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Abstract: Neurite outgrowth is an important preceding step for
the development of nerve systems. Given that the in vivo
environments of neurons consist of numerous hierarchical
micro/nanotopographies, there have been many efforts to
investigate the relationship between neuronal behaviors and
surface topography. The acceleration of neurite outgrowth was
recently reported on surfaces with a periodic nanotopography,
but the biological mechanism has not yet been elucidated. In
this work, the initial neurite development of hippocampal
neurons on assembled silica beads with diameters ranging from
700 to 1800 nm was explored. The acceleration of neurite
outgrowth increased with the surface-pitch size and leveled off
after a pitch of 1 um. Biochemical analysis indicated that
cytoskeletal actin dynamics were primarily responsible for the
recognition of surface topography. This work contributes to the
emerging research field of topographical neurochemistry, as
well as applied fields including neuroregeneration and neuro-
prosthetics.

N eurites (axons and dendrites) are the cytoplasmic projec-
tions of neurons, and their direction, location, elongation, and
even the time point of neuritogenesis directly determine the
synaptic connections between neurons for the flow of
information through the network. For the proper construction
of the neural network, each neuron has the innate machinery
to interpret the surrounding environment and determine the
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correct direction for sprouting neurites. Previous studies have
shown that the specific recognition of biochemical cues is
intimately connected with the local cytoskeletal dynamics at
growth cones, the F-actin-based dynamic tips of neurites,
during neurite outgrowth or guidance.'” In addition to
biochemical cues, there exists an often ignored but important
environmental factor that also controls neuronal behaviors
invivo, namely “topography”. The extracellular matrix
(ECM) constructs the topographical environment for neurons
and contains hierarchical micro/nanostructures composed of
protein fibers (e.g., collagens and elastins) embedded with
smaller fibril structures.®

The connection between neuronal behavior and micro/
nanotopographical features has been investigated since con-
tact guidance, which is the aligned growth or migration of cells
to the physical shape of substrates, was demonstrated in
neurons by using lithographically fabricated micro-
grooves.’” !l The fabrication of nanostructures has allowed
for the discovery of far more intriguing responses of neurons
to nanotopographical cues;'>!! most importantly, the accel-
eration of neuritogenesis. The developmental acceleration of
neurites was initially reported on electrospun nanofibers,””
and the presence of a threshold pitch for the acceleration
effect was subsequently found on periodic nanostructures
such as anodized aluminum oxide (AAO)?! and assembled
silica beads.”*?*! Although these reports strongly suggest that
nanotopography is biologically recognized by neurons, the
nature of the topographical influence on neuronal behaviors
at the intracellular level remains elusive. With the consider-
ation that both neurons and the ECM have heterogeneous,
hierarchical structures, particularly at the submicro- and
micrometer scales, we investigated the initial development of
hippocampal neurons on topographical substrates in this
range (pitch from approximately 700 to 1800 nm), and found
that the acceleration of neurite outgrowth was saturated at
pitches longer than 1000 nm. Biochemical analysis indicated
that neuronal recognition of surface topography was gov-
erned by cytoskeletal actin.

Surfaces with various pitches were fabricated by organiz-
ing silica beads into two-dimensional, monolayer arrays on
glass substrates (Figure S1 in the Supporting Information).
Beads with diameters of 110, 320, 670, 1000, 1200, 1300, 1480,
or 1750 nm were used in the study (SB-110, SB-320, SB-670,
SB-1000, SB-1200, SB-1300, SB-1480, and SB-1750, respec-
tively; with SB-110 as the control). Primary hippocampal
neurons derived from E-18 Sprague Dawley rats were
cultured on the closely packed bead layer (density of 50—
200 cells/mm?; Scheme 1). Before plating, each substrate with
a different bead size was tailored to be neuron-adhesive by
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coating it with poly-p-lysine (PDL), preceded by O, plasma
treatment. Neurons adhered and survived well on the bead
layers with normal development of neurites and growth cones
(Figure S2). The developmental behavior of the cultured
neurons was analyzed at 1 day in vitro (DIV) in order to
investigate the differences in the neuritogenesis phase. Since
the beads made the substrates opaque, the cultured neurons
were fixed and immunostained with anti-B-tubulin and
phalloidin to target microtubules and F-actin, respectively.
The neuronal morphologies on the submicrometric
pitches were remarkably different to those on the controls
(coverslip and SB-110; Figure 1). At 1 DIV, the neurons on

bead monolayer

) son;fé ; filopodia (~200 nm)
dendrits (
\ ~__axon ) !
— P~ 1um \
growth cone
neurite outgrowth
I
700-1800 nm

Scheme 1. lllustration of a neuron cultured on a silica-bead substrate.

the coverslip or SB-110 had barely sprouted neurites (red
staining) and possessed the lamellipodial structures (green
staining) that were generally found in the neuron culture on
flat surfaces at 1 DIV (Figure 1a,b).” In stark contrast, the
neurons on SB-670 had already developed the major neurite
(a neurite more than double the length of the other neurites),
and the formation of a growth cone and lateral filopodial
structures was confirmed by the F-actin staining (Figure 1c).
Lamellipodial structures surrounding the somas were not
observed on SB-670 at 1 DIV. These morphological changes
continued for the neurons on bigger beads (SB-1000, SB-1200,
SB-1300, SB-1480, and SB-1750) but with significantly longer
major neurites (Figure 1d,e and Figure S3). The averaged
lengths of the longest neurite for each neuron clearly showed
enhanced acceleration on the larger beads (Figure 1f): the
length increased with the bead diameter (pitch; e.g., [SB-670:
(52.46 £2.30) um; SB-1000: (67.64 +£4.90) pm]. Beyond SB-
1000, however, there was no significant increase in neurite
length with increasing bead diameter [SB-1200: (71.24 +
7.51) um; SB-1300: (74.93+3.77) um; SB-1480: (75.59+
4.81) um; SB-1750: (69.09 +3.35) um; there was no statisti-
cally significant difference between the values]. This result
indicates that there was a saturation point or an upper
threshold for the pitch dependency of accelerated neurite
outgrowth. Developmental analysis of the neurons on
selected bead substrates showed a similar trend of pitch
dependency (Figure S4), thus implying that accelerated
neuritogenesis contributed to the increased neurite length
observed.
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Figure 1. Fluorescence micrographs of hippocampal neurons at 1 DIV.
The neurons were immunostained with anti-B-tubulin (red), phalloidin
(green), and Hoechst 33342 (blue). The cells were cultured on

a) Glass coverslip, b) SB-110, c) SB-670, d) SB-1000, and e) SB-1200.
Scale bar: 25 pm. f) Average lengths (mean + standard error) of the
longest neurite on each substrate. All of the results were analyzed by
one-way ANOVA at a significance level of 95%, followed by Bonferro-
ni’s multiple comparison test (N=157, 114, 123, 117,108, 113, 118,
and 153 for coverslip, SB-110, SB-670, SB-1000, SB-1200, SB-1300, SB-
1480, and SB-1750, respectively; *P < 0.05; ***P<0.001).

Notably, the acceleration effect was not intensified limit-
lessly as the pitch increased. The existence of an upper
threshold found in this study complemented our previous
report that showed the presence of a lower threshold of
around 200-300 nm, a size comparable with the thickness of
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the filopodia at the growth cone.” In the report, the
filopodial activities were suggested to play a crucial role in
the recognition of nanotopographical features at pitches of
around 200 nm and above, thus implying a biological con-
nection with the cytoskeletal dynamics of neurons. The upper
threshold of 1000 nm (1 pm) would also have important
biological implications because most individual axons are
around 1 pm across.

The cytoskeletal dynamics at the growth cone, which are
governed by actins and microtubules, are responsible for the
rate and direction of neurite outgrowth, as well as the
morphology of growth cones. Like the biochemical guidance
cues that modulate cytoskeletal dynamics through guidance
receptor signaling,**"! surface topographical features have
also been reported to influence the cytoskeletal proteins of
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cells."*2 To gain insight into the biological mechanisms of
topographical recognition by neurons, we used three different
biochemical inhibitors of neuronal cytoskeletal dynamics
(Figure 2a): cytochalasin D (inhibitor of the formation/
function of F-actin), nocodazole (inhibitor of microtubule
formation), and blebbistatin (inhibitor of nonmuscle myo-
sin IT). Blebbistatin was used to break the balance of F-actin
dynamics by impeding retrograde F-actin flow. The topog-
raphy-distinguishing ability of the neurons was lost com-
pletely upon treatment with cytochalasin D, nocodazole, or
blebbistatin (Figure 2b,c). After treatment with cytochala-
sin D (1 um), the neurites became elongated and thinner and
multiple major neurites were frequently observed (Fig-
ure S5a,b), most likely because the absence of F-actin
structures made the microtubules advance in an uncontrolled
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Figure 2. a) lllustration of a growth cone and the chemical structures of the biochemical inhibitors. b, c) Average lengths (mean =+ standard error)
of the longest neurite on each substrate treated with cytochalasin D (b) or blebbistatin (c). There were no significant differences between any pair
in (b) and (c). A large portion of actin dynamics is known to be regulated by the Rho/ROCK pathway, which includes the Rho family of small
GTPases and their downstream effectors. The Rho/ROCK pathway normally starts with the biochemical activation of G-protein-coupled receptors
(GPCRs), and its downstream function enhances actin dynamics by simultaneously stabilizing actin filaments and generating actomyosin
contraction forces. d) Diagram showing the Rho/ROCK pathway for cytoskeletal dynamics. MLC =myosin regulatory light chain; MLCP = myosin
regulatory light chain phosphatase; LIMK=LIM kinase. e) Average lengths (mean =+ standard error) of the longest neurite on each substrate after
treatment with Y-27632. The substrates were compared to SB-110 by one-way ANOVA at a significant level of 95 %, followed by Bonferroni’s
multiple comparison test (**P<0.01; ***P < 0.001). The numbers indicate the number of data points for statistics.
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fashion. The lengths of the major neurites were in the range of
76-86 pm and no statistically significant differences were
found between the various pitches, thus indicating the
importance of actin dynamics in pitch-dependent neurite
outgrowth (Figure 2b; Figure S6a). In the case of nocodazole
(100 nm), the neurons barely developed neurites on any of the
substrates owing to the impeded formation of microtubules
(data not shown). Blebbistatin treatment (25 um) caused
similar neuronal morphology to cytochalasin D, but with
more elongated (103-137 um) F-actin bundles (Figure 2c;
Figure S5c,d and Figure S6b). These results indicate that actin
dynamics, and not simply the presence of F-actin, were
responsible for the topographical recognition. It is to be
emphasized that the inhibitor treatment led to neurite
elongation in an uncontrolled manner to give abnormal
neuronal morphologies; by contrast, the topographical cues
provided by the silica beads maintained the normal develop-
ment of neurons with accelerated neurite outgrowth. There-
fore, it is plausible that the neurons recognize surface
topography and induce dramatic changes of intracellular
actin dynamics in a biologically controlled, organized fashion
for the acceleration of neurite outgrowth. Because the Rho/
ROCK pathway is a well-established pathway involved in the
regulation of actin cytoskeletal proteins (Figure 2d),” we
investigated the effect of Y-27632, a selective inhibitor of
ROCK, on the neuronal recognition of surface topography. In
contrast to the biochemical inhibitors, neurons treated with Y-
27632 (10 um) retained their topography-distinguishing ability
(Figure 2¢), with remarkable neurite elongation on SB-1200
compared with the other substrates (Figure Séc). By contrast,
on coverslips (the control), Y-27632 treatment caused dose-
dependent neurite elongation (Figure S7). This implies that
biophysical cues (topography) may induce intracellular path-
ways other than the Rho/ROCK pathway to influence
neuritogenesis and neurite outgrowth.[*")

In summary, we report the possible existence of an upper
pitch threshold for the accelerated neurite outgrowth of
primary hippocampal neurons on bead monolayers. The fact
that the lower and upper ranges of pitches that affect
acceleration (/200 nm and 1 um) correspond to the sizes of
filopodia at growth cones and typical axons, respectively, is
certainly intriguing. Mechanistic studies with biochemical
inhibitors indicated that F-actin dynamics generated by
myosin II were involved in the recognition of the surface
topography. One possible mechanism involves tension-based
acceleration of neurite outgrowth (Figure 3).F"¥ As the
distance between contact points increases, the suspended
mass of the neurite (1,/) increases as well. The pull of gravity
on this increased mass generates more tension, which may
stimulate accelerated outgrowth. Beyond a certain length,
however, neurites may follow the curvature of the substrate
rather than suspend additional mass, and this places an upper
limit on the possible amount of tension generated. However,
more detailed studies are needed to fully elucidate the role of
localized tension in the neuronal recognition of surface
topography. In addition, the existence of mechanoreceptors
in hippocampal neurons also remains to be demonstrated.

Recent reports clearly showed a biological connection
between environmental topographical features at nano- and
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neurite /

silica bead

Figure 3. lllustration of a neurite on a beaded surface. Physical tension
arises from the gravitational force exerted on the neurite portion
hanging between the beads (length: /). 1,,=linear mass density;

g =gravitational acceleration constant. Not drawn to scale.

submicrometer scales and neuritogenesis and the morpho-
genesis of neurons.'™*) This report on the upper threshold
provides crucial information for the emerging research field
of topographical neurochemistry, as well as for practical
applications such as neuroregeneration and neuroprosthetics.

Experimental Section

Cell Culture: Primary hippocampal neurons were cultured in serum-
free conditions. Hippocampus from E-18 Sprague Dawley rat was
triturated in 1 mL of Hank’s Balanced Salt Solution (HBSS) by using
a fire-polished Pasteur pipette. The cell suspension was centrifuged
for 2 min at 1000 rpm, and a cell pellet was extracted. The cell pellet
was suspended in Neurobasal media supplemented with B-27, L-
glutamine (2 mm), L-glutamic acid (12.5 um), and penicillin/strepto-
mycin. Dissociated cells were seeded at a density of 50-200 cells/mm?*
on a silica nanobead substrate. Cultures were maintained in an
incubator (5% CO, and 37°C), and half of the medium was replaced
with fresh culture media without L-glutamic acid supplement every 3—
4 days. This study was approved by IACUC (Institutional Animal
Care and Use Committee) of KAIST.

Instruments and Characterizations: The surface topography of
the prepared substrates was investigated by field-emission scanning
electron microscopy (FE-SEM; Hitachi S-4800). Before FE-SEM
imaging, the cultured substrates were coated with platinum (30 mA,
360 s). Fluorescence micrographs of neuron cultures were obtained
by using an Olympus BX51IM (Olympus) equipped with a CCD
camera (DP71, Olympus). From the images, the lengths of major
neurites were measured with the Neuron J plugin in Image J software
(NIH).
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