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After injury to the spinal cord, reactive astrocytes form a glial scar consisting of highly ramified cell processes
that constitute a major impediment to repair, partly due to their lack of orientation and guidance for re-
generating axons. In some nonmammalian vertebrates, successful central nervous system regeneration is at-
tributed to the alignment of reactive glia, which guide axons across the lesion site. Here, a three-dimensional
mammalian cell-seeded collagen gel culture system was used to explore the effect of astrocyte alignment on
neuronal growth. Astrocyte alignment was mapped within tethered rectangular gels and was significantly
greater at the edge and middle of the gels compared to the control unaligned regions. When neurons were
seeded on and within astrocyte gels, neurite length was greatest in the areas of astrocyte alignment. There was
no difference in expression of astrocyte reactivity markers between aligned and control areas. Having estab-
lished the potential utility of astrocyte alignment, the aligned gels were plastic compressed, transforming them
into mechanically robust implantable devices. After compression, astrocytes remained viable and aligned and
supported neurite outgrowth, yielding a novel method for assembling aligned cellular constructs suitable for
tissue engineering and highlighting the importance of astrocyte alignment as a possible future therapeutic
intervention for spinal cord repair.

Introduction

In the undamaged central nervous system (CNS), there is
a highly organized continuous longitudinal and trans-

verse arrangement of glial cells,1 which is disrupted after
injury. The glial scar that forms after spinal cord injury (SCI)
is considered a physical and physiological impediment to
neuronal regeneration. It is composed largely of reactive,
hypertrophic astrocytes, which up-regulate intermediate fil-
aments including glial fibrillary acidic proteins (GFAP) and
vimentin and deposit chondroitin sulfate proteoglycans
(CSPGs), allowing them to become ramified and inhibitory to
axonal growth.2–4 It is likely that the physical barrier of
disorganized astrocytes in the glial scar, which also forms
around tissue-engineered devices and grafts implanted to aid
repair, may act to disrupt guidance of regenerating axons,
adding to the overall inhibition of axonal growth. The result
is that although axons readily enter and traverse bridging
grafts, they rarely exit the graft to re-integrate robustly with
the host parenchyma.5

By contrast, in nonmammalian vertebrates such as am-
phibians, regeneration of axons occurs directly through
dense glial scar tissue.6 This can be largely attributed to the
arrangement of reactive glial cells, which form organized
channels, creating pathways for regenerating axons to bridge
a lesion.7 In recent SCI research, using cell therapies in ro-
dents, successful growth of axons was observed in associa-
tion with aligned glial cells.8–10 The contribution of this
alignment has tended to be downplayed due to interest in
the molecular environment whose role in neuronal inhibition
is better understood in vivo. However, the complexity of
in vivo models makes it difficult to isolate this variable, thus
failing to establish the contribution of alignment when in-
terpreting results.11 It is tempting to speculate that organized
conduits of aligned astrocytes may improve regeneration
after SCI.

Previous in vitro studies have investigated how alignment
of astrocytes can affect regenerating neurites (reviewed by East
et al.12). Astrocytes have been manipulated to create longitu-
dinally aligned monolayers either by application of mechanical
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strain or through the influence of surface architecture, for
example, micropatterned grooves.13–16 In these studies,
alignment of astrocytes directed and enhanced the growth of
neurites over their surface; however, investigations of this
phenomenon have been limited to two-dimensional (2D)
culture experiments. The relevance of 2D cultures is be-
coming increasingly questionable when tackling complex
three-dimensional (3D) biological problems such as un-
derstanding the response to CNS injury. The mature glial
scar, a meshwork of interwoven astrocytes processes, is a 3D
structure.17 Monolayer cultures fail to reproduce the 3D
spatial arrangement of cells in vivo, polarize cell attachment
and perfusion to opposite faces of the cell, and generally
confer a considerably stiffer substrate environment than the
endogenous extracellular matrix.12,18–22 Recently, we devel-
oped a 3D collagen gel model for studying astroglial biology
that has significant advantages over standard 2D models,
allowing astrocytes to behave in a way much more remi-
niscent of their in vivo counterparts.23 Since 3D culture sys-
tems can allow mechanical cues to be isolated from chemical
cues,24 we have adapted our 3D culture model in this study
to explore the effect of astrocyte alignment on neurite
growth.

Although a number of methodologies exist to align col-
lagen, for example, magnetic and electrical fields and shear
flow,25–28 we used a tethered self-aligning model.29 This
system has the advantage that the cells themselves create
simultaneous alignment of both cells and matrix. Cells see-
ded in collagen gels form stable integrin-mediated attach-
ments with the fibrils of the compliant collagen lattice and
generate forces that contract the gel.29 Cellular contraction of
a tethered rectangular gel creates a region in which tension is
parallel with the long axis of the gel, leading to cell align-
ment along this axis. The gel also has unaligned triangular
‘‘delta’’ zones at either end, which are more isotropic due to
stress shielding from the rigid tethering bars.30 This means
that both aligned and nonaligned regions can be compared
within the same gel, providing a powerful model system in
which cellular alignment can be isolated from other vari-
ables. The aim of this work was to map astrocyte alignment
within tethered collagen gels, determine the effect of astro-
cyte alignment on neurite outgrowth, and then develop an
implantable device that could provide an aligned glial en-
vironment to bridge the damaged spinal cord.

Materials and Methods

Astrocyte cell culture

All experiments were performed according to the UK
Animals (Scientific Procedures) Act (1986) and approved by
the Open University animal ethics advisory group. Sprague–
Dawley rats (a b-actin-green fluorescent protein reporter line
or wild type) were used from established in-house breeding
colonies. Primary astrocyte cultures were prepared from
postnatal 2-day-old rat cortices.31 Briefly, the tissue was
chopped and incubated with 250 mg/mL trypsin (Sigma) for
15 min at 378C before addition of soya bean trypsin inhibitor
(21 mg/mL; Sigma) and deoxyribonuclease 1 (6 mg/mL; Sig-
ma). After centrifugation for 2 min at 250 g, the pellet was
triturated in a concentrated solution of soya bean trypsin
inhibitor and deoxyribonuclease 1 (133 and 40 mg/mL, re-
spectively). The resulting cell suspension was underlain with

4% w/v bovine serum albumin, then centrifuged at 250 g for
5 min. The pellet was resuspended in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco) supplemented with peni-
cillin or streptomycin (100 U/mL and 100 mg/mL, respec-
tively; Sigma) and 10% v/v fetal calf serum and dispensed
into 75 cm2 flasks (Greiner) coated with poly-D-lysine (Sig-
ma). Cultures were maintained in a humidified incubator at
378C with 5% CO2:95% air.

Dorsal root ganglia preparation and culture

Dorsal root ganglia (DRG) were dissected from adult rats
(200–300 g). Nerve roots were stripped and DRGs were in-
cubated in collagenase (0.125%; Sigma) for 2 h at 378C. Tissue
was dissociated by trituration and washed twice by centri-
fugation with 25 mL of media to remove any remaining
collagenase. Cell pellets were resuspended in DMEM and
seeded onto astrocyte and fibroblast coculture gels or mixed
in with the astrocytes and fibroblasts during gel formation.

Neural fibroblast cultures

Neural fibroblasts were prepared from the sciatic nerves of
adult rats (200–300 g) according to Phillips et al.32 Sterile
phosphate-buffered saline was used to wash the nerves be-
fore careful removal of the epineurial and perineurial sheath.
The remaining endoneurium was chopped into 1 mm lengths
and incubated in DMEM for 1 week in a humidified incu-
bator at 378C, with 5% CO2, 95% air. After a 20 h incubation
in collagenase (0.125%), tissue was dissociated; and the re-
sulting cell suspension was plated into flasks coated with
poly L-lysine (20 mg/mL; Sigma). After two passages, all cells
were thy-1.1-immunoreactive fibroblasts.

3D tethered astrocyte cultures

Astrocytes and fibroblasts were expanded in culture for 8
days to reach confluence. Flasks containing astrocytes were
shaken at 150 rpm for 4 h to detach microglia and less ad-
herent cells from the cultures. Resulting cultures were 95%
astrocytes and 5% microglia (as determined by immunore-
activity for GFAP and IB4 lectin, respectively). Cells were
trypsinized, washed, and counted so that the correct densi-
ties could be calculated. For 3D cultures used in the model-
ing experiments, astrocytes were seeded at 2 million cells/
mL, and neural fibroblasts were added at 5% (100 k/mL) to
ensure consistent gel contraction. Rectangular tethered col-
lagen gels were created according to methods previously
described29,33 within stainless steel moulds (Fig. 1A). Gels
were composed of 10% cell suspension in DMEM, 10% 10�
minimum essential medium (Sigma), and 80% type I rat tail
collagen (2 mg/mL in 0.6% acetic acid; First Link). The
minimum essential medium and collagen were mixed to-
gether and neutralized using sodium hydroxide, assessed by
color change of phenol red pH indicator, then the mixture
was added to the cell suspension and transferred to the
moulds. One milliliter of gel was added per mould (Fig. 1B),
ensuring that the gel mixture fully integrated with the mesh
tethering bars, then cultures were left to set (*5 min), before
topping up with 8 mL DMEM supplemented with penicillin
or streptomycin and 10% fetal calf serum. Cultures were
incubated at 378C, with 5% CO2 and 95% air for 3 days to
contract (Fig. 1C) before fixing in 4% paraformaldehyde.
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Plastic compression of aligned astrocyte devices

To generate implantable constructs containing aligned as-
trocytes, plastic compression was carried out as described 34,35

on aligned astrocyte cultures that had been stimulated to
contract using transforming growth factor b1 (10 ng/mL) ra-
ther than 5% fibroblasts. This was to avoid the need to include
fibroblasts, therefore simplifying the number of different cel-
lular components required to make a potential repair conduit.
Transforming growth factor b1 (10 ng/mL) can trigger as-
trocytes to become chronically activated over 10–15 days in
culture (East et al., 2009)23; however, here 48 h treatment was
sufficient to induce contraction of the gels and cellular align-
ment. Plastic compression was achieved by loading the gel
with 120 g for 1 min with fluid removal into a porous paper
pad.34 Resulting compressed sheets containing aligned as-
trocytes were *40mm thick and were rolled around their long
axis to form a rod-like construct (Fig. 1D). Dissociated DRGs
were cultured on the devices for 3 days and were then fixed in
4% paraformaldehyde.

Cell viability. To investigate the effect of plastic com-
pression on cell viability, live dead staining was performed
on gels using Hoechst 33258 (1 mg/mL) and propidium io-
dide (20 mg/mL; Sigma), as previously described.23 This
compared cell death in three compressed gels (1 h after
compression) to cell death in three uncompressed gels.

Immunofluorescence staining and microscopy

Antibody sources, dilutions, and immunofluorescence
staining were carried out as previously described.23 Gels
were stained for GFAP and bIII tubulin (astrocytes and
neurons, respectively), and Hoechst 33258 was used to label
cell nuclei. Analysis of immunostained gels was performed
according to Figure 1E, where region 1 is the gel edge, region

2 is the middle of the gel, and region is 3 the delta zone. Six
fields were viewed per region per gel, using an automated
analysis protocol, focusing on the top of the gels for neurite
measurements when neurons were seeded on the top, and
within the center of the gels for astrocyte alignment and for
neurite measurements when neurons were seeded within the
gels. Six independent gels were analyzed per condition.
Images were captured using an Olympus BX61 microscope
with Analysis� Pro imaging software, (Olympus Soft Ima-
ging System) or a Leica DMIRBE confocal microscope (Leica
Microsystems). For confocal microscopy, Z stacks were
25mm, with 1 image per 1mm in the Z direction.

Image analysis

Astrocyte alignment. Astrocyte alignment was measured
with Openlab Software (Improvision). A color density slice
was performed on thresholded images to separate astrocytes
as individual objects. The aspect ratio of individual cells
relative to the gel axis was used as an index of cellular
alignment. A population of unaligned cells would have a
wide range of aspect ratios, whereas elongated aligned cells
would be longer in one direction. Individual cells were
plotted on a scatter graph for length (x) against width (y),
and a linear regression was performed for each gel region.
The alignment index was calculated by subtracting 1 from
the inverse of the gradient of the line of best fit.

Neurite outgrowth. The length of bIII-tubulin im-
munostained neurons was measured with Openlab Software
(Improvision), and the number of neurites per neuronal cell
body was counted. Only neurites that were entirely within
the field of each image were included in the analysis. The
number of neurites measured per gel ranged from 147 to 202,
with six independent gels per condition.

FIG. 1. Three-dimen-
sional collagen gel prepa-
ration and data capture.
(A) Stainless steel mould
and tethering bars used for
self-aligning tethered gels.
(B) Metallic mould with the
tethering bars positioned.
The tethering bars are
placed at each end of the
metallic moulds so that
when the collagen gel is
added to the mould, the gel
will integrate with the bars.
(C) Contracted, aligned
gel containing astrocytes
in culture. (D) Aligned
astrocyte-seeded device af-
ter plastic compression and
rolling. (E) Diagram of the
contracted collagen gel
demonstrating the differ-
ent regions of the gel that

were analyzed. Red fields labeled 1 represent the edges of the gel; green fields labeled 2 represent the middle of the gel;
and blue fields labeled 3 represent the delta zones. Color images available online at www.liebertonline.com/ten.
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Reverse transcriptase (RT)-polymerase chain reaction

Protocol and primer sequences were as previously de-
scribed.23 Briefly, RNA was isolated using Trizol according to
manufacturer’s instructions. Equivalent amounts of RNA
were reverse transcribed into single-stranded cDNA (3 mg per
sample). Polymerase chain reaction (PCR) was performed on
100 ng cDNA per sample for GFAP, neurocan, and glyceral-
dehyde 3-phosphate dehydrogenase. PCR products were run
on 1% agarose gels against a 100 bp DNA ladder.

Statistical analysis

Data were analyzed with GraphPad Prism software
(Version 4). A paired t-test was used with significance level
95% for comparison of astrocyte alignment and mean neurite
lengths in different areas of the gels. An unpaired t-test was
used with significance level 95% for comparison of gels with
and without astrocytes. If variances of data sets were sig-
nificantly different, then Welch’s correction was applied. All
values are indicated as mean� standard error of the mean.

FIG. 2. Astrocytes become aligned in the middle and edges of tethered three-dimensional collagen gels. (i) Astrocytes
stained for GFAP in the three different areas of the gels; delta zone (A), middle (B), and edges (C). The aspect ratio (cell length
vs. width) of astrocytes was measured as an indicator of alignment in the delta zone (ii), middle (iii), and edge (iv) of the gels.
If a population of cells is unaligned, then they are predicted to have equivalent length and width overall (predicted regression
y¼ x). The cells in the delta zone did not differ significantly from the unaligned prediction. However, cells in the edges of the
gels were significantly more aligned than those in the middle of the gels, which were significantly more aligned than cells in
the delta zone. (v) Alignment index. n¼ 6 independent gels, *p< 0.05, **p< 0.01. GFAP, glial fibrillary acidic proteins. Color
images available online at www.liebertonline.com/ten.
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p-Values were taken as an indicator of statistical significance
as follows: *p< 0.05, **p< 0.01, and ***p< 0.001.

Results

Mapping astrocyte alignment

Using immunofluorescence to detect GFAP, it appeared
that in the delta zones of the gels there was no astrocyte
alignment [Fig. 2(i) A], whereas some alignment was ob-
served in the middle and edges of the gels [Fig. 2(i) B, C].
Cell density in all gel regions did not significantly differ
(data not shown). To quantify this observation, the degree of
astrocyte alignment was determined by measuring cell as-
pect ratio. Overall, a population of unaligned cells would
have equivalent width (y-axis) and length (x-axis) shown as
a black dotted line in Figure 2(ii), (iii), and (iv). The linear
regression plotted for astrocytes in the delta zone was not
significantly different from the unaligned prediction [Fig.
2(ii)], indicating no astrocyte alignment in this region. This
confirmed that the delta zones can be used as internal
control regions to compare aligned and unaligned areas in
the same gels.29 By contrast, a significant increase in astro-
cyte alignment along the long-axis of the gel (x> y) was
observed in the middle and edges of the gels when com-
pared with the delta zones [Fig. 2(iii), (iv), respectively;
p< 0.001]. At the edges of the gels, cell length was on av-
erage 2.5 times greater than cell width. For each region
within each gel, a regression was performed and for each
gel (n¼ 6) the alignment index was calculated. Astrocytes at
the edges of the gels were significantly more aligned than
those in the middle of the gels, which, in turn, were sig-
nificantly more aligned than those in the delta zone [Fig.
2(v); p< 0.05].

Astrocyte alignment does not alter expression
of reactivity markers

Increased production of CSPGs contributes to the inhibi-
tory environment of the glial scar and is attributed to the

failure of axon regeneration.36 To determine whether there
were differences in astrocyte reactivity between aligned and
unaligned regions, RT-PCR and immunostaining were per-
formed for CSPGs and GFAP. Levels of mRNA for GFAP
and a neurite growth-inhibitory astrocyte-specific CSPG,
neurocan, did not differ substantially between aligned and
delta zone gel regions [Fig. 3(i)]. This corresponded to results
using immunofluorescence where there were no apparent
differences in the levels of GFAP and CSPGs detected in the
gels between aligned and delta zone regions [Fig. 3(ii) A, B].
CSPG immunoreactivity was seen in association with
aligned astrocytes and deposited in the surrounding matrix
[Fig. 3(ii) A]. In some gel regions, this matrix-associated
CSPG appeared aligned, but this was not consistently de-
tected in any particular region and was not always associ-
ated with the presence of aligned astrocytes.

Neurite outgrowth on top of 3D tethered astrocyte
cultures increased in areas of alignment

Dissociated DRG neurons were seeded onto the top surface
of 3D tethered astrocyte cultures and maintained for 3 days.
Gels were stained for bIII tubulin [Fig. 4(i) A–C] and GFAP
[Fig. 4(i) D–F] for neurons and astrocytes, respectively, and
Hoechst [Fig. 4(i) G–I] for cell nuclei. Nuclei that were neither
GFAP nor bIII-tubulin positive could be either fibroblasts or
DRG satellite glia. In unaligned delta zone regions, neurons
extended neurites with random orientations [Fig. 4(i) G].
However, in the middle and edges of the gels, neurites ex-
tended in an orientated manner, along the same axis as the
astrocyte alignment [Fig. 4(i) H, I]. In the delta zones, 80% of
neurites extended between 0 and 200 mm. In contrast, at the
edges of the gels, only 35% of neurites measured 0–200 mm,
and instead the majority of neurites (65%) were�200 mm [Fig.
4(ii)]. In addition, the mean length of neurites at the gel edges
was 192.6� 4.5 mm, significantly greater than 143.4� 2.5 mm
in the delta zones [Fig. 4(iii); p< 0.01]. Although neurite
length appeared increased in the middle of the gels compared
with the delta zones, this did not reach statistical significance.

FIG. 3. Levels of GFAP and CSPGs are
equivalent in regions of aligned and un-
aligned astrocytes. (i) Using RT-polymerase
chain reaction, the expression of GFAP and
the astrocyte-specific CSPG neurocan were
compared, using GAPDH expression as a
reference control. There were no substantial
differences in the levels of the message for
these proteins between the aligned and delta
zone regions of the gel. (ii) There were no
apparent differences in immunofluorescence
for GFAP and CSPGs in the aligned (A) or
delta zones (B) of tethered astrocyte gels.
Scale bars in (A) and (B)¼ 25mm. CSPG,
chondroitin sulfate proteoglycan; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase.
Color images available online at www
.liebertonline.com/ten.
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FIG. 4. Neurite extension on top of astrocyte cultures increased in areas of alignment. (i) Neurons and astrocytes stained for
bIII tubulin (A–C), GFAP (D–F) and merged images, including Hoechst nuclear stain (G–I) in the delta zone, middle and edges
of tethered collagen gels. (ii) Frequency distribution of neurite lengths in edge and delta zone locations reveals a shift to longer
neurite lengths in the edge regions. (iii) The mean length of neurites was significantly greater at the edges of gels compared
with the delta zones. n¼ 6 independent gels, **p< 0.01. Color images available online at www.liebertonline.com/ten.
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Alignment enhanced and directed neurite outgrowth
within 3D tethered astrocyte cultures

Having established the ability of aligned astrocytes to
promote neurite growth when DRG neurons were seeded on
the surface of gels, studies were conducted to investigate
neuronal growth within a 3D aligned astrocyte environment.

Dissociated DRGs were mixed within astrocyte gels before
setting. The gels were then left to align and grow in culture
over 3 days, before fixing and staining for bIII tubulin. Si-
milar to the previous experiment, in the delta zones neurons
extended neurites randomly [Fig. 5(i) A]. However, in the
middle and edges of the gels, neurites grew along the same
axis as the astrocyte alignment [Fig. 5(i) B, C]. Again, neurons

FIG. 5. Neurite extension within astrocyte cultures increased in areas of alignment. (i) Images show neurons stained for bIII
tubulin within tethered gels (A–C). (ii) Frequency distribution showing the percentage of neurites of different lengths within
tethered astrocyte gels. (iii) The average length of neurites within tethered astrocyte gels is significantly greater in the middle
and at the edges of gels compared with the delta zones. (iv) Distance of the growth cone from the neuronal cell body is
significantly greater at the middle and edges of the gels. n¼ 6 independent gels, *p< 0.05, **p< 0.01. Color images available
online at www.liebertonline.com/ten.
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extended shorter neurites in the delta zones, with 70% having
lengths of between 0 and 150mm [Fig. 5(ii)]. By contrast, in the
edges of the gels, 70% of neurons had neurites that extended
for �150mm [Fig. 5(ii)]. The average length of neurites was
157.1� 9.3mm in the middle of the gels and 164.8� 11.3mm at
the gel edges, both significantly greater than that in the delta
zones [Fig. 5(iii); p< 0.01 and p< 0.05, respectively]. Growth
cones in the middle and edges of the gels had extended sig-
nificantly further away from the neuronal cell body
(142.3� 8.9 and 186.7� 15.1mm, respectively) than those in the
delta zones, which, on average, were only 105.4� 8.0mm from
the cell body [Fig. 5(iv); p< 0.05 and p< 0.01, respectively].
This is important, because it has been suggested that for suc-
cessful nerve regeneration after injury, axon regeneration must
be both enhanced and directed to achieve re-integration with
the host parenchyma28 and these data suggest that both fea-
tures are present in areas of astrocyte alignment.

Increased neurite growth within 3D tethered
collagen gels is dependent on the presence
of aligned astrocytes

To determine whether the increased neurite length was
dependent on the presence of aligned astrocytes, or merely

a fibroblast-aligned collagen matrix, dissociated DRGs were
seeded into gels containing no astrocytes (fibroblasts only) in
which all other parameters, for example, cell density, incu-
bation time, and extent of gel contraction, remained constant.
Neurite outgrowth appeared reduced in all regions compared
with astrocyte gels despite taking on an aligned appearance in
the gel edges [Fig. 6(i) A–C]. The percentage of neurites of
different lengths was equivalent in both the delta zones and
gel edges [Fig. 6(ii)], and there was no significant difference in
the mean neurite length in any of the gel regions [Fig. 6(iii)].
Further, the number of neurites per neuronal cell body was
significantly lower in all regions of the gels without astrocytes
compared with that in gels with astrocytes (Supplemental Fig.
S1, available online at www.liebertonline.com/ten), although
the total number of neurons was comparable between the two
types of gel. In addition, in gels with astrocytes, the mean
number of neurites per neuronal cell body did not differ sig-
nificantly between the delta zone, middle, and edge (Sup-
plemental Fig. S1), indicating that the number of neurites does
not change with alignment, only the neurite length. These
data show that enhanced neurite outgrowth was dependent
on the presence of astrocytes (specifically aligned astrocytes)
and was not merely a result of an aligned collagen environ-
ment.

FIG. 6. In the absence of astrocytes, aligned gels do not promote neurite elongation. (i) Neurons stained for bIII tubulin
within aligned tethered gels without astrocytes (fibroblast and DRGs only; A–C). (ii) Frequency distribution graph now
shows no difference in neurite length between edge and delta zone regions of astrocyte-free aligned collagen gels. (iii) There
was no significant difference in the mean neurite length in the different regions of tethered gels that were aligned but
contained no astrocytes (only fibroblasts and DRGs). n¼ 6 independent gels. DRGs, dorsal root ganglias. Color images
available online at www.liebertonline.com/ten.
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Aligned astrocyte construct for implantation supports
aligned neurite outgrowth

Since this work and other reports13–16,28,37 demonstrate
aligned astrocytes are conducive for enhanced and directed
neuronal growth, we postulated that this could provide a
novel basis for an implantable device to bridge spinal cord
injuries. Previous studies have shown how cells in tethered
aligned collagen gels can be delivered to peripheral nerve
injury sites,29 but the requirement for external tethering and
overall fragility of such devices makes this unsuitable for
clinical CNS repair. Here, we used plastic compression to
transform the tethered aligned astrocyte gels into robust
constructs that could be bundled together to form an im-
plantable device. After plastic compression of tethered
aligned gels, there was no significant increase in cell death
compared with uncompressed controls (10.21%� 2.43% vs.
10.27%� 0.65%; Supplemental Fig. S2, available online at
www.liebertonline.com/ten). Thus, astrocytes remained vi-
able and retained their aligned conformation (Fig. 7A) after
the removal of external tethering. DRG neurons were cul-
tured on these constructs to assess their ability to support
and direct neuronal growth. Fluorescence microscopy sug-
gested that neurites extended along the processes of astro-
cytes within these constructs, and this was subsequently
confirmed by confocal microscopy (Fig. 7B–D).

Discussion

The tethered self-aligning collagen gel system provides a
robust and reproducible 3D model in which the effect of
astrocyte alignment on neurite outgrowth can be investi-
gated in a more spatially relevant way than in previous
in vitro studies. Increased neurite outgrowth correlated to
areas of greatest astrocyte alignment, either when neurons
were seeded on the surface or within tethered astrocyte gels.
Further, the enhancement of neurite outgrowth was lost

when astrocytes were removed from the system, suggesting
that this effect is dependent on the specific presence of
aligned astrocytes, and does not merely require matrix
alignment. This is important, as nervous system repair de-
vices are typically anisotropic to guide neuronal growth
cones directly through a lesion and tend to be surrounded by
astrocytes rather than penetrated by them. This demonstra-
tion in a 3D environment of a phenomenon that had only
been previously seen in 2D cultures (and was impossible to
isolate using animal models) highlights the importance of
astrocyte alignment as a possible future therapeutic inter-
vention for SCI repair and suggests that future CNS repair
devices might usefully encourage host astrocyte infiltration
provided that it is aligned.

In previous studies, outgrowth of DRG neurons was en-
hanced on aligned astrocyte-seeded polydioxanone fibers,
compared with unaligned fibers and those without astro-
cytes,37 and aligned astrocytes in monolayer culture were
sufficient to direct and enhance neurite outgrowth.16 Further,
these engineered monolayers expressed linear arrays of
astrocyte-derived adhesive and repulsive ligands, including
laminin, fibronectin, and CSPGs, suggesting that the partic-
ular arrangement of these molecules may be important to
direct nerve regeneration.16 In accordance with these studies,
we also found that astrocyte alignment was sufficient to di-
rect and enhance neurite outgrowth and likewise observed
some areas of CSPG alignment, the main difference being
that we identified these features in 3D cultures. This obser-
vation is similar to in vivo studies where undamaged white
matter tracts can support neurite growth parallel to their
longitudinal axis despite the presence of growth inhibitors
such as CSPGs (reviewed by Ref.38), implying that the in-
hibitory nature of the glial scar may be overcome by re-
configuring cellular alignment.

Enhancement of neurite outgrowth (length and number of
neurites) was dependent on the presence of the astrocytes.

FIG. 7. Neurite outgrowth is guided by
aligned astrocytes in implantable plastic
compressed collagen conduits. Astrocytes
in plastic compressed devices survived
and remained aligned within the matrix
(A)—GFP. High magnification confocal
microscopy was performed on plastic
compressed aligned astrocyte devices that
had DRGs seeded onto them (B–D).
Neurites stained for bIII tubulin could be
seen extending along GFP astrocyte pro-
cesses. Scale bars¼ 25 mm. GFP, green
fluorescent protein. Color images avail-
able online at www.liebertonline.com/ten.
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Astrocytes can express neurite growth, promoting cell sur-
face molecules such as N-cadherin and neural cell adhesion
molecule (NCAM),39 and the arrangement of these molecules
on the astrocyte surface appears to be important for robust
neurite growth.16 In addition, astrocytes can secrete proteins
to increase neuronal length, branching and synaptogenesis
including cholesterol:Apolipoprotein E complex40 throm-
bospondins,41 and other as yet unidentified proteins that
were neither of the above, nor neurotrophins.42 It would be
interesting to investigate expression and arrangement of
these proteins using the culture model we developed. In a
study by Alexander et al.,28 astrocytes were aligned through
the application of an electrical field in 2D cultures. As these
authors point out, when a single directional cue is absent, the
growth cone must constantly sample the microenvironment
to determine the optimal direction of growth, which takes
time due to the assembly and disassembly of cytoskeletal
proteins. Conversely, when a unidirectional cue is present,
the process is more efficient, enhancing rate of neurite ex-
tension. This may explain why neurite growth in the aligned
regions of our astrocyte-seeded gels was greater than in the
unaligned delta zones at the end of the 3-day incubation
period.

Although this study allowed robust and detailed in vitro
investigation into the effect of astrocyte alignment on neurite
outgrowth, further work is required to assess the effective-
ness of the approach, particularly investigating the maturity
and source of the astrocytes and type of neurons. This is an
important step before in vivo testing, as CNS and peripheral
nervous system neurons show intrinsic and age-dependent
differences in their regenerative abilities.43

Having established that an aligned 3D astrocyte environ-
ment is conducive to supporting and guiding neuronal
growth, a device was developed and tested with a view to
engineering an aligned astrocyte guide for implantation into a
spinal cord lesion in vivo. This is in contrast to many current
bridging devices aimed at SCI repair that contain Schwann
cells, which can themselves trigger astrocytes to become
growth inhibitory,44,45 preventing axons from crossing the
Schwann cell-astrocyte transition zone.46 Using astrocytes in a
graft may, therefore, lessen the response of surrounding as-
trocytes and minimize glial scarring, because axons grow well
in the undamaged spinal cord.47,48 Before we can explore this
approach in vivo, it was important to develop an implantable
device in which astrocytes were maintained in their aligned
supportive arrangement. We demonstrate that plastic com-
pression of aligned astrocyte 3D collagen gels is one means to
engineer fibers of aligned astrocytes many millimeter long
and of appropriate diameter, which could be packed together
to form an implantable conduit. Neuronal outgrowth on the
surface of these fibers followed the guidance provided by the
astrocyte processes, demonstrating the usefulness of this ap-
proach for spinal cord repair. Further development of this
technology will require an appropriate source of astrocytes (or
an alternative cell type with appropriate properties) and, al-
though type I collagen devices have been shown to improve
recovery of motor function after SCI,49–51 this protein is not
normally found in the mammalian CNS. Our future studies
will, therefore, also explore the possibility of substituting type
I collagen with other protein hydrogels to identify optimal
materials for this approach (review of biomaterial ap-
proaches52).

In addition to developing implantable aligned astrocyte
environments, attempts to align the endogenous glial scar
may provide a useful therapeutic intervention, as the 3D
culture work suggests that it is not the reactivity of astrocytes
per se that is inhibitory, rather more their disordered orga-
nization. An in vivo study9 demonstrated that implanted
astrocytes derived from embryonic glial-restricted precursors
promoted robust axon growth and restoration of locomotor
function after acute transection injuries in the adult rat spinal
cord. Histological analysis revealed parallel alignment and
interweaving of implanted glial-restricted precursor pro-
cesses with host GFAP positive processes, creating an
aligned environment of glial surfaces. Additionally, Hof-
stetter et al.10 implanted marrow stromal cells in an injured
rat spinal cord that colocalized with longitudinally aligned
astrocyte processes and supported neuronal growth. These
studies provide further evidence that alignment of glial scar
astrocytes in vivo is associated with successful neuronal re-
generation.

In summary, using advanced 3D cell culture techniques,
we have shown that astrocyte alignment enhances and di-
rects neurite outgrowth in a system where it was possible to
isolate this single variable. This new model system provides
a powerful tool by which the effects of graded anisotropy
within distinct populations of CNS cells in coculture can be
studied in a highly controlled and well-defined environment
over a period of time. Further, we have combined self-
alignment of a cellular collagen hydrogel with plastic com-
pression to yield a novel method for assembling aligned
cellular constructs suitable for tissue engineering.
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