be dependent on both the dimensions of the underlying

pattern and cell type, the response of other, more complex,
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Figure 4. (a – c) High-resolution confocal images of filopodia, immunostained for actin (red), at the GCs of neurites on FLAT (a), T2 (b) and T4 (c); scale bars, 10 mm.
(d – g) Filopodia at the GCs were traced and analysed: (d ) percentage of aligned filopodia to the GR (alignment angle less than or equal to 158); (e) mean filopodium
alignment angle for the different substrates; ( f ) F-actin intensity in filopodia is reported as the ratio of the actin signal in aligned/not-aligned filopodia; (g) mean length of
filopodia at GCs, divided into alignment categories. (d – f ) *p , 0.05, **p , 0.01, ***p , 0.001, one-way ANOVA, Tukey’s test; (e) #p , 0.001, one-way ANOVA,
Kruskal – Wallis test. Data are reported as mean+ s.d.
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neuronal models to the same nanostructured surfaces was

qualitatively investigated to validate the leech neuronal

model (figure 5a). Confocal images of the cytoskeleton organ-

ization (mainly tubulin and actin) of different neuronal cell

types on GRs with different periodicity are reported in

figure 5. Here, the change in cytoskeleton polarization is evi-

dent and present for all the cell types reported. PC12 cells

(figure 5d ) acquired a bipolar morphology aligned to the

GR (1-mm-period GR in this case), with an average neurite

alignment angle as low as 3.5+ 0.78 [30]. Also the F11 hybri-

doma cell line (figure 5c), a functional dorsal root ganglion

neuronal model, similarly polarized along the GR lines.

Moving to a human model, the SH-SY5Y neuroblastoma

line (figure 5b) differentiated by retinoic acid and BDNF

(see §2.2) could mature into a fully developed network on

GRs, which resulted in alignment to the underlying lines

both for 1- and 2-mm-period GRs [49]. Mouse embryonic

stem cells (figure 5e) were cultured for two weeks to achieve

well-developed network formation and differentiated into

neurons: the resulting neuronal tubulin structures on GRs

were thick and polarized, reflecting the underlying topo-

graphy. Finally, we tested primary hippocampal murine

neurons, obtaining similar results [49] (figure 5f ). On flat
substrates, all these neuronal cells showed no neurite prefer-

ential outgrowth direction and cell shapes were often multi-

polar (e.g. for PC12, SH-SY5Y) instead of bipolar.

Overall, these data demonstrate that GRs effectively sup-

port and tune neurite outgrowth for many neuronal cells. In

particular, invertebrate leech neurons showed good neurite

contact guidance capabilities (mediated by filopodia) that

were retained in vertebrate and human neuronal cell models,

suggesting leech neurons as an accessible and proper cell

model to study neuronal mechanotransduction.
4. Discussion
By exploiting nanoimprint lithography, we fabricated

biocompatible plastic GRs of varying periodicity suitable for

high-resolution microscopyand investigated neurite contact gui-

dance of an invertebrate neuronal model (leech neurons). Using

high-resolution fluorescence microscopy, we quantitatively

compared the changes in tubulin cytoskeleton organization

and cell morphology induced by mechanotransduction. The

neuritic development and filopodium organization at the GCs

were also studied in response to topographical guidance. This
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Figure 5. Confocal images of different neuronal cells cultured on GRs. (a) A leech neuron grown on T2 and immunostained for tubulin-a (green) and actin (red).
(b) SH-SY5Y differentiated cells on T2 and immunostained for tubulin-bIII (green) and actin (red). (c – f ) Smaller neuronal model grown on 1-mm-period GR
(0.5 mm linewidth): (c) F11 cells immunostained for vinculin (green) and actin (red); (d ) PC12 cells immunostained for tubulin-bIII (green) and actin (red);
(e) mouse embryonic stem cells differentiated in neurons and immunostained for tubulin-bIII (green); ( f ) murine hippocampal neurons (D14) immunostained
for tubulin-a (green). All samples have been stained with DAPI to visualize nuclei (blue). Scale bars, 30 mm; inset, GR direction.
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in vitro model was finally compared and validated with several

other neuronal cells, from embryonic stem cells and primary

hippocampal neurons to human neuroblastoma differentiated

cells, which were interfaced with similar GRs.

Leech neurons could read the directional topographical

information of T2 and T4. In particular, cell and neurite net-

work alignment was more efficient on T4 than on T2 and

neuron morphology was less branched, in agreement with

[44]. The GCs were more streamlined than on FLAT and we

observed less filopodium spreading on both T2 and T4.

Our data suggest that leech neuron contact guidance is

mediated by filopodia sensing. Indeed, aligned filopodia

were longer and richer in F-actin, a condition that may

favour neurite growth in that direction [19].

It is well known that the morpho-functional response to

topographical features can be influenced by neuronal cell

type, origin and chemical stimulation, both in vivo and

in vitro [21,52]. For example, it has been recently demonstrated

that substrate reading is downstream of the activation of the

NGF-induced neuronal differentiation pathway in PC12 cells

[30] and that mechanotransduction is enhanced in SY-SY5Y

human neuroblastoma cells if treated with retinoic acid and

BDNF [49]. Unexpectedly, Rajnicek & McCaig [32] found

that embryonic Xenopus spinal and rat embryonic hippocampal

neurons behave very differently on the same quartz grooves

(period 2–8 mm and depth 0.1–1.1 mm): the former grew paral-

lel to the grooves, while the rat neurons displayed a more

complex response, growing parallel to wide and deep grooves

and perpendicular to the shallow and narrow ones. These

aspects have not yet been deeply investigated by the research

community, although controlled modulation of mechanotrans-

duction has a clear and profound impact on the design of

scaffolds to promote efficient neuronal regeneration.

Our data show that GRs induced qualitatively similar

effects on neurite cytoskeleton organization and network

development in several different neuronal models, including

leech neurons. Interestingly, other than the intrinsic substrate

characteristics (e.g. stiffness, nanopattern geometry and
aspect ratio), cell morphometric parameters might importantly

affect the cell–substrate interaction dynamics and the final

neuronal phenotype resulting from this interaction. Leech

neurons are large cells (cell body diameter approx. 30 mm)

and we measured the best alignment on 4-mm-period GRs

(2 mm linewidth). Conversely, small neuronal cell models,

such as PC12 or SH-SY5Y (cell body diameter approx.

10 mm), followed 500 nm ridges more efficiently than larger

features [31,49]. Overall, larger neuronal cells seem to respond

better to larger GR periodicity. These experiments are in

agreement with the idea that the actual intensity of the topo-

graphical stimulus delivered to cells by contact interaction is

not determined by the substrate alone, but it is also dependent

on the cell morphological characteristics [46].

As neuronal mechanisms are often conserved during

evolution, invertebrate models were often successfully used

in neurobiology to help in the understanding of important

molecular pathways [37,39,53]. Neuronal contact sensing and

mechanotransduction on GRs were conserved among the

neuronal types tested here, from invertebrate leech neurons

and hybridoma F11 cells to primary hippocampal neurons and

a human neuroblastoma model. All together these data sug-

gest that neurite topographical reading might be a conserved

mechanism in cells.

Another advantage of the leech model is that neurons can be

singularly extracted and cultured in vitro [40], whereas in other

primary neuronal models the cell concentration is often a critical

issue (too few cells can impair culture survival while too many

cells can interfere with each other in the development of the

neurite network). Furthermore, the size of GCs formed by

leech neurons allowed us to identify mechanosensitive cation

channels and to characterize their pharmacological properties

as well as their modulation, at a single-channel level [41].

These channels show a multi-modal activation, a property typi-

cal of transient receptor potential vertebrate channels, whose

involvement in axon regeneration has been firmly established

[54]. Gentamicin, which is capable of blocking single mechano-

sensitive channels of leech neurons, enhances their neurite
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outgrowth in culture [42]. This result has been confirmed

in Xenopus neurons [43], suggesting a general role of mechano-

transduction in the axon navigation. Accordingly, the findings

presented here open up the possibility of investigating the

role of the mechanosensitive cation channels in the response

of leech neurons to GRs, analysing the effects of treat-

ments aimed at enhancing or depressing the activity of these

molecular transducers.

In conclusion, we have reported and characterized neurite

contact guidance in leech neurons showing that, similar to

other mammalian neuronal models, neurites can align to the

substrate main direction. We have shown that this process is

mediated by an anisotropic filopodium organization at the

GC level. These kinds of topographies are promising for

tissue engineering applications, in particular as supporting

scaffolds for improving peripheral nerve regeneration after
injury. The production of effective tissue-regenerating implants

would certainly benefit from a rational design approach, which

requires a deep understanding of the molecular mechanisms

regulating neuronal and glial interaction with the local physical

properties of the extracellular environment. Thus, we feel that

increasing effort should be made in this direction instead of

relying on a trial and error approach. Moreover, further insight

into neurite guidance mechanisms will improve our under-

standing of nervous system development and plasticity and

might help to identify novel molecular pathways affected by

neurological disorders [3,55].
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