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Abstract

Spinal cord and peripheral nerve injuries require the regeneration of nerve fibers across the lesion 

site for successful recovery. Providing guidance cues and soluble factors to promote neurite 

outgrowth and cell survival can enhance repair. The extracellular matrix (ECM) plays a key role in 

tissue repair by controlling cell adhesion, motility, and growth. In this study, we explored the 

ability of a mesenchymal ECM to support neurite outgrowth from neurons in the superior cervical 

ganglia (SCG). Length and morphology of neurites extended on a decellularized fibroblast ECM 

were compared to those on substrates coated with laminin, a major ECM protein in neural tissue, 

or fibronectin, the main component of a mesenchymal ECM. Average radial neurite extension was 

equivalent on laminin and on the decellularized ECM, but contrasted with the shorter, curved 

neurites observed on the fibronectin substrate. Differences between neurites on fibronectin and on 

other substrates were confirmed by fast Fourier transform analyses. To control the direction of 

neurite outgrowth, we developed an ECM with linearly aligned fibril organization by orienting the 

fibroblasts that deposit the matrix on a polymeric surface micropatterned with a striped chemical 

interface. Neurites projected from SCGs appeared to reorient in the direction of the pattern. These 

results highlight the ability of a mesenchymal ECM to enhance neurite extension and to control 

the directional outgrowth of neurites. This micropatterned decellularized ECM architecture has 

potential as a regenerative microenvironment for nerve repair.
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Introduction

Peripheral nerve and spinal cord injuries are a critical problem in the United States, leading 

to devastating functional disability, impacting long term quality of life, and causing 
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significant social and economic burden for thousands of individuals each year [1]. In 

general, all central nervous system (CNS) injuries and most peripheral nervous system 

(PNS) injuries over approximately 3 cm lead to poor prognoses for recovery of neurologic 

function. After injury, failure to recreate the proper extracellular matrix (ECM) 

microenvironment to guide neurites down specific tracts can lead to insufficient axonal 

growth and neuronal survival resulting in scarring and poor clinical outcomes [2–4]. 

Inhibitory factors, wound ECM, and inflammatory cells at the lesion site do not provide the 

trophic support and axon guidance needed for the injured nerve cells to regenerate across a 

large gap [5]. Identifying a regenerative microenvironment that facilitates neurite growth by 

providing inductive cues and survival signals, while being devoid of inhibitory factors, could 

advance biomaterial design for repair of nerve injuries.

The ECM is a naturally occurring protein network that provides structure, support, and 

guidance to cells [6]. It also relays biological signals to the cells through specific binding 

sites and serves as a reservoir for soluble factors bound to ECM components. Laminins are 

perhaps the most significant class of ECM proteins in the nervous system, playing critical 

roles in both the CNS and PNS by supporting diverse functions including neuronal 

migration, axonal outgrowth, myelination and formation of the neuro-muscular junction [7]. 

In fact, laminin-111 is commonly used as the substrate of choice for neurite outgrowth 

assays [8–10]. However, laminins are not structural components of the ECM at injury sites. 

Fibronectin, on the other hand, is a major component of the wound ECM with plasma 

fibronectin deposited during blood coagulation and cell-derived fibronectin produced by 

cells in the tissue, mainly glial cells in the case of neural tissue injuries [11,12]. Surfaces 

coated with individual ECM proteins can promote neurite outgrowth. However, native ECM 

is a three-dimensional fibrillar network, and it is now well established that the architecture 

and mechanical properties of the ECM provide important regulatory cues to cells [13–15]. 

This raises the possibility that a particular combination and organization of ECM proteins 

may be a critical factor in determining nerve regeneration.

Fibronectin is a ubiquitous ECM protein that is a prominent component of the ECM in most 

tissues [11]. Fibronectin matrix is highly expressed in essentially all tissues during 

development, and is important for providing a scaffold to rebuild tissues after injury through 

its interactions with integrins and other cell receptors, as well as with collagens and many 

other ECM components [16]. In the nervous system, fibronectin is produced by glial cells 

where it promotes cell growth, survival, and motility [17]. In tissue engineering applications, 

fibronectin is generally used alone as a coating to make materials cell adhesive or combined 

with soluble factors to facilitate growth [18–20]. Studies show that a mixture of proteins 

may promote better neural outgrowth than single proteins [21].

We have developed a matrix decellularization procedure for mesenchymal cell-derived ECM 

and have shown using patterned substrates that we can develop an aligned ECM with 

reproducible architecture [22,23]. Linear organization of ECM has the potential to direct cell 

growth and orientation, which may be particularly useful for guiding neurons and their 

axons during regeneration. Mesenchymal cells produce a matrix that is rich in fibronectin 

and type I collagen but not laminin. Whether primary neurons will extend neurites across a 
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decellularized mesenchymal ECM to the same extent as they do on laminin substrates 

remains to be determined.

To show that a fibroblast-derived ECM has potential in nerve regeneration applications, we 

assessed neurite outgrowth on decellularized ECM compared to laminin and fibronectin 

substrates in vitro. Here we show that neurites from superior cervical ganglion (SCG) 

explants are able to robustly extend neurites on mesenchymal ECM. The overall morphology 

of SCG neurites was similar on ECM and laminin substrates, but was drastically different on 

fibronectin alone. Using a decellularized ECM composed of aligned matrix fibrils, both SCG 

explants and single cell neural cultures extended along the aligned matrix. Our results 

highlight the potential of spatially aligned cell-assembled ECM for use in nerve regeneration 

therapies.

Results

Effects of substrate on SCG neurite outgrowth

To determine the efficacy of a mesenchymal ECM in promoting neurite outgrowth, we 

compared neurite extension from SCGs on a surface coated with laminin-111 to extension 

on either a decellularized fibroblast matrix or a surface coated with fibronectin. SCG 

explants containing primarily sympathetic neurons and glial cells were used as the nerve cell 

source for their ability to extend long neurites over a laminin-coated surface in a relatively 

short period of time. For preparation of the decellularized ECMs, NIH 3T3 cells were 

cultured in the absence and presence of ascorbic acid, which promotes collagen production 

[24] and increases the number of type I collagen fibrils in the ECM [22]. Mesenchymal 

cells, such as NIH 3T3, assemble a dense ECM of diverse composition that is amenable to 

decellularization in contrast to neural-derived cells such as Schwann cells with which matrix 

assembly is very limited (Supplemental Fig. 1). SCG explants on various substrates were 

cultured for 1 or 3 days before fixation and staining. To visualize the full extent of neurite 

outgrowth and to assess neurite length, density, and morphology, overlapping images 

captured across each sample were assembled into a mosaic and examples for each condition 

are shown in Fig. 1. After one day of culture, numerous neurites had grown out of ganglia on 

laminin and on both decellularized ECM substrates, although neurites on laminin were 

obviously longer (Fig. 1). In stark contrast, neurite outgrowth from the SCG on the 

fibronectin substrate at one day was minimal. By three days, neurites on all substrates were 

evenly distributed around each explant. Projections were more similar in length on laminin 

and ECMs than in the one-day cultures. On the fibronectin substrate, neurite outgrowth was 

shorter and neurites showed a less radial direction of extension.

Quantification of neurite extension on different substrates confirmed these observations. 

Measurements were made of the total area covered by the SCG plus neurites and of 

maximum and average neurite lengths across multiple experiments. The majority of neurites 

extended to similar average distances on laminin and the two ECM substrates whereas 

projections on fibronectin were significantly shorter. The total areas, which included the area 

of the explant as well as the neurites, were similar on laminin and on the ECM formed 

without ascorbic acid (Fig. 2A). The average total area on ECM produced with ascorbic acid 

was about 20% smaller than on ECM without this treatment, suggesting that increasing type 
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I collagen in the matrix might negatively affect neurite extension for SCG neurons. The 

maximal distance of extension on each substrate was determined by averaging the ten 

longest neurites for each SCG at one and three days. The results show that neurites can 

extend the farthest on laminin at these time points (Fig. 2B). Laminin and decellularized 

ECM promoted significantly longer outgrowth than fibronectin alone, even though 

fibronectin is the major protein in the decellularized matrix [14]. Average neurite length was 

calculated by fitting an ellipse to a tracing of the outer periphery of the explant outgrowth 

and averaging the highest two cardinal directions per explant; this approach reduced skewing 

of the data by those SCGs that did not project neurites on all sides (as on day 1 Fibronectin, 

Fig. 1). At both 1 and 3 days, the decellularized ECM and the laminin coat supported 

statistically similar average neurite lengths (Fig. 2B). In contrast, neurite extension on the 

fibronectin substrate was statistically shorter than laminin or ECM at these times (Fig. 2B). 

The ECM generated with ascorbate appeared similar to laminin at 1 day but had 

significantly shorter average neurite length by day 3. As the ECM+ascorbate substrate did 

not enhance neurite outgrowth compared to ECM without ascorbate, the latter ECM was 

used in all subsequent experiments. The observed difference between fibronectin and the 

decellularized ECM in promoting neurite outgrowth suggests that neuron-fibronectin 

interactions may be modulated by the composition of the ECM and perhaps also its 

architecture.

Comparison of neurite morphologies on different substrates

Neurites on laminin or decellularized ECM projected radially out from the SCG and were 

organized in largely parallel arrays (Fig. 3A, B). In contrast, neurites on fibronectin were 

radially directed as they initially emerged from the SCG, but then appeared to develop along 

circuitous routes frequently crossing over other neurites (Fig. 3C). Neurites that extended 

beyond the neurite population continued to follow curved paths. In addition to neurite 

curvature, the neurites on fibronectin also varied in morphology as illustrated in high 

magnification images of three-day neurites stained with an α-tubulin antibody 

(Supplemental Fig. 2). The neurites were imaged at the periphery of the outgrowth to 

minimize contributions from other neural cells, which rarely migrate that far out of the SCG. 

Additional experiments confirmed that these are neurites, rather than support cell processes, 

extended from SCGs on ECM and laminin substrates by staining with antibody against 

phosphorylated neurofilament H, an axonal marker [25] (Supplemental Fig. 3). Neurites 

ranged in diameter with the largest measured at about 0.6 microns but very fine neurites are 

also visible. Neurites appear to merge together into bundles or branch into separate smaller 

neurites (Supplemental Fig. 2).

Differences in the orientations of neurites near the periphery of explants on fibronectin 

compared to laminin or ECM were confirmed by a fast Fourier Transform (FFT) analysis 

and full width-half maximum (FWHM) calculation (Fig. 4). On a laminin coat or on 

decellularized ECM, FFT peaks at 90° (Fig. 4B) and equivalent FWHM values (Fig. 4C) 

demonstrate that these substrates promote linear and generally parallel neurite directionality. 

In contrast, on fibronectin the FFT peak was minimal and the FWHM value was 

significantly higher than on the other substrates (Fig. 4B,C).
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The dimensionality and architecture of the ECM distinguish it from protein-coated 

substrates. These features allow the ECM to provide guidance cues to neurites in three-

dimensions. To investigate the organization of neurites relative to the decellularized ECM, 

confocal images of stained neurites and ECM were collected near the periphery of the 

outgrowth area (Fig. 5). Compared to the maximum intensity projection (Fig. 5A), the 

perspective three-dimensional view shows that neurites appear to weave over and through 

the fibrillar network of the decellularized ECM (Fig. 5B). To illustrate the three-

dimensionality of neurite paths, the heights of neurites relative to the coverslip were 

determined from confocal stacksand are depth-coded in the perspective elevation view (Fig. 

5C). In a sample that was 11-12 microns thick, positions of neurites covered a range of over 

8 microns in the z-dimension. In a perspective view taken closer to the explant where neurite 

density is high and the z-dimension was over 13 microns, neurites were observed on top of 

and within the fibrillar ECM (Supplemental Fig. 4A). In this region, the depth-coded 

perspective elevation view of the neurites shows that they span a z-distance of approximately 

11 microns (Supplemental Fig. 4B).

Chemical micropatterns direct ECM fibril orientation and neural cell alignment

On protein-coated surfaces, neurite outgrowth depends on cell interactions with the substrate 

proteins. The decellularized ECM, however, also has a three-dimensional architecture that 

may affect neurite extension. To determine whether neural cells are affected by the fibrillar 

nature of a decellularized matrix, we used an ECM with aligned matrix fibrils as a substrate. 

We have developed a chemical interface that can be bonded to polymer surfaces in micron-

sized patterns [23]. Using photolithography, 20 × 20 micron stripes were created across the 

PET polymer surface (Fig. 6A). Zirconium tetra(tert-butoxide) was vapor-deposited onto the 

surface and then warmed to create a ZrO2 layer before incubation in 1 mM 1,4-

butanediphosphonic acid to yield a self-assembled monolayer of phosphonates (SAMP), 

which provides a cell adhesive surface (Fig. 6B). This chemical layer is very thin, less than 

70 nm.

NIH 3T3 cells attach along the ZrO2/SAMP stripes, grow to confluence in alignment, and 

assemble a dense ECM with fibrils oriented in the direction of the striped pattern 

(Supplemental Fig. 5). To determine the effect of ECM fibrils on the orientations of 

individual neural cells, C6-R radial glial cells were allowed to attach and spread on a 

decellularized matrix (Fig. 6C). When the matrix fibrils were aligned with a pattern, the glial 

cells spread in the direction of the fibrils and the chemical pattern. Cells spread in all 

directions on the unpatterned decellularized matrix. When radial glial cells were plated and 

differentiated PC12 cells were added after 2 days and cultured for 3 days together on the 

aligned ECM, rhodamine-phalloidin staining shows a high degree of alignment of cells and 

PC12-derived neurites with patterned ECM fibrils (Fig. 6C). On unpatterned ECM, cells and 

neurites showed no spatial directionality. These results demonstrate the ability of a patterned 

ECM to control the orientations of cells and neurites across a polymeric material.

SCG neurite outgrowth on patterned decellularized ECM

The effect of ECM fibril alignment on neurite extension was evaluated using SCG explants. 

Explants cultured for 3 days showed nearly symmetrical radial outgrowth of neurites from 
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the SCG (Figs. 1, 7A). On aligned ECM, however, neurites that initially projected 

perpendicular to the striped pattern appeared to turn in the direction of the pattern as they 

grew radially from the SCG (Fig. 7B). The overall shape of explants with neurites was 

gauged by calculating the average aspect ratio from multiple samples. On patterned ECM, 

the average aspect ratio was 1.40, statistically different from the aspect ratio on unpatterned 

ECM at 1.06, which is essentially circular (Fig. 7C). The higher aspect ratio indicates 

shorter neurites in the direction perpendicular to the pattern. Average neurite length was 

measured parallel and perpendicular to the direction of the pattern. Neurites extended 

parallel to the pattern were the same length as their unpatterned counterparts, while neurites 

did not extend as far when perpendicular to the pattern (Fig. 7D). Higher magnification 

images at the periphery indicate curvature of the neurites on the axis of the ellipse 

perpendicular to the pattern but not on the axis parallel to the pattern (Supplemental Fig. 6). 

These results indicate that the neurites exhibit a directional response to the patterned ECM 

fibrils.

Discussion

Nerve regeneration across injury sites requires appropriate guidance and survival cues 

provided by ECM proteins and neurotrophic factors. The composition and architecture of the 

fibronectin-rich matrices that form after injury and during tissue repair differ from the ECM 

found in undamaged neural tissue [26]. Therefore, we set out to assess the ability of a 

mesenchymal ECM to promote neurite outgrowth. Our results show that, on average, SCG 

primary neurons extended neurites similar distances on laminin and decellularized ECM 

substrates, but that neurites were shorter and less linear on a fibronectin substrate. Using 

decellularized ECM with fibrils aligned with a striped micropattern, we found that radial 

glial cells and neurites from differentiated PC12 cells followed the orientation of the ECM. 

Patterned ECM also affected the projection of neurites from SCG explants. These results 

show that the orientation of ECM fibrils guides the direction of neurite outgrowth, which 

should have applications in the repair and regeneration of nervous tissue.

ECM proteins alone and in combination have been compared for their effects on neural cell 

adhesion and neurite outgrowth in vitro. Results have differed depending on the specific 

proteins, how they were presented, and what types of neurons or glia were tested. For 

example, astrocyte migration was promoted on a laminin substrate but arrested on 

fibronectin [27]. Sensory neurons preferred a collagen matrix containing laminin over 

fibronectin for neurite outgrowth, whereas motor neurons preferred collagen enriched with 

fibronectin [28]. Neurite outgrowth from adult brain neurons was greater on fibronectin than 

on laminin [29]. We found neurites extended from embryonic SCG neurons were 

significantly longer on laminin-coated than on fibronectin-coated substrates. While the 

average outgrowth length was similar on laminin and decellularized ECM, the maximum 

neurite length was higher on laminin. NIH 3T3 cell-derived ECM contains some 

laminin-111 prior to decellularization, but laminin appears diminished after decellularization 

(unpublished observations). Fibronectin is by far the most abundant protein in the 

decellularized matrix [14]. Therefore, it seems likely that the composition and/or the 

architecture of the ECM can modulate the effects of fibronectin on neurite outgrowth. The 

architecture of the ECM provides a fibrillar pathway for growth cone motility that could 
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facilitate neurite elongation and the rate of elongation might depend on the composition of 

the fibrils. Fibroblasts express tenascin-C [30], which is known to reduce cell adhesion by 

binding to fibronectin [31] and which has been implicated in enhancing neurite outgrowth in 

vivo [32]. Neural cells express integrin receptors for laminins [33,34] and fibronectin [35–

38] making coordinated engagement of different integrins another mechanism to control 

neurite outgrowth on an ECM substrate. In peripheral nerve injuries, fibroblasts and 

Schwann cells are responsible for producing a new ECM to guide cell migration and axon 

regeneration over the injury gap [39]. Perhaps by optimizing the architecture and 

composition of the ECM, one could create a permissive environment to control neurite 

adhesion and outgrowth guidance.

In addition to neurite outgrowth, we also observed a difference in neurite morphology on 

fibronectin compared to laminin. Rather than projecting linearly from the SCG, neurites on 

fibronectin-coated surfaces showed a more randomized outgrowth path. Several factors 

could explain the morphological differences in neurites on fibronectin. Higher levels of 

fibronectin receptors compared to laminin receptors would reduce the speed of outgrowth 

[40]. Schwann cells or other support cells in the SCG may show enhanced motility on 

fibronectin leading to more out-migration from the explant; closer contact of glial cells with 

the neurites has previously been shown to affect axon diameters [41,42]. Neurites also 

appeared to interact with each other and intertwine which could have an impact on the 

direction or persistence of outgrowth.

Our technology for controlling neurite alignment utilizes a robust, micropatterned surface 

chemistry to orient cells and their cell-assembled natural ECM fibrils [22]. Other methods of 

neurite guidance have been described, including synthetic materials engineered to have 

ridges, pillars, or posts to provide topological cues [43–46], or mechanical cues arising from 

patterning surfaces of defined rigidity and guidance such as porous or electrospun materials 

[47,48]. In contrast to these other engineering methods, using a cell-assembled ECM 

provides a potentially more complete regenerative microenvironment with multiple ECM 

proteins, three-dimensional architecture, and binding sites for neurotrophic growth factors. 

Our results show the ability of oriented ECM fibrils to control the direction of neuronal 

projections and also demonstrate the efficacy of the aligned ECM to promote oriented 

adhesion of multiple nerve cell types. Thus an aligned decellularized ECM could be used to 

develop biomaterials that target neurites to specific destinations for nerve repair strategies.

Experimental Procedures

Dissection of Superior Cervical Ganglia

SCGs containing primary embryonic sympathetic neurons were obtained from Sprague-

Dawley rats (embryonic day 15.5 - 16.5, Hilltop Labs Incorporated, Pennsylvania, United 

States). A detailed procedure can be found elsewhere [49,50], but briefly, for each study, the 

animal was euthanized and handled in strict accordance with good animal practice as 

defined by the relevant national and local animal welfare bodies, and approved by the 

Princeton University Institutional Animal Care and Use Committee (IACUC). Superior 

cervical ganglia (SCG) were harvested from the base of the neck opposite the second and 

third cervical vertebrae and maintained in whole form. Ganglia were cultured in growth 
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medium, which consisted of neurobasal medium (Life Technologies) containing 1% B-27 

medium supplement (Life Technologies), 1% Pen Strep Glutamine (Life Technologies), and 

50 ng/mL Nerve Growth Factor 2.5S (NGF) (Invitrogen). The medium was filtered using a 

0.22 μm filter prior to addition of NGF (Stericup filter unit, Millipore). Ganglia could be 

stored up to one week in Hibernate-E reagent (Life Technologies).

Cell Culture and Substrate Preparation

NIH 3T3 cells (ATCC, Manassas, VA) and GFP-expressing C6-R radial glial cell line 

derived from C6 glioma cells (kindly provided by Dr. Martin Grumet, Rutgers University) 

[51] were cultured in DMEM (Hyclone, Logan UT) supplemented with 10% bovine calf 

serum (Hyclone, Logan, UT) and 1% penicillin/streptomycin. PC12 cells were cultured in 

RPMI 1640 Basal medium supplemented with 10% horse serum, 5% fetal bovine serum, and 

1 % penicillin/streptomycin and differentiated using RPMI 1640 basal media supplemented 

with 1% horse serum and 100 ng/ml NGF. For differentiation, PC12 cells were grown to 

approximately 60% confluence and differentiation medium was added. Medium was 

changed every 3 days for 12 days to allow differentiation of cells and extension of neurites.

For protein coating of coverslips, fibronectin was purified from fresh, frozen rat plasma by 

gelatin-Sepharose affinity chromatography. Fibronectin in PBS and laminin (Life 

Technologies) in Hanks Balanced salt solution (HBSS) were incubated on coverslips at 10 

μg/ml overnight at 37 °C and washed twice with PBS before seeding SCG explants. Ganglia 

were cultured on surfaces up to 3 days before fixation.

Using decellularized matrix as a substrate, radial glial cells were seeded at 25,000 cells/cm2, 

cultured for 2 days and then fixed. For co-culture with PC12 cells, radial glial cells were 

cultured for 2 days on decellularized ECM. Differentiated PC12 cells were then seeded in 

the decellularized matrix/radial glial cell culture at 8,000 cells/cm2 in differentiation 

medium and cultured for 3 days before fixing and staining.

Micropatterning on Polyethylene Teraphlalate (PET)

PET was micropatterned using photolithography and a chemical vapor deposition-based 

sequence to create 20×20 micron stripes as described previously [23]. In short, 

hexamethyldisilazane (Sigma Aldrich, Milwaukee, WI) was spin-cast onto a 0.05 mm thick 

PET polymer (Goodfellow Corporation, Oakdale, PA) surface followed by spin-casting 

AZ-5214E photoresist (Clariant Corporation, Holden, MA). After exposure to UV light (365 

nm, 4 W) through a photomask, the surface was developed in AZ-312 MIF (Clariant 

Corporation, Holden, MA). The substrates were washed in deionized water and then placed 

inside a glass deposition chamber. After evacuation of the chamber, samples were exposed to 

vapor of zirconium tetra(tert-butoxide), warmed to form the crosslinked zirconium oxide 

base layer, and then back-filled with zero-grade nitrogen prior to dismounting. Substrates 

were then soaked in an ethanol solution of 1,4-butanediphosphonic acid (0.25 mg/mL) for 

24 hours to bond a monolayer of phosphonate in patterned stripes across the entire substrate. 

The substrates were rinsed sequentially with ethanol and 2-propanol, dried under nitrogen, 

and inspected by optical microscopy.
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Preparation of Decellularized ECM

All glass and PET surfaces were treated with 70% ethanol for 20 minutes and then washed 

three times with PBS before use. To create unpatterned decellularized ECM, NIH 3T3 cells 

were seeded on glass coverslips at 75,000 cells/cm2 and grown for 6 days, changing medium 

every other day before decellularization. Ascorbic acid (50 μg/ml) was added on days 3 and 

5 for selected groups. On PET patterns, cells were plated at 25,000 cells/cm2 in DMEM. 

After four hours, unattached cells were removed and DMEM with 10% bovine calf serum 

was added. Cells were cultured for 10 days to allow cells to grow to confluency and 

assemble a dense fibronectin matrix before decellularization, which was performed as 

previously described [14]. After the final wash, matrices were observed by phase 

microscopy to confirm successful cell removal and the presence of intact ECM on the 

coverslip and stored in PBS for at least 1 week at 4 °C.

Immunofluorescence and Microscopy

All samples were fixed with 3.7% formaldehyde in PBS and neuronal samples were 

permeabilized using 1% Triton-X100 in PBS. Cell-assembled ECM was incubated with 

R457 rabbit anti-fibronectin polyclonal antiserum (1:100) followed by either fluorescein-

conjugated or rhodamine-conjugated goat anti-rabbit IgG (1:600) to observe fibronectin 

fibrils. R457 antiserum was raised against the N-terminal 70 kDa fragment of rat fibronectin 

[52]. SCG neurites were visualized using monoclonal anti-α-tubulin (1:500) (Clone-

B-5-1-2, Sigma) followed by fluorescein-conjugated goat anti-mouse IgG (1:600). SCG 

axons were visualized using a mouse monoclonal antibody against phosphorylated 

neurofilament H (SMI 31, Abcam) (1:400) followed by fluorescein-conjugated goat anti-

mouse IgG (1:600). PC12 neurites were visualized using rhodaminephalloidin (1:100) to 

observe F-actin. All antibody incubations were done for 30 minutes at 37 °C. Coverslips 

were mounted using ProLong Gold anti-fade reagent (Life Technologies, Grand Island, NY).

Samples were analyzed with a Nikon Eclipse Ti inverted microscope equipped with a 

Hamamatsu C10600 ORCA-R2 digital camera and iVision software. For SCG explants, 

iVision software with a dedicated script was utilized to take images with a 10× objective 

tiled over a large area to create a mosaic view of explant and outgrowth. For neurite width 

measurements, images were taken using a Nikon structured illumination based super-

resolution microscope (N-SIM) with 100× objective on ganglia cultured 3 days. Images 

were reconstructed and analyzed using Nikon Elements and ImageJ software.

To measure maximal neurite lengths, the 10 longest neurites from each explant were 

measured from the explant edge to the end of the neurite in a straight line. These 

measurements were averaged for each sample in each condition. Neurite lengths from a total 

of 3-6 explants from at least 3 independent experiments were averaged. Average neurite 

lengths were measured by tracing the outer boundary of neurites in ImageJ and fitting the 

tracing to an ellipse. Measurements were then made from the SCG to the edge in each 

quadrant of the ellipse and the 2 longest measurements were averaged for each explant. For 

the total area of SCG plus neurites, the perimeter of the SCG with neurites was traced and fit 

to an ellipse, and the area within the perimeter was measured using ImageJ. The shape of 

SCG plus neurites on patterned and unpatterned ECM was quantified by fitting the total 
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neurite plus SCG area with an ellipse and calculating the aspect ratio of the resulting ellipse. 

Neurite widths were measured from 2 different explants per condition and 3 images per 

explant. The two apparently largest neurites in field were measured along the neurite for the 

width and averaged for each condition.

Alignment of fibronectin fibrils was quantified by fast Fourier transform (FFT) analysis of 

cropped images (1024 × 1024 pixels) using ImageJ [22,53]. FFT data were used to calculate 

the full width-half maximum (FWHM) value for each curve, which was used for comparison 

across samples. FFT analysis quantifies the degree of alignment of the fluorescent signal 

(i.e., fibronectin fibrils) with a peak at 90 degrees signifying alignment with the underlying 

pattern. The FWHM calculation is the width of the FFT curve at half of the maximum peak 

value and provides a way to directly compare samples.

Statistics

ANOVA analysis was run to determine statistical significance of differences between sample 

groups and Student t tests were run to determine significance between two individual 

samples. The data was considered statistically significant when p < 0.05.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Neurite extension from SCG explants. SCGs were placed on the indicated substrates and 

cultured for 1 or 3 days to allow neurite outgrowth. Explants were stained with anti-α-

tubulin antibody. Multiple images were captured across each sample and were subsequently 

assembled into a mosaic to show total neurite outgrowth. SCGs and neurites tend to be more 

loosely attached to laminin than to the other substrates resulting in frequent folding over of 

neurites during the staining procedure (as in the laminin 1 day sample). Scale bars are 500 

microns.
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Fig. 2. 
Quantitative analysis of neurite outgrowth. (A) The total outgrowth area of SCG plus 

neurites was measured for between 3 and 6 explants per substrate. Bars show average areas 

± standard error. (B) The length of the majority of neurites (average length) and the average 

length of the 10 longest neurites (maximum length) were measured on days 1 and 3 for each 

of between 3 and 6 explants per substrate. The table shows these measurements for each 

condition ± standard error. Samples from at least 3 independent experiments are shown. 

Significance relative to laminin was calculated with * indicating p < 0.05.
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Fig. 3. 
Comparison of neurite outgrowth patterns. Areas near the edge and beyond the edge of the 

majority of neurites in mosaic images (from Fig. 1) were selected (boxed regions in 

righthand images) and magnified for each substrate. Neurites on laminin (A) and 

decellularized ECM (B) show similar radial outgrowth paths in contrast to neurites on 

fibronectin (C), which were less persistent in the direction of extension. Scale bars are 500 

microns on mosaics and 100 microns on higher magnification images of neurites.
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Fig. 4. 
FFT analysis of neurite orientations. (A) SCGs and neurites were stained with anti-α-tubulin 

antibodies at 3 days of culture on the indicated substrates. Regions near the edges of the 

majority of neurites were selected at random from immunofluorescence images. 

Representative regions are shown. (B) The orientation of neurites was quantified by a FFT 

analysis of fluorescence images. Radial intensity data were plotted from 0° to 180° and show 

the range of values for 5 images in one explant per condition. (C) The full width-half 

maximum (FWHM) value of each pixel intensity curve was calculated. Scale bars are 100 

microns. Error bars show the average of the 5 curves ± standard error. * indicates p < 0.05.
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Fig. 5. 
Effects of ECM dimensionality and architecture on neurites. (A) Neurites extended on 

decellularized ECM were stained with an anti-α-tubulin monoclonal antibody followed by 

fluorescein-goat anti-mouse IgG. The ECM was stained with R457 anti-fibronectin 

antiserum and rhodamine-goat anti-rabbit IgG. A merged image of confocal z-sections from 

the periphery of the explant is shown. Scale bar is 50 microns. (B) A perspective 3D view of 

the confocal z-stack for the image in A is shown. Sample is ∼ 12 microns thick. (C) The 

perspective 3D view from B was depth-coded for the neurites only. Colors represent 

different levels of depth within the sample with those regions of neurites that are the highest 

in blue (0 microns) and the yellow regions indicating neurites that are within the ECM (7-8 

microns from the top).
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Fig. 6. 
Patterning of ECM and neural cells. (A) The schematic shows the steps in soft lithography 

of photoresist onto PET polymers to create stripes. Photoresist is spin-coated onto polymer, 

cured with UV light through a photomask, and developed leaving 20 × 20 micron stripes 

across the entire polymer surface. (B) Surface chemistry modification of the PET polymer 

with photoresist involves deposition of zirconium tetra(tert butoxide) followed by incubation 

in phosphonic acid which bonds to the ZrO2 to form a cell-friendly self-assembled layer of 

phosphonates (SAMP) in striped patterns. (C, top) GFP-tagged radial glial cells were seeded 

onto unpatterned or patterned ECM, grown for 2 days, and then images of GFP were 

captured. Double headed arrow indicates the direction of the striped pattern. (C, bottom) 

GFP-tagged radial glial cells (RGCs) were grown for 2 days on unpatterned or patterned 

decellularized ECM, then differentiated PC12 cells were added and after an additional 3 

days, cultures were stained with rhodamine-phalloidin. Scale bars are 100 microns.
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Fig. 7. 
SCG explants on patterned decellularized ECM. SCG explants were placed onto (A) 

unpatterned and (B) patterned decellularized ECM and cultured for 3 days to allow neurite 

outgrowth. Double headed arrow indicates the direction of the striped pattern. Scale bars are 

500 microns. (C) Neurite outgrowth was quantified by fitting outgrowth area to an ellipse 

and calculating the aspect ratio of the ellipse. Aspect ratios for 3 explants were averaged. (D) 

Average neurite lengths were determined by fitting outgrowth to an ellipse, measuring 

neurites in four directions, and averaging the values for neurites parallel to the pattern and 

for neurites perpendicular to the pattern. Average neurite lengths from 3 patterned explants 

were plotted against averages from unpatterned explants (calculated as described in Section 

4.5). Results ± standard error is shown. * p < 0.05.

Harris et al. Page 20

Matrix Biol. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Results
	Effects of substrate on SCG neurite outgrowth
	Comparison of neurite morphologies on different substrates
	Chemical micropatterns direct ECM fibril orientation and neural cell alignment
	SCG neurite outgrowth on patterned decellularized ECM

	Discussion
	Experimental Procedures
	Dissection of Superior Cervical Ganglia
	Cell Culture and Substrate Preparation
	Micropatterning on Polyethylene Teraphlalate (PET)
	Preparation of Decellularized ECM
	Immunofluorescence and Microscopy
	Statistics

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7

