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Abstract
In the body, cells encounter a complex milieu of signals, including topographical cues. Imposed
topography can affect cells on surfaces by promoting adhesion, spreading, alignment,
morphological changes, and changes in gene expression. Neural response to topography is
complex, and depends on the dimensions and shapes of physical features. Looking toward repair
of nerve injuries, strategies are being explored to engineer guidance conduits with precise surface
topographies. How neurons and other cell types sense and interpret topography remains to be fully
elucidated. Studies reviewed here include those of topography on cellular organization and
function as well as potential cellular mechanisms of response.
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1 Introduction
1.1 Historical Introduction to Contact Guidance

That cells respond to the topography, or physical features of their environment, is intuitive,
and has been observed before. In 1912, Harrison pointed out that the solid material which
supports cells has a great deal of influence on their morphogenesis and movement, and
described the way in which cells, when placed on a spider web, adapt their shape and
movement to the web fibers (1). However, one hundred years later a number of basic
questions about how cells respond to the topography of their environment remain. Early
observations of contact guidance include those by Paul Weiss, who described in 1945 how
contact guidance is one of the basic methods by which cells can migrate from their source to
their destination (2), and Curtis and Varde in 1964 who used topography to control cell
behavior (3). Around 20 years ago, microfabrication techniques gained popularity for
creating cell culture platforms with which researchers could probe the behavior of cells on
well defined surfaces with micro- and nanoscale geometries (4). This led to studies in which
cells were studied on surfaces with anisotropic groove-ridge topographies, or isotropic
topographies, as reviewed previously (5,6).

In this article we review in vitro and in vivo studies of cellular responses to topography. We
focus on neuronal cells and their distinct functions both as revealed in cell culture studies

NIH Public Access
Author Manuscript
Annu Rev Biomed Eng. Author manuscript; available in PMC 2011 August 15.

Published in final edited form as:
Annu Rev Biomed Eng. 2010 August 15; 12: 203–231. doi:10.1146/annurev-bioeng-070909-105351.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and in animal models of nerve regeneration. We also cover research involving other cell
types where these serve to illuminate the complexities of cellular functions. Finally, we
discuss potential cellular mechanisms that underlie this complex phenomenon.

1.2 Contact Guidance in the Developing and Regenerating Nervous System
There are a number of instances in the developing nervous system in which cells migrate
along tracts of glial cells or oriented extracellular matrix (ECM) fibers. For example, during
the histogenesis of the cerebral cortex, cortical neurons are guided along radial glial cells (7–
9). The migrating neurons wrap around the radial glia, which act as both the scaffold and the
source of new neurons (10). Similarly, migrating neuroblasts of the external granule layer of
the cerebellum follow axon tracts that have already been laid (11), and axons in the
developing Drosophila nervous system follow the path laid out by longitudinal glia (12).
Interestingly, when granule neurons from the cerebellum were cultured with astroglial fibers
from the hippocampus, and hippocampal neurons with astroglial fibers from the cerebellum,
migration of each type of neuron was identical to that in the homotypic culture, indicating
that the glial fibers may provide a generic pathway for neuronal migration in vivo (13). In
addition, neurons in the medulla oblongata were found to migrate parallel to oriented fibers
(14). Pre-formed glial tracts along which axons migrate have been described as “slings”, and
it has been hypothesized that such structures can play a crucial role in establishing proper
connectivity within the developing nervous system (15). Though parallel, or tangential,
contact guidance has been most commonly reported, perpendicular contact guidance has
also been observed, primarily in CNS rather than PNS neurons (16). Though it is clear that
glia play an active role in the developing nervous system, rather than simply serving as a
scaffold for neuronal development and axon pathfinding, it also appears that neurons are
quite adept at following topological cues in vivo, and that the glial tracts may provide both
biochemical and physical cues which are vital to ensuring the establishment of proper
connectivity.

Another phenomenon observed in the developing nervous system is that of guidance by
guidepost cells, specific cells in the embryonic environment which serve as intermediate
locations during axon pathfinding. Though guidepost cells have been most well-documented
in invertebrate systems such as the grasshopper(17) and the fruit fly (18–20), it has been
suggested by a number of researchers that the mechanism is well conserved in vertebrates
and even mammals (21,22). Though this may not be a case of contact guidance in the sense
that is typically meant, it illustrates the way in which pathfinding axons may grow in
intervals, responding to a local cue with a structural change before stopping to seek out the
next permissive local cue. As will be discussed in the next section, axons can be guided in
vitro by disjoint raised structures on the order of the size of a single cell, indicating that the
idea of guidance by contact with guidepost structures may be broadly applicable for
navigating axons.

Contact guidance likely plays a role in the response to injury in both the peripheral and
central nervous systems (PNS and CNS, respectively). Regeneration in both the PNS (23)
and the CNS (24) have been reviewed extensively elsewhere. Following a nerve transection
in the peripherial nervous system, the distal portion of the nerve undergoes Wallerian
degeneration, in which the cytoskeleton and cell membrane of the disconnected axon begin
to break down (25). It has been recognized for some time that Schwann cells (SC) aid in the
repair of the injury environment (26). In response to axon transection, the myelin sheath
undergoes longitudinal segmentation. SCs proliferate, forming a Büngner band, in addition
to producing growth factors in response to denervation, cleaning up the debris of Wallerian
degeneration, and laying down tracks which will then retract when reinnervation occurs
(27). Regenerating axons and SCs have a complex interrelationship (28), that includes
direction and provision of multiple guidance cues by SCs (29), and nerve regeneration
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occurs at a rate of 2-4 mm/day after PNS injuries (30). The bands of Büngner play an
important role in this process, with oriented SCs and ECM guiding regenerating peripheral
nerves.

In stark contrast to the PNS, injuries in the CNS have long been thought to be incapable of
spontaneous repair. CNS axons do not regenerate in their native environment, which
contains reactive astrocytes, inhibitory myelin-based glycoproteins and proteoglycans which
form a glial scar (31) (32). After a spinal cord injury (SCI), macrophages are slow to
infiltrate the wound site (33), which contrasts to the prompt removal of inhibitory debris by
macrophages and SCs after PNS injuries. Together, the combination of physical and
chemical barriers along with the lack of a prompt immune response results in very poor
outcomes for patients with SCI. However, a number of neural tissue engineering strategies
are being explored for both CNS injuries and PNS injuries which are too extreme to heal
without intervention (34).

1.3 Axon Growth and Guidance
The motile apparatus of neurons is the growth cone, a highly sensitive structure at the tip of
growing axons. Growth cone structure and pathfinding are important research topics which
have been extensively reviewed elsewhere (35). Axon pathfinding is responsible both for
establishing neuronal circuitry in the developing brain (36), and for the re-wiring of
pathways that are damaged from injury or disease (37). Growth cone behaviors such as
advancing, retracting, turning and branching are regulated by dynamic reoganization of actin
filaments and microtubules, which in turn are linked to the receptors for molecules such as
Netrins, Slits, Semaphorins, and Ephrins (38). Growth cones integrate complex cues which
vary in both time and space, and may also be synergistic or competitive. Recent progress
indicates that membrane microdomains may be responsible for generating the localized
signaling that produces such specific responses to guidance cues, that calcium signaling is
vital to controlling growth cone steering, and that focal adhesions may function as the
biomolecular integration point of growth cone signaling and response (39). Growth cone and
axon guidance are important in investigating neuronal response to topography, as it is
control over axon guidance which will lead to therapeutic solutions to damaged nerves (40).

1.4 Assessment of Neuronal Response to Topography
A range of techniques have been used in the literature to assess cellular, and specifically
neuronal, response to topography. Neurites have been quantified in many ways, including:
the number of cells forming neurites (41) or axons (42); the average number of neurites per
cell(43); the average neurite length per cell (44); the length of the longest neurite or axon
(42); the total neurite extension length (45,46); and the degree of neurite branching (43).
Studies with whole explants have evaluated the distances which migratory cells and
individual neurites are located relative to the explant edge (47). Because of the importance
of directed growth in repair strategies for damaged spinal cord or peripheral nerves, one
important metric for the ability of a surface to guide neuronal growth is alignment.
Alignment can be measured for the cell soma, the cellular extensions, or both. Neurites have
been subjectively quantified as either aligned or unaligned in a number of studies (48,49).
However, because this method is potentially subject to bias, and because the question of
whether or not a particular neurite is aligned can be rather difficult to answer, a number of
more quantitative methods have been developed. Somal or nuclear alignment can be used to
indicate alignment relative to any directive cue (50). This method is especially useful for cell
types which may undergo a whole-cell response to topography, such as many glial cell
types. The angle of neurite outgrowth can be assessed by grouping the data into angular
bins, and showing that topography increases the frequency of neurites which fall into bins
close to the angle of the topographical cue (51–53). Nuclear or neurite angular data can be
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further quantified by circular statistical methods (54). Rather than evaluating the length of
each neurite or neurite segement, the overall alignment of an entire field of view can be
quantified using a fourier-transform method, which will indicate the angle at which the most
activity occurs (55,56). These methods to assess cellular and neurite outgrowth are capable
of showing in a quantitative manner how neurons respond to topography. Because
morphology is so closely linked to function, determining the effect of cellular growth and
morphology on a tissue engineered surface gives an indication of the efficacy of that
material and geometry for promoting a specific, desired response.

2 Neuronal Response to Imposed Topography: In Vitro Studies
In the past 20 years, many studies of contact guidance have been performed, owing in large
part to the relative ease of fabrication of surfaces with myriad types and shapes of molecular
and cellular scale topographical features. As of 1999, many studies had documented the
effects of substrates with microgrooved topographies (5,57), noting the effects of scale and
surface coating. Many studies note the response of cell types which do not tend to form
processes, such as fibroblasts and osteoblasts, but rather undergo a cell-wide response,
generally alignment to longitudinal features. As discussed in this section, neuronal response
to topography appears to be somewhat distinct. Because neurons have extensive networks of
axons and dendrites (referred to non-specifically as neurites) which extend from a cell body
which does not necessarily undergo the same behavior, neurons have been shown to respond
to topography in particular ways, including perpendicular contact guidance, and the
formation of contact-guided networks on globally isotropic topographies. Neurons have also
been shown to respond strongly to the topography of glial cells, an observation which may
prove useful for tissue engineered strategies of nerve repair. Most studies discussed in this
section evaluate the alignment of the neuronal soma or of the extending neurites, as a
primary goal of neural tissue engineering is to guide neurite extension in a desired direction
(58). However, a range of other effects has been observed on surfaces with distinct
topographical features, including: decreased neurite architecture/branching (43,45), reduced
number of neurites (59,60), increased neurite length (60–62), and increased polarization
(41,42). Because neurons have such an incredible ability to explore and respond to their
surroundings, in both the developing and mature nervous systems, it is not unexpected that
they should have such complex responses to their extracellular environment. What remains
to be done is to determine the precise features that result in a particular desired response, and
to harness this ability to treat damaged nerves in the clinical setting.

In this section, we focus on both anisotropic and isotropic topographical cues, which are
illustrated schematically in Figure 1.

2.1 Anisotropic Grooved Substrates
A number of studies on microgrooved topography have indicated that neurite response to
topography in terms of alignment or outgrowth increases with increasing groove depth from
around 0.2 to 4 μm (48,52,63,64), where no effect is observed on feature sizes less than 200
nm. In studies with grooved surfaces with heights in the sub-micron to micron range, dorsal
root ganglia (DRG) neurons interacted with both grooves and plateaus. Increasing groove
height resulted in both increased alignment and increased restriction of cell somata and
neurites onto either the groove or the plateau, reducing crossing between features separated
by a step (48). Interestingly, the combination of the feature depth, along with the angle at
which an approaching neurite contacts the feature (a wall or edge) have been shown to
influence whether the neurite turns to follow the cue, or crosses the step to preserve its
original direction. When murine embryonic cortical neurons were cultured on microgrooved
platforms with a depth of 2.5 to 69 μm, axons were found to cross over the shallow grooves
of 2.5 or 4.6 μm, whereas grooves 22 or 69 μm caused the axons to turn after contact with
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the feature (65). However, at an intermediate depth of 11 μm, about half of the axons
crossed the step while the others turned in respose to the cue, and this behavior was
correlated highly with the angle at which the axon approached the feature: when axons
approached the edge of the platform or groove from a perpendicular angle, they tended to
stay straight and cross the feature, whereas axons approaching the feature from a more
parallel angle tending to turn through the relatively small angle required to align to the
feature. While the specific dimensions at which cells overcome barriers may vary between
cell types, these studies suggest that topographical cues can be tailored to control behaviors
such as turning, branching, and alignment.

Distance between anisotropic topographical cues has also been shown to play a role in
directed neurite guidance. Both groove floors and plateaus present distinct topographical
cues to cells, and can vary in width from the subcellular (nanometer and single-micron) to
the cellular (tens of microns) to the supracellular (up to hundreds of microns) scales. For 200
nm deep grooves, increasing the width of the plateaus and grooves from 500 to 750 nm
reduced PC12 neurite alignment from 90% to 75%, though neurites were longer on flat and
750 nm grooved surfaces than the 500 nm surfaces. In addition, the 500 nm width
significantly increased the elongation of the cell body (60). Both sympathetic and sensory
neurons have aligned neurites to grooves of 300 nm depth, with groove widths varying from
100-400 nm and plateaus varying from 100-1600 nm, and tended to grow on the ridge edges
and plateaus rather than in the grooves. Of note, it was found here that the smallest patterns
with 100 nm features did not guide as well as the larger width patterns (55). PC12 cells on
microgrooves with 5 and 10 μm features (2-3 μm deep) exhibited oriented neurites, though
these neurites were straighter and more aligned on the smaller features. In both cases, cells
were too large to sit inside the grooves, but the neurites tended to grow in the grooves (59).

Studies on grooved features with depths greater than the height of a cell, and on the order
with a cell diameter, have also been conducted. PC12 cells on grooved substrates 11 μm in
depth, with walls 20-60 μm apart, exhibited oriented neurites, with the strongest orientation
occuring in thinner grooves (43). However, the turning behavior of neurites encountering
microgrooves of 2.5 to 69 μm depth did not appear to depend on channel width, from 50-350
μm (65). Neurons in co-culture with nerve growth factor (NGF) secreting HEK cells aligned
to channels with relatively large widths (100, 150, and 250 μm wide, 150 μm deep) with the
neurons in the smaller grooves exhibiting less branching, greater alignment, and longer
growth (45). Taken together, these studies indicate that the distance between anisotropic
cues of linear geometry may affect neurite alignment, though it is clear that the complex
results merit further study.

Though the vast majority of studies using grooved substrates report parallel alignment of
neuronal cell bodies, neurites, glial cells, in addition to other cell types, other types of
guidance have been reported as well. In particular, it has been demonstrated that submicron
grooves can elicit perpendicular contact guidance in CNS neuroblasts (66) and rat
hippocampal cells (42,67), in a manner dependent on surface feature sizes. Neurites
undergoing this form of contact guidance extended at an angle perpendicular to the features,
crossing over adjacent grooves and ridges rather than extending parallel to a single feature.
Generally speaking, cells and cellular processes tend to conform to wide and shallow
grooves, while they span narrow and deep grooves (68), which points at perpendicular
contact guidance as a particularly interesting phenomenon. When a cellular extension
reaches a linear topographical discontinuity, it can either cross it or follow it. It appears that
this choice depends both on substrate dimension and cell type, and it may be that cellular
processes of a certain type resist conforming to features which are too closely spaced and
too deep, and instead cross between adjacent features, resulting in perpendicular contact
guidance. This particular phenomenon has also been reported in vivo (69), and in two-

Hoffman-Kim et al. Page 5

Annu Rev Biomed Eng. Author manuscript; available in PMC 2011 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dimensional (2D), three-dimensional (3D), microexplant and organotypic cerebellar cultures
(70).

In addition to perpendicular contact guidance, a number of neuronal and glial cell types
including DRG neurons, B104 neuroblastoma cells, hippocampal neurons, and Schwann
cells, have been shown to span grooves of a dimension larger than the cell body, from 30 to
200 μm, anchored to the plateaus only by tension bearing cellular extensions, with no
underlying support (71) in a climbing phenomenon termed “cellular bridging”. Both
behaviors, perpendicular contact guidance and cellular bridging, depend on the dimensions
of the feature, and require the cell to span adjacent regions rather than align parallel to
features. Though these phenomena have been reported more rarely than alignment parallel to
topographical features, it is important to keep in mind these non-canonical examples of
contactact guidance on grooved surfaces, especially when we are considering questions of
mechanism.

2.2 Aligned Fibers and Channels
Polymeric fibers with sizes in the nanometer and micron ranges have recently become very
popular materials for tissue engineering applications (72). Like the microgrooved surfaces
discussed above, aligned fibers present an anisotropic topography to cells in both in vitro
and in vivo environments. Because alignment is such an important goal for neural tissue
engineering, a number of in vitro studies have been performed in recent years to assess the
reaction of neural stem cells, primary neurons, and supportive glial cells on aligned fibers.

Some in vitro studies of novel nerve guidance channel geometries have used aligned
channels and fibers, which mimic the structure and alignment of structures which occur in
the mature nervous system, such as CNS white matter tracts in the spinal cord. Yu and
Shoichet fabricated nerve guidance channels with longitudinally oriented tracks (73), similar
to the multi-channel scaffolds discussed below, in the section on in vivo guidance channel
studies. In vitro, the adhesion and outgrowth of DRG neurons was shown to be increased on
these scaffolds, especially in the presence of LN-derived peptides. In another in vitro
guidance channel study, DRG explants were cultured on polypropylene filamets inside a
PVC hollow fiber membrane, and the effect of filament diameter on neurite outgrowth and
SC migration was measured (74). Fibers ranged from supracellular (100 to 500 μm) to
cellular (30 μm) to subcellular (5 μm) in diameter, and an inverse relationship between
filament diameter and both SC migration and neurite outgrowth was found. In addition,
when fibers were uncoated, SCs migrated ahead of neurite outgrowth, indicating that SCs
may be establishing a pathway for neurite growth, but when fibers were coated with LN or
FN, the neurites actually grew past the SCs, indicating that with permissive ECM support,
neurite growth may be independent of SC migation. These results agree with previous work,
in which PLLA microfilaments with a relatively large diameter of 375 μm guided neurite
outgrowth and SC migration, and neurite outgrowth was significantly increased in the
presense of LN, past the SC leading edge (47). Wen and Tresco (74) have noted that when
DRGs were cultured on aligned fibers, there was likely an optimal size range for the
filament diameter, in which filaments that were very large or very small relative to the size
of the growth cone did not present discernable energy differences in different growth
directions.

Electrospinning is a particularly effective technique for creating matrices of oriented fibers
(75). The resulting nano- or micro-scale fibers can be composed of a variety of polymeric
materials, and electrospun scaffolds have similarities to natural ECM, including thin and
continuous fibers, high surface-to-volume ratio, and a large number of variable-sized pores
(76). Aligned electrospun fibers 400-600 nm in diameter have been shown to orient DRG
alignment and SC migration in vitro (77) (Figure 2). The size of electrospun fibers can
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influence alignment, growth potential, and differentiation. For example, electrospun micro-
and nanoscale PLLA fibers were equally capable of orienting NSC soma and processes,
though the nanoscale fibers regardless of orientation increased NSC differentiation over the
microscale fibers (average diameters 250nm and 1.25 μm) (78). Interestingly, neurite length
increased only on the nanoscale aligned fibers. In another interesting study DRG explants
were grown on poly-L-lactate nanofibers of high, intermediate, and random alignment (56).
On aligned fibers, neurites sprouted radially but turned to align to fibers upon contact, and
neurite length increased on aligned fibers relative to random and intermediate fibers.

2.3 Isotropic Topography and Nanorough Surfaces
Globally isotropic topographies have been presented to neurons in the form of nano- or
micron-scale pillars and holes and nano-roughness (reviewed in (79)). It has been suggested
that regardless of cell type, cells respond to isotropic features with dimensions less than 5μm
with a smaller, rounded morphology with less organized cytoskeletons (68). In addition,
neurons exhibit distinct and fascinating behavior on substrates which have repeating
topography that is the same in every direction and which provides guideposts at discrete
locations (44). Two examples of neuronal response to globally isotropic topographies are
shown in Figure 3.

A number of studies have shown that neurites follow interupted guidance cues with a high
degree of fidelity. Hippocampal neurons plated on surfaces with 1 μm tall pillars either 0.5
or 2 μm in diameter and arranged in a grid 1.5 to 4.5 μm apart aligned to pillar geometries,
moving between adjacent pillars (51) (Figure 3, left column). The neurites tended to span
the smallest distance between pillars, aligning either at 0° or 90°, with the highest alignment
with the larger pillars at the smallest spacing. As the spacing between pillars increased, the
fidelity of alignment decreased, and at 4.5 μm spacing, the distribution of neuronal arbor
was similar to that found on a flat surface. In addition, at an early time in culture (1 day), the
neurons on the pillar topographies, unlike the flat surfaces, had a single presumed axon
forming. This indicates that guidepost-like topography may affect the functional state of
neurons developing in culture. In a similar study, hippocampal neurons were plated on
surfaces with posts 10-100 μm in diameter and edge to edge spacing of 10-200 μm (53)
(Figure 3, right column). The height of each post was approximately one tenth of the
diameter. On surfaces with smaller features and smaller spacings, processes aligned and
connected in straight lines between adjacent pillars, as above, and mostly followed a single
direction by occasionally branching in the perpendicular direction. However, as feature
diameters started to increase, neurites would wrap around the post they were already on,
especially as the spacing increased past 40 μm. Spacing of 200 μm promoted both random
outgrowth and wrapping, and flat surfaces promote random outgrowth. Therefore, as the
feature size and spacing was increased, a transition from aligned outgrowth to process
wrapping to random growth occured in parallel.

In these studies, we see an interesting trend where neurites tended to follow what contact
they already had, but if a new contact was in close enough proximity, they jumped to that
new location, resulting in highly aligned and branched neuronal arbors even on isotropic
surfaces – whereas other cell types tended to undergo a whole-cell, symmetrical response
resulting in rounded morphologies. This guidepost-like method of extension is remniscent of
the perpendicular contact guidance discussed above, and there may be an important
mechanistic or functional connection between the response to the seemingly disparate
topographies of disjoint raised pillars and continuous anisotropic grooves.

In contrast to the studies discussed above, surfaces with non-periodic micron-scale pillars
have also been used. These surfaces have been shown to increase adhesion of embryonic
mouse brain cells, promoting the sprouting of long neurites over the pillar surfaces (80).
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Here, the pillars were spaced closely together and did not allow contact of the cell soma with
the underlying surface, although the growing neurites were found to engulf the spikes and
send additional, smaller neurite extensions down the pillars in the z direction. Similar to the
studies discussed above, neurites spanned the shortest intraspike distance. In another study
with pillar-like features that were flexible, gallium phosphode “nanowires” with a 50 nm
diameter and 2.5 μm height supported adhesion and outgrowth of DRG neurons (81).
Neuronal survival relative to control surfaces with no topography was increased, and the
neurons underwent complex interactions with the nanowires, such as pulling on and bending
them. A number of adhesion geometries were possible, including neuronal cell bodies lying
on top of the wires or on the surface and being penetrated by the wires. In addition, the
neurites could either grow on top of, be penetrated by and grow at the bottom of, or around
and in between the nanowires. In both cases, non-periodic discontinous topographies were
capable of supporting neuronal adhesion and extension, though the growth was not as
strongly guided as in studies which incorporated more periodic topographies with a slightly
greater spacing between features.

Surfaces with varying heights that are less than 1 micron different are often considered to be
nanostructured, or nanorough. These surfaces have been used with a variety of cell types and
surface chemistries, and a range of responses has been observed in terms of cellular
adhesion, proliferation, and morphology (68). Roughness is often measured in terms of an
average feature size, called Ra. Some studies of neurons on globally isotropic surfaces with
nanoscale features have been performed, with mixed results. One study showed that
nanotextured titanium nitride films with Ra values from 1.3 to 5.6 nm reduced attachment of
primary hippocampal neurons relative to PDL coated glass (82). Another study found that
embryonic primary cortical neuron adhesion and viability was affect in a unimodal fashion
by nanotextured silicon with Ra from 18 to 204 nm, where an intermediate value of Ra=64
nm promoted an optimal response, and both higher and lower roughness reduced this
response (83). In addition, local nanoroughness and gradients in surface energy sized on the
order of growth cones promoted PC12 extension and neuronal expression patterns in the
absence of NGF (84). Though nanoscale materials have received a great deal of attention in
recent years, it is not yet clear what role they will play in directing neuronal growth for
tissue engineered applications.

2.4 Cellular and Biomimetic Topography
One approach to elicit neuronal guidance and reconstruct an in vivo-like environment is to
co-culture neurons with other cells, with and without additional topographical guidance
features. By themselves, cells provide both biochemical and topographical cues to
regenerating axons. For example, aligned monolayers of Schwann cells can direct neuronal
outgrowth to follow the direction of alignment even in the absence of other topographical
cues (85). In addition, Schwann cells (SC) can be guided by topography themselves, and like
neurites appear to be sensitive to the depth of anisotropic groove topography (86), leading to
studies which indicate that there is a synergy between the cues presented by cells and cues
presented by topography. When SCs were preseeded onto grooved scaffolds of 15 μm depth,
over 60% of them aligned on 50 and 100 μm width grooves, while over 90% aligned on 2-20
μm grooves. These constructs which presented DRG neurons with both cellular and
geometric topographical cues were able to orient the neurites in the direction of the
topography and the aligned SC (62).

Cell types such as meningeal cells and astrocytes have also been used to direct neurite
outgrowth in vitro, though they tend to be associated with inhibiting regrowth in the injury
environment (87–89). In particular, outgrowth of both postnatal and adult DRG neurons
aligned to monolayers of meningeal cells which were preplated on substrates with
anisotropic nanoscale roughness (52), from 250 nm to 1 μm in depth. As expected, neurites
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did align to topography without the intervening cell layer, and increased topography depth in
conjunction with meningeal cells elicited increased alignment. However, the meningeal cells
appeared to provide some additional cue beyond their topography, as the neurites showed
enhanced orientation and growth when presented with the intermediate cell layer, with the
effect more pronounced with younger neurons. Similarly, DRG neurons were guided by
astrocyte monolayers which had been oriented by an electric field (90). Interestingly, the
same response could be seen on fixed aligned astrocytes, indicating that the astrocytes are
not necessarily providing active biochemical cues. Further, astrocytes have also been shown
to promote neuronal differentiation and alignment. When neural progenitor cells were plated
on microgrooved surfaces (groove: 16 μm, plateau: 13 μm, depth: 4 μm) with and without an
intermediate layer of astrocytes, though the progenitor cells could orient to both surfaces,
only the astrocytes in conjunction with the grooves induced increased differentiation into
cells expressing neuronal markers (91).

From these studies, it seems that guidance cues from cells are able to provide some
information which geometric topography alone cannot, but it is not clear if this information
is primarily biochemical or topographical in nature. One of our labs has replicated the
micro- and nano-scale topography of adherent cells in polymer replica molds (92), which
capture the topography but not the biochemistry of supportive cell layers, and thus allow for
separate study of individual and multiple types of cues. Optimally aligned monolayers can
be fabricated with a range of cell types, to allow future investigation into the relative ability
of different cell types to guide neuronal growth (50). The topography of aligned monolayers
of Schwann cells can promote neuronal adhesion and guide neurite outgrowth in the same
direction as the underlying cell topography (93), as shown in Figure 4.

2.5 Interaction Between Topographical and Biochemical Cues
The response of cells to topography is a complex process, depending on many features of
the extracellular mileu. For example, topography responses may be modulated positively by
population pressure in both fibroblasts (94) and neurons (93), while corneal epithelial cells
have been shown to require serum for a response to topography (95). Biochemical signals,
such as nerve growth factor (NGF) and permissive laminin (LN) have been shown to
enhance the effects of topography, where neurons respond more strongly to topographical
cues in the presence of these molecules. For example, LN increased PC12 outgrowth on
nano-scale fibers (46), DRG adhesion and outgrowth within 200 μm diameter longitudinally
oriented tracts (73), DRG alignment on microgrooves (48), and PC12 alignment on
microgrooves (59). In addition when PC12 cells were presented with suboptimal NGF
concentrations, neuritogenesis was modulated by feature dimensions, an effect not seen at
higher NGF levels (41). In particular, concentrations of 5-25 ng/ml of NGF promoted
neuritogenesis in conjunction with 70-450 nm width features, while larger features of
850-1900 nm reduced neuritogenesis.

Previous studies in non-neuronal cell types have provided conflicting results about the
relative strength of topographical and biochemical cues (96,97). A handful of studies with
neurons have suggested that topographical and permissive biochemical cues have distinct
roles in directing neurite growth, perhaps providing a future means to engineer highly
specific neuronal networks for tissue engineering applications. When embryonic
hippocampal neurons were presented with biochemical cues in the form of tethered NGF
and topographical cues in the form of microgrooves 1-2 μm in width and 400-800 nm in
depth, the topographical cues had the most pronounced effect on polarization regardless of
the simultaneous presence or absence of NGF (42). In contrast, axon length was increased
by tethered NGF and not by topography, though an enhancing effect was seen when both
cues were presented simultaneously, perhaps because of faster polarization due to the
topography in combination with enhanced growth due to the NGF. In a study by the same
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group with a similar experimental setup, topographical and biochemical cues were presented
competitively to hippocampal neurons (98). While each cue individually promoted
polarization and growth into the cue environment, in a choice paradigm the microgrooves
were preferred over both NGF and LN cues, with the effect strengthening for narrower
grooves. Similar results were seen in a different experimental setup with murine embryonic
cortical neurons (65). When neurons were allowed to adhere to a range of locations both in
contact with PDL coated microgrooves and in a matrigel matrix suspended above the
microgrooves, neurite turning behaviors were complex and depended both on where a
neurite initiated and what cues it encountered during growth. In general, neurites preferred a
long, straight path, which for neurons on the groove floor meant turning to follow walls,
while neurites starting on plateaus grew out into the matrix rather than turning, though this
meant no longer being in contact with the 2D PDL coated surface. Further studies with
complex biochemical and topographical cues will have to be performed to determine the
dynamic response of growing axons when they are presented with conflicting cues. Studies
of neurons at the interface between 2D substrate-bound cues and a more complex 3D
architecture provide further evidence that growing neurites integrate multiple cues and the
response depends on both the local biochemical and structural environments (99).

3 Topography and Nerve Regeneration in Vivo: Nerve Guidance Channels
3.1 Nerve Guidance Channels

After injury, neurons face a complex environment that contains multiple inhibitory factors,
and it is not surprising that efforts toward successful therapies have been correspondingly
numerous. A variety of strategies have been explored, including delivery of neuroprotective
agents (100), addition of exogenous growth factors (101), reducing inhibitory myelin-
associated factors (102), blocking the Nogo-A signaling pathway (103), promotion of a
more embryonic neuronal or ECM state (104), and cell transplantation (105,106). Repair of
PNS injuries has come further clinically, as small defects may currently be treated with
autografts or with polymeric nerve guidance tubes (107), but large injuries still provide a
significant clinical challenge (108). Strategies from the literature for PNS injuries include
the use of biodegradable scaffolds to stimulate axon growth through delivery of permissive
cues such as growth factors (109,110) and therapeutic drug delivery (111). A consensus is
emerging that a combination of multiple strategies will be required for optimal recovery
(105,112), and topographical guidance will likely play a significant role in the development
of these strategies.

As axon growth is highly random after injury, and rarely extends past the lesion site back
into the host tissue (113), nerve guidance channels have been used to encourage injured
axons to migrate back towards their targets.

Nerve guidance channels (NGC) made from a range of synthetic and natural materials (114)
are currently being used clinically to bridge small (<1 cm) peripheral injuries, and they are
approved to be used in gaps as large as 3 cm. Historically, guidance channels have been
shown to organize the fibrin cable, promote a contained regenerative environment, and
improve the outcome of peripheral and central nerve transection animal models. However, it
has been concluded by a number of researchers that guidance channels will have to
incorporate additional cues beyond a simple tubular structure if regrowth sufficient for
regaining function is to occur (115). Though channels by themselves provide a
macrotopographical cue in the form of a curved inner lumen, and DRG and cerebellar
granule cell axons are sensitive to curvature (116), it does not appear that simple channels
will be efficacious in repairing anything but the smallest injuries. Multifaceted biomaterial
design strategies for treatment of nerve injuries include optimization of mechanical
properties, cell-adhesivity, biodegradability, electrical activity, delivery of permissive
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molecules, and topography (reviewed in (117)). In this section we focus on optimization of
topograpphical cues introduced into the luminal space of NGCs.

3.2 Multichannel Conduits
One strategy to promote increased growth is to provide cells with additional area on which
to grow. This has been the aim of nerve guidance channel studies which incorporate a
number of smaller channels oriented longitudinally within a larger conduit, with the
rationale that a greater number of channels with increased curvature may be more likely to
orient axonal growth in the longitudinal direction than a single, larger channel (116,118). In
addition, a multichannel conduit may be more likely to preserve the linear, tract-like
organization found in both the spinal cord and in peripheral nerve cables. Fabrication of
such conduits is not trivial, and a number of studies have focused on methods to produce
multichannel conduits, which have been shown to support increased SC adhesion (119,120)
and may be bioactivated (73) to release growth factors such as NGF (121,122). The number
and diameter of the smaller channels may vary, ranging from 3 channels within a single
conduit (120) to over 100 (119). Multichannel NGCS have been used in vivo in an attempt
to reduce the nerve dispersion that may occur in single lumen channels (115), but not all
studies have shown positive results (123).

A number of studies in rat models of SCI indicate that multichannel scaffolds, in
conjunction with cellular or biomolecular therapies, may promote significant regrowth.
When thin-walled scaffolds with channels of mean diameter 125 μm were used, linear
organized axonal regeneration was promoted, with and without further augmentation by
brain derived neurotrophic factor (BDNF) into the walls and lumen (124). In a similar study,
highly porous biodegradable multichannel scaffolds seeded with SCs showed nerve
regeneration after just one month in vivo following SCI (125). Furthermore, agarose
multichannel guidance scaffolds supported linear regrowth of axons, whereas control
animals treated only with cell suspension grafts exhibited disorganized regrowth (126).
However, these scaffolds pre-injected with BNDF secreting cells and a fibrin matrix showed
significant recovery over the scaffolds alone. As indicated above, CNS axons have been
shown to be sensitive to curvature (116). Axonal regrowth was increased on multichannel
scaffolds with smaller diameters (450 μm) as compared to larger diameters (600 μm) in a
transected rat spinal cord model (118). In addition, the scarring response as measured by the
fibrous rim area was decreased for the smaller diameter multichannel conduits, although
both conditions contained the same number of individual channels. In this study, the
biodegradable scaffolds were pre-loaded with SCs. Together these studies indicate that
topography may be a powerful synergistic cue when presented in combination with cellular
or biomolecular cues to promote axonal regrowth into injured areas of the spinal cord.

3.3 Channels with Intra-luminal Topographical Cues
Many fields under the umbrella of tissue engineering are concerned with fabrication of
scaffolds with the goal of promoting regeneration of damaged tissues both in vitro and in
vivo. A number of methods to form scaffolds with aligned topographies have been described
(127), including self-assembly, phase separation, and electrospinning (75). These methods to
form oriented scaffolds with fibers sized on the order of natural ECM components such as
collagen have been applied to nerve guidance channels. A number of NGCs with
topographical cues in the luminal space, including aligned nanoscale fibers, have been
fabricated and used in vivo to promote repair of damaged nerves. As with the multichannel
studies discussed above, many of these studies combined topographical cues with cellular
and biomolecular cues. For example, a biodegradable foam conduit with longitudinally
aligned pores was pre-coated with LN and SCs, and axon regeneration compared favorably
to autografts at 6 weeks in a sciatic nerve model (128). In a similar sciatic nerve study, a
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guidance channel with a microgrooved lumen and pre-seeded with SCs promoted functional
recovery, and though each cue alone resulted in similar overall numbers of regenerating
axons as the combination of cues, functional recovery was significantly enhanced when the
two cues were presented simultaneously (129).

In addition, topographical cues can be combined with biochemical cues in the form of
aligned collagen filaments. Spinal cord defects were successfully bridged in a rat 5mm
defect model with a graft of collagen fibers parallel to the injury site (130,131). Axons
regenerated across both the proximal and distal implant interfaces at 4 weeks, and at 12
weeks functional recovery was observed. Recently, the same group has demonstrated similar
results in a rabbit spinal cord injury model (132), indicating that a combination of
topographical and biochemical cues shows promising results for future therapeutic treatment
of both PNS and CNS injuries.

Interestingly, some in vivo studies have indicated that topography by itself, without
additional support cells or growth factors, is capable of promoting nerve regeneration.
Though some studies show that topography alone can promote regrowth in central nervous
system injuries (133), the studies discussed below focus on the peripheral nervous system.
Guidance has been provided largely in the form of fibers and filaments. Electrospun fibers
can be used to fabricate conduits out of biodegradable polymers (134), or to fabricate
anisotropic structures which promote SC migration and directed axonal growth, thus
maximizing the innate repair abilities of the PNS. Filaments (135), fibrous layers (77), and
complex 3D structures such as microbraids (136) have been shown to support PNS
regeneration. PLLA microfilaments inside PLA and silicone conduits enhanced tissue cable
formation and SC migration in 14 and 18 mm defects in a rat sciatic nerve model (135).
Interestingly, only the filaments in combination with the biodegradable PLA conduit were
able to significantly promote axonal regeneration across the longer lesions, indicating that
both the inner framework structure and the outer conduit composition may be important in
promoting regeneration. In addition, aligned layers of electrospun fibers promoted
regeneration across a 17 mm rat sciatic nerve gap (77). A similar study used polysulfone
channels modified to have 1 or 3 longitudinally placed aligned nano-fiber thin films and
evaluated recovery after a 14 mm tibial nerve gap (137). Both the 1-film and the 3-film
channels supported regeneration, though 1-film channels exceeded 3-film channels in terms
of number of regrowing axons and nerve conduction velocity. These results suggest that
minimal topographical cues with a single film can overcome the limits of endogenous repair
mechanisms by facilitating efficient SC migration into the gap.

4 Mechanisms Of Cell Response to Topography
Many studies which present topographical features to cells in both in vivo and in vitro
systems discuss the possible mechanisms which may be at play, but few studies have
directly tested a hypothesis about how cells sense topography and then respond to it.
Establishing the mechanism of cellular responses to topography is difficult, in part due to the
myriad kinds of topographical cues which can be presented to cells. With rare and highly
specific exceptions, all materials contain topography, whether this is imposed on the surface
intentionally or unintentionally (5). As discussed above, topography is commonly presented
to cells in both scaffolds designed for in vivo use, and in cell culture platforms for in vitro
study (138). In addition, the functional, behavioral, and morphologic differences between
cell types mean that distinct cell types may respond quite differently to topographical cues.
These differences could include embryonic origin (i.e. fibroblasts are mesenchymal, while
neurons are ectodermal), or they may have more to do with the differences of how these
cells function in the body. Neurons are optimized to make connections, a process which
requires an ability to explore the extracellular environment, rather than the sort of whole-cell
response commonly observed in cells derived from epithelial, connective, or muscle tissue.
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A number of ideas have been put forward and can be summarized as follows:

(1) Changes in the topography of a surface may affect the way proteins interact with that
surface, thereby altering the biochemical environment presented to cells, determining how
cells bind to the surface and what behaviors they undergo. (2) Topographical cues may
directly orient or organize the cytoskeleton, resulting in, for example, highly aligned cells. It
has been proposed that it is energetically favorable to minimize distortion to the
cytoskeleton, so cells may simply take on the shape which results in the least amount of
bending to stiff cytoskeletal components such as microtubules. (3) Topographical cues may
result in differential localization of receptors and the components of their downstream
signaling cascades, resulting in cells which are highly polarized and have different
functional behaviors compared to cells without these topographical cues. (4) Topographical
cues can affect the shape and morphology of cells. In turn, cell shape may be directly
connected with cell function and behavior. (5) This connection between shape and function
likely depends at least in part on nuclear distortion, which then results in differential gene
expression and therefore behavioral and functional changes. These ideas are by no means
mutually exclusive, and we suggest that cells may respond to topography in a multi-faceted
manner, likely employing multiple responses described above, possibly in addition to other
mechanisms which as yet remain to be elucidated.

4.1 Topography Affects Cellular Organization
When a material is implanted into the body, a layer of proteins from the interstitia and blood
immediately coat the material, a response which has been shown to be important for
mediating biological response to the materials (139). It is thought that cells are in fact
responding to this layer of proteins, rather than the implant material itself. It has also been
shown that the adsorption of proteins is influenced by surface properties (140), where low
energy surfaces promote protein adsorption to a greater extent than high energy surfaces
(83). Nanoscale topography has been shown to affect protein structure, activity, and stability
(141). Further, surface topography in the form of nanoroughness has been correlated with
increased adhesion (142). Therefore, while not yet comprehensively established, it is
possible that differential protein adsorption may contribute to topographical cues in
biological systems.

It has been hypothesized that alignment to anisotropic cues such as grooved surfaces occurs
as (1) cells minimize the distortion to their cytoskeletons which would occur if cells ignored
rather than followed guidance cues (143), and (2) that these cues create a pattern of
mechanical stress, directly causing the cells to align with the grooves (144). Both hypotheses
are supported by studies using topographies with subcellular geometries which indicate that
actin stress fibers and microtubules align in the feature direction (48,95,143,145–148).
Microgrooves have also been reported to reduce the complexity of the neuronal arbor, with a
stronger effect on smaller channels, which may be due to restriction of the growing
cytoskeleton (43). Migrating fibroblasts on a grooved surface presented with another
grooved surface with a relative perpendicular orientation have been found to send out
lamellipodia into the contrasting topography, resulting in cells responding simultaneously to
two perpendicular guidance cues. In this case, microtubules (MT) adapted closely to the
conflicting topography, whereas actin microfilaments (MF) stayed straight, aligned to only
one direction and discontinuous where the topography changed direction (143). Other
studies have shown a size-dependent response in which, for certain sizes, cells following a
topographical cue preferred to continue to follow it. For example, neurites wrapped around
posts with relatively large (greater than 40 μm) diameters; on the other hand, if the distance
between adjacent features and the size of the features themselves were both relatively small
(on the order of 10 μm), cellular extensions were more likely to span the distance between
features (53). The actin cytoskeleton of mesenchymal stem cells on top of non-periodic 2 μm
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diameter structures was punctate and disorganized, whereas stress fibers were exhibited
when these cells were cultured on large, sparse 50 μm ring structures (68).

Examinations of the time course of cytoskeletal response to grooved topography in
fibroblasts have revealed that cytoskeletal alignment preceeded soma alignment. Fibroblast
MTs aligned first to the bottom of a groove, followed by the alignment of MFs to wall-ridge
edges, followed by the alignment of the focal adhesions, which were initially present
radially (147). In contrast, another study found fibroblast F-actin condensations near
topography edges as soon as 5 minutes after attachment, and arranged similarly to FAs,
while organization of the MT cytoskeleton occurred later (148). These studies along with
others have indicated that alignment of MFs, MTS, and FAs occured along the sharp edges
of features, and was followed by alignment of the entire cell body (143).

Disruption of the cytoskeleton can have a range of effects on contact guidance behaviors,
and provides insight into the potential mechanisms of response to topography. It is important
to note, however, that many of the cytoskeletal inhibitors discussed below may have non-
specific effects on cellular processes, and these results should be interpreted in this context.
An early study indicated that cytoskeletal disruption did not affect parallel and perpendicular
contact guidance of neurons on subcellular microgrooves (149). This study further suggested
that pharmacological inhibitors to stretch activated Ca2+ channels, G proteins, protein
tyrosine kinases, and proteins kinase A and G did not affect neurite alignment, though high
concentrations of protein kinase C inhibitors and calcium channel blockers did specifically
attenuate perpendicular contact guidance of hippocampal neurons. On the other hand, other
studies involving disruption of the cytoskeleton have indicated that it plays an important role
in contact guidance. For example, actin disrupting agents cytochalasin D and latrunculin B
have been shown to attenuate the alignment effects of nanoscale grooves (145). In another
study, actin disruptors reduced orientation, while MT disruptors did not, suggesting that the
aggregation of actin along groove/ridge boundaries is a primary driving event in determining
fibroblast orientation on microgrooved substrata (148). Similarly, though cells can align to
the longer feature when presented with conflicting topographies, treatment with either the
inhibitor blebbestatin or Y27632 (which disrupt myosin II contractility and Rho-kinase
respectively) revealed that cells may not be able to down regulate actin polymerization in
minor directions without acto-myosin contractility, leaving them to follow only the local
cues without the ability to coordinate cell-wide orientation (146), as shown in Figure 5.
These results indicate that response to topography is an active process, and therefore may be
more complex then simple cytoskeletal restriction. Further, submicron topographies which
are too small to restrict growth can also orient cellular alignment. For example, growth
cones of neurites on microgrooves changed direction to conform to the topographical cues
presented, even though the growing neurites were located on top of, rather than within, the
subcellular grooves (67). Though the response to topography appears to be active and well
controlled, the cytoskeletal and signaling components at play are not yet clear.

4.2 Topography Affects Cellular Function
It is well documented that cells can respond to the mechanical properties of their
environments, including stiffness (150), shear flow (151), and mechanical stretch (152); this
ability is conserved throughout the living world, from bacteria (153), fungi (154) and plants
(155) to animals (156). Mechanotransduction has been shown to occur through integrins, as
well as through mechanosensitive ion channels (154) and g-protein coupled receptors (157).
In addition, adhesion sites have the ability to strengthen when forces are applied to them,
and biochemical correlations to this ability are beginning to be investigated, such as an
increase in the phosphorylation of focal adhesion kinase (FAK) in response to stretch at a
FA (158) and activation of the Rho-family small GTP-ase Rac in response to tension (158)
(159). Mechanosensing has been hypothesized to play a role in cellular migration. For
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example, shear stress induces migration in endothelial cells (160), and the spatial
polarization of a number of intracellular signaling molecules including Rho and Rac have
been implicated in shear-induced directional migration (161). It has been hypothesized by a
number of groups that the ability of cells to sense mechanical stimuli is related to their
ability to response to topographical cues.

It has been hypothesized that topography may trigger a range of intracellular pathways,
producing a greater response than individual chemical cues (98). It has been suggested that
topographical cues impose mechanical forces on cellular membranes that are capable of
rearranging membrane components such as integrin complexes. The studies which have
looked at this hypothesis have mostly focused on focal adhesions (FA), which are an
important mechanosensing adhesive complex (162). Though a great deal of research has
been performed recently within the field of mechanotransduction (158), it remains for a
direct link to be established between substrate topography, cellular response, and
mechanotransducive machinery, especially FAs. These complex structures are capable of
changing localization, composition and cellular behavior in response to mechanical stimuli,
and are hypothesized to be the functional linker between the extracellular matrix to the
intracellular cytoskeleton (163). Studies with microgrooves have shown that FAs tend to
form along features (143,147), and the actual size of the complex is influenced by the width
of the ridge on which they reside (95).

Furthermore, recent evidence suggests that cellular response to topography may depend on
integrins and downstream signaling molecules. In one study, fibroblast alignment and
directed motility on aligned collagen fibers was shown to depend on the presence of a
characteristic 67 nm banding pattern on the collagen fibrils, an ultrastructual cue that is
independent of the overall fiber alignment (164). On aligned fibers without the 67 nm
banding pattern, or on fibers containing the band but in the presence of an RGD peptide, the
fibroblasts responded as if they were on a flat surface rather than on top of aligned nanoscale
topography. This may be due to a periodicity inherent in the cellular adhesion apparatus. In
particular, a number of cell types have been demonstrated to require the spacing of adhesive
RGD peptides to be less than 73 nm apart (165), a finding which has been supported by a
physical model of receptor-ligand binding (166). It may be that cellular adhesion and
response to topography act through different integrin signaling complexes (164). In addition,
a particular response to topography has been shown to depend on both FAK and myosin II
contractility. Fibroblasts on pillars (approximately 2 μm tall, 10 μm diameter, 16 μm
spacing) showed increased speed, acceleration, and turning relative to cells on flat surfaces
(167). This increased motility and “zig-zagging” motion from pillar to pillar was associated
with an increase in the lifespan of focal adhesions, and was dependent on both myosin II
based contractility and FAK expression. FAK has also been demonstrated to be required for
cellular response to mechanical stimulation (168). Frey, et al, hypothesized that
topographical cues enhance localized adhesions and contractions (167), which may be
linked to the similar responses observed to topographical and mechanical signals. Lastly,
Rac may be involved in the cellular response to topography. Nanoscale islands 27 nm in
height have been shown to promote Rac localization to the cell periphery (169), a result
remniscent of Rac localization following mechanical tension (159). As Rac has been
demonstrated to be involved in lamellipodial formation and cellular extension (162,170), it
is an attractive candidate for further research into the mechanism of cellular response to
topographical cues.

A number of recent studies have taken advantage of advances in the ability to selectively
pattern proteins to probe the connection between cell shape and behavior. For example,
cellular shape can causally determine the direction of cellular migration. When fibroblasts
and endothelial cells were constrained to an asymmetrical shape with a wide end opposite a
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narrow end and then released from this constraint, they migrated along the axis of constraint,
towards the wider end (171). Similarly, micron-scale islands of FN were used to direct
motility and alignment, indicating that both the spacing between and shape of potential
adhesion sites were significant, with alignment and migration occuring either in the direction
of elongated adhesion sites or closely spaced adhesion sites (170). Lamellipodia
preferentially formed near nascent focal adhesions, around the cell periphery, and cellular
orientation subsequently governed the direction in which cells migrated. This study agreed
with previous work which found that when cell shape was constrained, lamellipodia and
FAs preferentially formed at the areas of highest curvature, corresponding to the location of
the highest tractional forces exerted by the cells on the substrate (172–174). These studies
have helped to establish that there is a causal relationship between cellular shape,
cytoskeletal organization, and behavior.

It has been suggested that topographical cues can influence gene expression in a range of
cell types. Microarrays have found large-scale and in some cases enigmatic results, showing
relative increases followed by relative decreases in a large number of genes when fibroblasts
on grooved surfaces were compared to those on flat surfaces, including those involved in
translational and transcriptional machinery, the vesicular secretion of proteins, Rho family
proteins, fibronectin regulators, and MT associated proteins (175). Recent studies by Dalby,
et al have shown that subcellular isotropic topography can influence gene expression.
Nanopit geometries reduced cellular spreading and resulted in reduced focal adhesions,
reduced stress fibers, reduced nuclear area, and broad downregulation of genes (176). In
addition, when nanopits and nanopillars were compared, changes in the chromosomal
locations of gene regulation were observed, which correlated with differences in cell
spreading on the two topographies (177). Currently, researchers are attempting to answer the
question of what levels of gene regulation exist beyond the molecular mechanisms which act
at the level of individual genes. One fascinating hypothesis is that gene regulation is affected
by changes in cell shape and cytoskeletal organization primarily through nuclear distortion
(178) which is appealing in its directness and simplicity. Though the causal relationships are
not yet clear, it has been observed that there are links between nuclear architecture and gene
expression (179). The hypothesis that shape changes due to surface topography alters
nuclear morphology and the position of chromosomes, leading to changes in the probability
of specific genes being expressed has been referred to as “self-induced
mechanotransduction” (180).

5 Conclusion
Topographical cues exert powerful effects on many cell types, including neurons and glia.
These cues often act in concert with biochemical cues, acting synergistically to enhance or
improve the efficiency of the biochemical cues by providing directional and additional
biochemical cues to guide the biological response. The mechanisms by which topography
affects neuronal systems are just being elucidated, but given our ability to engineer
topographies with great precision on the nano- and micron scales, dramatic gains have
already been made in our ability to manipulate neurons and glia both in vitro and in vivo.
Future studies that unravel the mechanisms of topographical modulation of cell responses
will significantly impact neural repair. It will also be important to determine what aspects of
the mechanism of cellular response to topography are shared across multiple cell types,
versus mechanisms which may be unique to specific cell types such as neurons. An
increased appreciation for, and understanding of, cellular responses to topogrpahical cues
may have implications in fields ranging from developmental biology to regenerative
medicine.
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Figure 1.
Topographies presented to neurons in vitro.
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Figure 2.
Dorsal root ganglia (DRGs) on aligned and random electrospun nanoscale fiber film in vitro.
(a, d) Representative scanning electron microscopy (SEM) images of the aligned
poly(acrylonitrile-comethylacrylate) fibers (a, with magnified fibers below, scale bar = 1
μm) and the random fibers (d, scale bar = 30 μm). (b, c) Double immunostained DRG on the
aligned fiber film: representative montage of NF160 (a marker for axons) immunostained
DRG neurons on the film (b) and montage of S-100 (a marker for Schwann cells)
immunostained Schwann cells on the film (c), scale bar = 500 μm. (e, f) Double
immunostained DRG on the random fiber film: representative montage of NF160+ neurons
(e) and S-100+ Schwann cells (f), scale bar = 500 μm. Adapted with permission from Kim et
al. (2008).
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Figure 3.
Effects of surface topography on the orientation of embryonic rat hippocampal neurons
cultured on surfaces with varying pillar diameter (PD) and pillar gap (PG). Left column:
Fluorescence images demonstrate the effects of poly-l-lysine-coated silicon pillars of
diameter 2.0 μm at increasing pillar gap sizes. The greatest orientation was demonstrated for
β III-tubulin-labeled processes on pillar gaps of 1.5 μm. Effects of orientation decreased as
the gap size increased to 3.0 and 4.5 μm. Processes on smooth regions demonstrated random
growth. Adapted with permission from Dowell-Mesfin et al. 2004. Right column: Optical
micrographs, at the same magnification and light settings, of Coomassie blue-stained
hippocampal neurons plated on glass substrates patterned with conical posts of
polydimethylsiloxane (PDMS) of 10 μm diameter, 10 μm gap; 20 μm diameter, 40 μm gap;
50 μm diameter, 100 μm gap; and 100 μm diameter, 200 μm gap. Dotted circles outline
representative pillars. Adapted with permission from Hanson et al. (2009).
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Figure 4.
Dorsal root ganglia (DRG) morphology on biomimetic materials presenting replicated
Schwann cell (SC) topography. Phase contrast (a, c) and fluorescent micrographs (b, d) of
dissociated DRG cultured for 5 days on polydimethylsiloxane (PDMS) (a, b) or replicas (c,
d) and stained with neurofilament immunocytochemistry (b, d). Adapted with permission
from Bruder et al. (2007).
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Figure 5.
Coordination of actin cytoskeleton on grid surface during cell spreading is inhibited by
Blebbistatin and Y27632, but not ML-7. Left column: F-actin of untreated cells cultured on
polydimethylsiloxane (PDMS) flat, line, or grid patterns for 26 h. Other columns: F-actin of
inhibitor-treated cells spreading on patterned substrates. Inhibitors were added to cell
suspension during plating and cells were fixed and stained after 2 h of incubation (red:
Rhodamine-Phalloidin, blue: DAPI). Adapted with permission from Mai et al. (2007).
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