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Abstract

Bioengineered fiber substrates are increasingly studied as a means to promote regeneration and
remodeling in the injured central nervous system (CNS). Previous reports largely focused on the
ability of oriented scaffolds to bridge injured regions and direct outgrowth of axonal projections.
In the present work, we explored the effects of electrospun microfibers on the migration and
physiological properties of brain astroglial cells. Primary rat astrocytes were cultured on either
fibronectin-coated poly-.-lactic acid (PLLA) films, fibronectin-coated randomly oriented PLLA
electrospun fibers, or fibronectin-coated aligned PLLA electrospun fibers. Aligned PLLA fibers
strongly altered astrocytic morphology, orienting cell processes, actin microfilaments, and
microtubules along the length of the fibers. On aligned fibers, astrocytes also significantly
increased their migration rates in the direction of fiber orientation. We further investigated if fiber
topography modifies astrocytic neuroprotective properties, namely glutamate and glutamine
transport and metabolism. This was done by quantifying changes in mRNA expression (qQRT-
PCR) and protein levels (Western blotting) for a battery of relevant biomolecules. Interestingly,
we found that cells grown on random and/or aligned fibers increased the expression levels of two
glutamate transporters, GLAST and GLT-1, and an important metabolic enzyme, glutamine
synthetase, as compared to the fibronectin-coated films. Functional assays revealed increases in
glutamate transport rates due to GLT-1 mediated uptake, which was largely determined by the
dihydrokainate-sensitive GLT-1. Overall, this study suggests that aligned PLLA fibers can
promote directed astrocytic migration, and, of most importance, our in vitro results indicate for the
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first time that electrospun PLLA fibers can positively modify neuroprotective properties of glial
cells by increasing rates of glutamate uptake.
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metabolism

1. Introduction

Traumatic brain and spinal cord injuries affect approximately 1.7 million people every year
in the United States alone [1]. Damage to the central nervous system (CNS) is highly
debilitating due to the loss of neurons. Neurons that survive both initial and secondary injury
are inhibited by a glial scar that limits regeneration of white matter axons. The small
percentage of axons that are able to navigate through the glial scar are not directed due to a
lack of guidance cues in the lesion site [2]. One approach to encourage directed axonal
regeneration is to use biomaterial guidance scaffolds. Of these, aligned fibers with diameters
in the nanometer to micrometer range provide topographic cues that both direct and increase
the rate of axonal extension [3-5].

Several different biomaterial fiber approaches have been tested within experimental models
of traumatic brain injury (TBI) and spinal cord injury (SCI) with encouraging results. Within
TBI models, self-assembling peptide nanofiber scaffolds improve axon regeneration,
decrease lesion volumes, and improve functional outcomes [6-7]. Additionally,
polycaprolactone (PCL) nanofibers injected into the caudate putamen in rats promote neurite
infiltration into the injury cavity 60 days following implantation [8]. Within SCI models,
self-assembling IKVAV peptide amphiphile nanofibers promote functional recovery and
axon elongation following SCI [9]. Furthermore, fibrous fibronectin channels [10], aligned
channels filled with self-assembling peptide nanofibers [11], collagen nanofibers [12], and
aligned poly-L-lactic acid (PLLA) microfibers [13] stimulate axonal migration into the
biomaterial scaffold.

Further progress in development of biomaterials and their successful introduction into
clinical practice may be accelerated through a more comprehensive understanding of their
impact on the physiology of glial cells, particularly astrocytes. Astrocytes are the most
numerous cells in the CNS, and they play a variety of roles in both healthy and pathological
neural tissue. Astrocytes sustain and modulate neuronal activity and viability through the
removal of the byproducts of neuronal signaling from the extracellular space, such as K*
ions and neurotransmitter molecules, and via releasing a plethora of neurotrophins and other
biologically active molecules that are collectively termed gliotransmitters [14]. Furthermore,
these cells maintain the integrity of the blood-brain barrier and play a pivotal role in
coupling neuronal activity to the local rates of blood flow and nutrient metabolism [14-16].
In response to CNS injury, astrocytes undergo the process of reactive gliosis [17-18].
Reactive gliosis is manifested by dramatic phenotypical changes in astrocytes involving cell
hypertrophy and upregulation of the intermediate filament proteins, glial fibrillary acidic
protein (GFAP) and vimentin. Reactive gliosis also prompts changes in astrocyte cell
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physiology and complex reprogramming of gene expression. Reactive gliosis is thought to
be of benefit in limiting secondary injury by restricting the spread of toxic and pro-
inflammatory substances from the area of damage into healthy CNS parenchyma, limiting
the migration of immune cells and removing excitotoxic amino acids. However, reactive
changes in astrocytes can be harmful and contribute to tissue injury via uncontrolled
secretion of pro-inflammatory cytokines and overproduction of reactive oxygen and nitrogen
species [18]. Furthermore, astrocytes create a so-called “glial scar” following CNS injury,
generating a physical barrier and producing an extracellular matrix (ECM) that is enriched
with chondroitin sulfate proteoglycans. Since the glial scar represents both a physical barrier
and a chemical barrier, axonal extension and restoration of neuronal communication is
severely inhibited [2].

Extensive experimental evidence in CNS injury, cerebral ischemia, and several other
neurological disorders suggests that neurodegeneration and loss of neural functions are
largely driven by pathological elevations in extracellular levels of two excitatory amino
acids: glutamate and aspartate. The excessive activation of glutamate receptors, particularly
their Ca2*-permeable NMDA subtype, leads to a dramatic rise in intracellular CaZ*
concentration and initiation of numerous pathological cascades linked to neuronal damage
and death [19-21]. Under normal physiological conditions, astrocytes remove extracellular
glutamate (and aspartate) via the two astrocyte-specific excitatory amino acid transporters,
GLT-1 and GLAST [22]. Once accumulated in the astrocytic cytosol, glutamate is converted
to glutamine by the ATP-dependent enzyme glutamine synthetase, which in the CNS is
expressed in astrocytes only [23]. Astrocyte-derived glutamine is then released via
equilibrating glutamine transporters to the extracellular space, taken-up by neurons, reverted
back to glutamate via catalytic activity of glutaminases, and re-packaged in synaptic vesicles
for continuous synaptic communication. This cyclical process is termed the brain glutamate-
glutamine cycle (for a review see ref. [24]). In pathologies, astrocytes become dysfunctional
and dramatically reduce their ability to buffer extracellular glutamate levels. The latter
dysfunction has multiple causes: reduced activity of glutamate transporters, metabolic
depletion that leads to inhibition of glutamine synthetase, and also astrocytic glutamate loss
via several permeability pathways that are activated under pathological conditions [25-26].
Several recent studies found that TBI and SCI lead to chronic down regulation of the
astrocytic glutamate transporter GLT-1 [27-30]. Since GLT-1 is the dominant transporter
regulating extracellular glutamate levels [31], its loss is thought to contribute to the
persistence of the excitotoxic environment preventing neuronal survival, re-establishment of
neuronal connections, and re-myelination [32].

The importance of astrocytes following CNS injury has increased recent attention to
understanding the effects that biomaterials have on astroglial cells. Biomaterials that shift
astrocyte physiology to a more neuroprotective phenotype (e.g., greater expression of
glutamate transporters) with less reactivity (e.g., lower GFAP expression) may be valuable
in promoting repair following CNS injury. To this point, the general assessment of
astrocytes cultured on biomaterials suggests that biomaterials presenting micro- and
nanometer topographical features do change astrocyte behavior or elongate the astrocytes to
subsequently direct axonal outgrowth. In regards to the astrocytic response to electrospun
fibers, astrocytes cultured on PCL nanofibrous mats adhere more strongly, decrease
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apoptosis, and increase proliferation in comparison to astrocytes cultured on PCL films [33—
35]. Furthermore, GFAP expression is reduced in astrocytes cultured on PCL fibers
compared to astrocytes cultured on PCL films, suggesting that topography can reduce this
specific marker of astrocyte reactivity [35]. Astrocytes also respond to biomaterials
presenting micrometer-sized grooves. Mitotic and colleagues presented data where
astrocytes cultured on micropatterned poly(methyl methacrylate) (PMMA) grooved surfaces
expressed progenitor markers. The astrocytes expressing these progenitor markers helped
direct the extension of neurites [36] similar to an earlier study where astrocytes on
polystyrene grooves also become elongated along the grooves to help direct neurite
outgrowth [37]. These studies demonstrate that biomaterial topography can change astrocyte
behavior and shape to direct neurite outgrowth. However, it is not yet known conclusively
whether topographical features can influence other astrocytic functions, particularly the
ability of astrocytes to regulate glutamate uptake and metabolism.

In this study, we hypothesized that different PLLA microfiber topographies would cause
changes in astrocyte physiology including altered astrocyte migration and glutamate-
glutamine metabolism. We tested this hypothesis by plating primary rat astrocytes on
fibronectin-coated PLLA films, randomly organized PLLA microfibers, and aligned PLLA
microfibers. Following four days of growth and migration we quantitatively compared the
rates and directionality of cell migration and changes in cell morphology. Furthermore, we
used gPCR, Western blotting, and enzymatic assays to explore changes in the expression
levels and activity for several amino acid transporters and enzymes that are critical for
glutamate-glutamine metabolism in astroglial cells.

2. Materials and methods

2.1. Film casting

PLLA was chosen to fabricate films and fibers due to its biocompatibility, slow degradation,
and the effectiveness of PLLA substrates in promoting robust axonal regeneration in animal
models of SCI [13]. PLLA polymer films were cast onto glass coverslips to secure the
electrospun fibers to the glass, and the method for casting PLLA onto glass was used as
previously described [38]. Briefly, PLLA (Natureworks™; grade 6201D, Cargill Dow LLC,
Minnetonka, MN) was dissolved in a 1:1 mixture of the organic solvents chloroform and
dichloromethane (Sigma-Aldrich, St. Louis, MO) to make a 4% w/w PLLA solution. 15x15
mm glass coverslips (Knittel Glass, Brausenweig, Germany) were coated with PLLA
solution and the solvents were evaporated to form thin PLLA films.

2.2. Fabrication of PLLA microfibers

Aligned, electrospun fiber scaffolds were fabricated using an apparatus described previously
[39]. Fibers were produced by electrospinning an 8% (w/w) polymer solution of PLLA
dissolved in a 1:1 mixture of dichloromethane and chloroform. The PLLA solution was
loaded into a 5 ml syringe (BD Biosciences, Franklin Lakes, NJ) and delivered at a rate of
2.03 ml hr~1 through a 22-gauge needle (BD Biosciences) insulated with polymer tubing.
Fibers were collected on 15x15 mm glass coverslips coated with the PLLA thin film. The
PLLA coated coverslips were secured to a grounded, custom-made aluminum collector disc
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(15 cm diameter) with double-sided tape (3M, St. Paul, MN). The distance between the
needle tip and the collector disc was set at 6 cm. A high voltage power supply (Gamma High
Voltage Research, Ormond, FL) connected to the needle was set at 10 kV, and the rotation
speed of the collector wheel was set to 1000 rpm. Fiber samples were collected onto the
spinning disc over a period of 20 minutes.

To fabricate randomly oriented fibers, the rotating collector was removed, and a flat
conductive aluminum collector was placed below the syringe pump. One 15x15 mm glass
coverslip coated with a PLLA film was placed on the flat collector, and randomly oriented
fibers were collected over a period of three minutes.

When creating fluorescent aligned or randomly oriented fibers, 10 pug of Rhodamine-B
(Sigma-Aldrich) was added to the PLLA solution prior to electrospinning, and the fibers
were protected from light exposure until the time of cell seeding.

2.3. Imaging of aligned and randomly oriented fibers

Scanning electron microscopy (SEM) micrographs were captured using a Carl Zeiss
Supra55 setup with Direct Write Attachment. The fiber samples were attached to glass slides
using conductive copper tape (3M), and the edges of the fibers were secured to the copper
tape using Pelco® Colloidal Silver Liquid (Ted Pella Inc., Redding, CA). A Denton Desk IV
Sputterer (Denton Vacuum, Moorestown, NJ) coated all the fiber samples with a 5 nm
conductive coating of platinum prior to SEM analysis. The operating conditions of the SEM
were a 5.00 mm working distance, 20 um aperture diameter, and an accelerating voltage of 3
kV. Images were captured using a 3:1 mixing ratio of an in-lens secondary electron detector
and a Robinson backscattered electron detector. Line integration scanning (n=50 per line) at
a reduced scanning rate was used to enhance image resolution.

2.4. Characterization of fiber alignment and diameter

Fiber alignment was characterized using methods described previously [39]. Briefly, a 0°
reference line was established using image analysis software. The angle between each
analyzed fiber and the reference line was measured. The angle measurements were
normalized to the mean angle for each image. The normalized angles were placed into data
bins of 2°. The angular difference ranged from 90° to —90° with 0° being the normalized
reference line. Scaffolds were considered highly aligned if 95% of the fibers were + 10°
from one another. The absolute value of the angle of deviation was used to plot the data.

The diameter of each fiber was measured perpendicular to the orientation of the fiber. One
fiber sample per batch from three independently fabricated batches (fifteen samples per
batch) were selected for alignment and diameter analysis. Three SEM images were captured
at random locations for each fiber sample. Twenty fibers per image were randomly selected
for alignment analysis for a total of 180 fibers. Twenty fibers per image were randomly
selected for diameter analysis for a total of 180 fibers. All image analyses were performed
using NIH Image J software (NIH, Bethesda, MD).
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2.5. Preparation of primary cultures of rat astrocytes

Primary astrocyte cultures were prepared from the cerebral cortex of newborn Sprague-
Dawley rats as previously described [40]. All animal procedures in this study strictly
adhered to the NIH Guidelines for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committees of Albany Medical College
and Rensselaer Polytechnic Institute. Briefly, postnatal day 1 rat pups were euthanized by
rapid decapitation. The cerebral cortices were dissected from the meninges, hippocampi, and
basal ganglia under sterile conditions. The cortical tissue from four animals was minced in
OptiMEM (Invitrogen, Grand Island, NY) and transferred into a solution containing a 1:1
mix of recombinant protease TrypLE and OptiMEM (both Invitrogen). Cells were extracted
using three 10-minute incubations with TrypLE/OptiMEM additionally supplemented with 1
mg/ml DNase | (Sigma-Aldrich, St. Louis, MO). The second and third extractions were
combined with Dulbecco’s Minimal Essential Medium (DMEM, Invitrogen) containing
10% Heat Inactivated Horse Serum (HIHS, Invitrogen) and 50 U/mL penicillin plus 50
ug/mL streptomycin (P/S, Invitrogen). Cells were pelleted using centrifugation (0.5 RCF for
5 min) and resuspended in DMEM/HIHS/P/S. Dissociated cells were plated on poly-D-
lysine (Sigma-Aldrich) coated T75 culture flasks at a density of 200,000 cells/flask.
Astrocytes used in the study were cultured for 2—4 weeks until reaching a confluent state and
used for subsequent procedures as described below. The purity of astrocytic cultures (>95%
pure) was periodically verified using staining with an antibody for the astrocytic marker
glial fibrillary acidic protein (GFAP) (Dako, Glostrup, Denmark).

2.6. Plating astrocytes on PLLA films and electrospun fiber scaffolds

PLLA films, randomly oriented fibers, and aligned fibers were sterilized for 12 hours using
ethylene oxide (AN74i, Andersen Sterilizers, Haw River, NC). Prepared films and fiber
scaffolds were then plasma treated for 90 seconds using a Plasma Cleaner (Harrick Plasma,
Ithaca, NY). Components within the extracellular matrix (ECM) are known to regulate
astrocyte behavior [41-42]. In order to determine the best ECM coating for the PLLA fibers
that promoted robust astrocyte adhesion, astrocytes were seeded on aligned PLLA fibers that
were coated overnight with fibronectin (Sigma-Aldrich), laminin (Invitrogen), or collagen |
(Invitrogen) at a concentration of 10 ug/mL. Cell number was calculated using ImageJ to
quantify the number of cells stained with DAPI. Three images from three independent
cultures (n=9) were evaluated to determine the number of cells adhered to collagen 1,
laminin, and fibronectin coated aligned PLLA fibers. Fibronectin coating provided superior
astrocyte attachment, as compared to all other ECM molecules (Supplemental Fig. S1).
Therefore, fibronectin coating was used in all the subsequent experiments. Astrocytes were
seeded at a concentration of 1,000 cells/mm?2, and were cultured for four days before
fixation for immunocytochemical analyses, protein collection, polymerase chain reaction
(PCR), or glutamate assays. To acquire images of individual cells (such as for visualizing
fluorescent fibers and GFAP staining), astrocytes were plated at a much lower density of
100 cells/mm?.
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2.7. Immunocytochemistry

After four days in culture, astrocytes were fixed in 4% paraformaldehyde. Cells were
blocked and permeabilized with 0.4% Triton-X (Sigma-Aldrich) and 5% bovine serum
albumin (BSA, Sigma-Aldrich) in phosphate buffered saline (PBS, Life Technologies,
Grand Island, NY). Primary antibodies were applied to the scaffolds using the following
concentrations: rabbit anti-GFAP (1:700, 20334, Dako), rabbit anti-GLT-1 (1:40, Abcam,
Cambridge, UK, ab41621), and mouse anti-a-tubulin (1:900, Sigma-Aldrich, T6199).
Phalloidin (Life Technologies) was used at a dilution of 1:400, and DAPI (Sigma-Aldrich)
was used at a concentration of 1 ug/mL. The secondary antibodies used were Alexa-Fluor
anti-mouse 598 (1:1000, Life Technologies) and Alexa-Fluor anti-rabbit 488 (1:1000, Life
Technologies). All images were taken on an inverted Olympus 1X-81 microscope (Olympus,
Tokyo, Japan). Fluorescent images were taken at 40x magnification unless otherwise
specified, and images were assembled using Adobe Photoshop CS5 (Adobe, San Jose, CA).

2.8. Cytoskeletal alignment

Alignment of cytoskeletal fibers, either actin filaments or microtubules, was determined
using the OrientationJ plugin for ImageJ as described previously [43]. Three 40x images
captured from three independent cultures (n=9) for a total of nine images were analyzed for
each scaffold type. A circle with a radius of 2 um was drawn, and 10 areas within cells in
each image were analyzed using the circle. The median angle of the cytoskeletal fibers in
each image was determined. The angles determined in each image were compared to the
image’s median angle, and these angles were averaged for each of the three scaffold
conditions.

2.9. Evaluation of nuclear morphology and alignment

Nuclei alignment and morphology were analyzed using ImageJ. Three images from three
independent cultures (n=9) were analyzed for the three scaffold conditions. Lines were
drawn on the image to determine the length of the long axis and short axis of the nuclei. The
nuclear aspect ratio (NAR) was determined by dividing the long axis by the short axis (NAR
= Long axis/Short axis). The angle of the long axis was used to determine nuclei alignment.
The median angle of all nuclei in an image was determined for each image analyzed, and the
difference between the median angle and the angle of each nuclei was averaged to determine
nuclei alignment

2.10. Migration assay

PLLA film, randomly oriented fiber, and aligned fiber samples were coated using a
concentration of 20 pg/mL fibronectin overnight at 37°C. Sterile glass cloning cylinders
were placed on each scaffold and 50,000 primary astrocytes were seeded into each glass
cylinder for 12 hours. Once the cylinders were removed, samples were either fixed
immediately for the 0 hour time point (n=3) or allowed to incubate for 96 hours (n=3).
Samples were then stained with Phalloidin and DAPI, 10x images were taken using an
Olympus 1X81 fluorescence microscope, and the migration was quantified as described
below. Astrocytes formed nearly circular, uniform monolayers after the initial incubation
period. The length of the longest axis of this area at t = 0 for the three PLLA scaffolds (film,
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randomly oriented, and aligned) using the Ferets Diameter feature in ImageJ was measured.
These measurements defined a circle that served as the migration distance equal to 0. Over
time, cells began to migrate, distorting the circular area covered by cells. The distance of
migration was defined as the length of the longest axis of cell area and the distance 90° from
the long axis (long and short axes, respectively).

2.11. RNA isolation and quantitative RT-PCR

Messenger RNA was isolated from cultured astrocytes using RNAqueous®-4PCR kit
(Ambion, Austin, TX) according to the manufacturer’s instructions. The concentration of
mMRNA in each sample was determined using a ND-100 NanoDrop® spectrophotometer
(NanoDrop Technologies, Wilmington, DE). cDNA was prepared from mRNA using the
iScript Reverse Transcriptase cDNA synthesis kit according to the manufacturer’s
instructions (Bio-Rad, Hercules, CA). The relative expression of genes of interest was
determined by quantitative PCR using iTag SYBRGreen Supermix (Bio-Rad) and a CFX96/
C1000 thermocycler (Bio-Rad). We utilized the following validated QuantiTect® primers
(Qiagen, Valencia, CA): glutaminase 1 (catalog # Rn_Gls_1_SG), glutaminase 2
(Rn_GIs2_1_SG), glutamine synthetase (Rn_Glul_2_SG), glutamate dehydrogenase 1
(Rn_Gludl_1 SG), GLAST (Rn-Slcla3 1 SG), GLT-1 (Rn_Slcla2 1 SG), system N
amino acid transporter 1 (Rn_SIc38a3_1 SG), and system N amino acid transporter 2
(Rn_SlIc38a5_1 SG). Expression levels for each gene of interest were normalized to the
intra-sample levels of two housekeeping genes, RPL13A (Rn-Rpl13_1_SG) and GAPDH
(Rn_Gapd_1_SG), and normalized expression levels of mRNA isolated from six
independent cultures (n=6) were averaged and compared.

2.12. Determination of astrocyte protein expression

Protein levels in cultured astrocytes were determined by a quantitative Western blot
approach. Cells grown in 100 mm dishes on ten 15x15 mm coverslips of each scaffold type
were lysed in a solution containing 2% sodium dodecyl sulfate (SDS) plus 8 mM EDTA.
The total protein concentration in the lysates was determined using a colorimetric
bicinchoninic acid (BCA) assay kit (ThermoFisher Scientific/Pierce, Rockford, IL). The
lysates were subsequently diluted with a reducing Laemmli buffer and stored at —20°C
before being utilized for the assay. 15 g of total protein were loaded into each lane of a
10% polyacrylamide gel and electrically separated. Separated proteins were transferred onto
an Immuno-Blot™ polyvinylidene difluoride (PVDF) membrane (Bio-Rad). The
membranes were blocked with 5% non-fat milk in Tris-buffered saline (TBS) containing
0.05% Tween 20 (TBST). The membranes were then incubated overnight at 4°C with
polyclonal anti-GLT-1 antibody (1:200, Abcam, ab41621), polyclonal anti-GLAST antibody
(1:4,000, Abcam, ab416), or polyclonal anti-glutamine synthetase antibody (1:20,000,
Sigma-Aldrich, G2781). To visualize protein signal, membranes were further incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies (1:10,000, GE Healthcare/
Amersham Biosciences, Piscataway, NJ) for 1 hr at room temperature. The HRP signal was
detected using a chemiluminescence ECLplus substrate (GE Healthcare/Amersham
Biosciences) in a LAS-400 image analyzer (FujiFilm Medical Systems, Stamford, CT).
PVDF membranes were additionally stripped and re-probed with a monoclonal anti-actin
antibody (1:1,000, Abcam, ab3280) to assure equal levels of protein loading. Intensities of
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immunofluorescent bands on Western blots using protein isolated from four independent
cultures (n=4) were quantified using ImageJ software and additionally normalized to the
actin loading levels on the same PVDF membranes.

2.13. Glutamate transport assay

To determine glutamate uptake, astrocytes grown on five 15x15 mm coverslips of each
scaffold type were transferred into 60-mm dishes, with five coverslips per dish. Cells were
washed three times from serum-containing media with HEPES buffered basal medium of the
following composition: 135 mM NaCl, 3.8 mM KCI, 1.2 mM MgSQOg, 1.3 mM CaCly, 1.2
mM KH2PO4, 10 mM D-glucose, and 10 mM HEPES (pH 7.4 adjusted with NaOH). To
perform the uptake assay astrocytes were incubated for 30 min at 37°C in the basal medium
containing 0.5 uCi/mL of L-[3H]glutamate (PerkinElmer/New England Nuclear, Waltham,
MA) plus 2 uM of unlabeled L-glutamate. Glutamate uptake was terminated by three washes
with ice-cold basal medium and cells were lysed in 1 mL of 2% SDS plus 8mM EDTA. 100-
uL aliquots of the lysates were taken to determine protein content using the BCA protein
assay kit (see above). The remaining lysates were collected into scintillation vials and 4 mL
of Ecoscint A scintillation fluid (National Diagnostics, Atlanta GA) was added to each
sample. [3H] content was analyzed with a TriCarb 2900TR scintillation counter
(PerkinElmer). Glutamate uptake rates (10-26 independent assays performed in 3-9
different cultures) were calculated based on L-[3H]glutamate specific activity and
normalized to protein content in each well. In order to determine the relative contribution of
the glutamate transporter GLT-1, we utilized dihydrokainate (DHK), which is a GLT-1
inhibitor that discriminates GLT-1 from other glutamate transporters [44]. When DHK was
used, 1mM DHK was incorporated into the astrocyte cultures and incubated with the L-
[3H]glutamate.

2.14. Determination of glutamine synthetase activity

Glutamine synthetase activity was determined as described elsewhere [40]. Briefly, cells
grown on 15x15 mm coverslips covered with various substrates were washed with basal
HEPES-buffered medium (for composition see above). They were then transferred into 60-
mm dishes, five coverslips per dish, and pre-incubated in the basal medium additionally
containing 1 mM of the irreversible glutaminase inhibitor 6-diazo-5-oxo-.-norleucine (DON,
Sigma-Aldrich) for 40 min. This treatment prevents hydrolysis of newly formed glutamine
by intracellular glutaminases [40]. Cells were then washed two times with basal medium,
and incubated with glutamine synthetase substrates 2 uCi/mL .-[*H]glutamate, 2 uM
unlabeled L-glutamate, and 100 UM (NH4),SO, in the basal medium for 30 minutes at 37°C.
Extracellular isotope was removed, cells were washed with ice-cold basal medium three
times, and subsequently lysed in hypoosmatic solution containing 1 mM EDTA plus 5 mM
HEPES (pH 7.4). The lysates were transferred onto AG1-X8 Polyprep anion exchange
columns (Bio-Rad). Loaded intracellular L-[®H]glutamate was separated from newly
synthesized .-[®H]glutamine by sequential elution with distilled H,0 and 0.1 M HCl to
collect glutamine and glutamate, respectively. Ecoscint A scintillation fluid was added to
vials containing eluent fractions, and the [3H]-labeled amino acid content was quantified in a
Tri-Carb 2900TR liquid scintillation analyzer. Glutamine synthetase activity from six
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independent cultures (n=6) was determined as the enzymatic production of .-[3H]glutamine
expressed as the percentage fraction of the total amount of intracellular [3H].

2.15. Statistical Analysis

All data are presented as mean values + standard error of the mean (SE). Statistical
comparisons of fiber diameter, cytoskeletal alignment, migration analysis, astrocyte
adhesion, nuclei morphology, glutamate uptake, and GS activity were done using ANOVA
followed by the Tukey-Kramer post hoc test for multiple comparisons. Differences with
p<0.05 were considered significant. For data sets that were normalized to within-experiment
controls (QRT-PCR and Western blots) a t-test with the Bonferroni correction for multiple
comparisons was used to determine statistical significance. Origin 8.0 (OriginLabs,
Northampton, MA) or Prism 5.01 (GraphPad Software, San Diego, CA) were used for all
statistical analyses.

3. Results

3.1. Fiber Morphology

We started our work with characterization of the PLLA scaffolds. PLLA films (Fig. 1A),
randomly oriented fibers (Fig. 1B), and aligned fibers (Fig. 1C) were imaged using a
scanning electron microscope to determine surface topography, fiber diameter, and fiber
alignment. PLLA thin films, which were used as controls to represent non-topographical
substrates, had very smooth surfaces with no topographical features (Fig. 1A).
Quantification of fiber alignment showed that randomly oriented fibers had no preferential
orientation and had a distribution of angle deviation over the entire range of angles (Fig.
1E). Aligned fibers deviated no more than 10° from the median angle of alignment (Fig. 1F),
showing the collection wheel did create highly aligned fiber samples. Randomly oriented
PLLA fibers had an average diameter of 2.38 £0.46 pm, while the aligned PLLA fibers had
an average diameter of 2.49 +0.32 um (Fig. 1D). There was no statistically significant
difference in the diameters between the two types of fiber preparations. The latter fact is
important since any changes seen in astrocyte behavior cannot be explained by differences
in fiber diameter between randomly oriented and aligned preparations.

3.2. Adhesion and morphology of primary astrocytes on PLLA scaffolds

After investigating the effect of ECM coating on astrocyte adhesion to aligned fiber
substrates (shown in Supplemental Fig. 1), we found that astrocytes adhered strongly, and
the adhesion was uniform on aligned fiber surfaces. Fibronectin coating was superior in
sustaining astrocyte survival and proliferation (Supplemental Fig. 1) and was used in all
subsequent experiments. We next examined if substrate topology affects astrocytic adhesion
and morphology. With this purpose, we compared cells plated on fibronectin-coated
randomly oriented and aligned PLLA fibers to cells seeded on PLLA films. Astrocytes were
plated onto all three substrates at low and high seeding densities. Low magnification (4x)
images of astrocytes on PLLA films (Fig. 2A), randomly oriented fibers (Fig. 2B), and
aligned fibers (Fig. 2C) were taken to show that astrocytes do indeed form a confluent layer
on all three PLLA substrates when coated with fibronectin. These 4x images were also used
to observe the overall orientation of astrocytes on the three scaffolds. Astrocytes cultured on
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PLLA films and randomly oriented fibers show no preferential orientation of process
extension, but astrocytes orient parallel to the fibers when cultured on the aligned fiber
scaffolds. High magnification (40x) images of low-density astrocyte cultures were used to
show the morphology of individual cells. Astrocytes cultured on PLLA films (Fig. 2D) show
no significant process extension, but instead display a spread morphology with no
preferential direction of process extension. Astrocytes cultured on randomly oriented fibers
(Fig. 2E) have several processes that extend non-preferentially in all directions. The
processes extend as long as 200 um, but most extend approximately 50 um. Also, the
processes seem to extend without being guided by any specific fiber. Astrocytes cultured on
aligned fibers, (Fig. 2F) extend several processes in the direction of fiber orientation. The
processes of these astrocytes extend longer than the processes on randomly oriented fibers,
extending up to 400 um, with most processes being around 200 um in length. Contrary to
astrocytes cultured on randomly oriented fibers, the processes of these astrocytes appear to
be directed by single fibers. These results show that fibronectin coating through adsorption
onto PLLA surfaces supports uniform, confluent adhesion on all PLLA surfaces.
Additionally, astrocytes on fiber surfaces do respond to topography by sending out processes
that are either directed along the fibers (on aligned fibers substrates) or are undirected
without seemingly following fiber topography (on randomly oriented substrates).

3.3. Cytoskeletal organization of F-actin and tubulin within primary astrocytes cultured on
PLLA scaffolds

Astrocytes respond to topographical features by extending and elongating in the presence of
a topographical cue. Of question is whether the extension and elongation is supported by
actin and/or tubulin cytoskeletal elements. To answer this question, astrocytes on aligned
PLLA fibers, randomly organized fibers, and control films were stained against actin and
tubulin cytoskeletal elements. F-actin of astrocytes cultured on PLLA films (Fig. 3A, D
°=45.24 £11.13) and randomly oriented fibers (Fig. 3B,D °=37.03 +10.52) showed no
preferential orientation. Similarly to the overall morphology of astrocyes, F-actin of
astrocytes cultured on the aligned fibers (Fig. 3C) showed a preferential orientation in the
direction of the fibers (Fig. 3D °=4.84 +1.55). Tubulin staining revealed a similar trend.
There was no preferential alignment of microtubules in astrocytes cultured on PLLA films
(Fig. 3E,H °=43.96 +10.82) or randomly oriented fibers (Fig. 3F,H °=32.61 +10.55), but
microtubules of astrocytes cultured on aligned fibers were oriented in the direction of the
aligned fibers (Fig. 3G,H °=4.79 £1.42). These results show that fibers have the ability to
alter the orientation of the cytoskeletal proteins that support astrocyte cell structure.

3.4. Astrocyte migration on PLLA scaffolds

Previously, our group studied astrocyte migration on poly-o-lysine coated PLLA films,
randomly oriented fibers, and aligned fibers using a gap model where astrocytes on either
side of the gap migrated into the gap over time [13]. In the present study, a different
migration assay was used. Here, we assessed astrocyte migration away from a grouping of
cells isolated to a specific part of each scaffold using a cloning cylinder to keep the cells in a
specific location before beginning migration. The present astrocyte migration method was
used to assess cell migration that is not influenced by factors released from a disconnected
cell group. The importance of conducting these experiments is in evaluating the potential of
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a biomaterial to promote astrocyte migration, as astrocyte migration into and through a
lesion is necessary for healing of the injured CNS. Additionally, it was unknown if
fibronectin presence would change the migration capacity of astrocytes in the presence or
absence of topography. Four days after the cloning cylinder was removed, the longest axis
of astrocyte migration and the extension perpendicular to the longest axis of astrocyte
migration were determined. Representative images from the longest axis of migration or
perpendicular to the longest axis of migration are shown so that differences in directional
migration can be viewed. Astrocytes cultured on PLLA films (Fig. 4A, B) or randomly
oriented fibers (Fig. 4C, D) showed little migration preference in any particular direction
and migrated between 527-551 £51 um and 476-561 +6.5 pum, respectively (Fig. 4G).
Astrocytes cultured on aligned PLLA fibers showed a different migration behavior. On
aligned fiber scaffolds, there was less migration (217 £98 um) in the direction perpendicular
to the long axis of migration (Fig. 4E) and significantly more migration (766 £75 pm) in the
direction of the longest axis of growth (Fig. 4F). Also, there was significantly more
migration in the direction of the longest axis of astrocytes cultured on aligned fibers
compared to astrocytes cultured on films and randomly oriented fibers (Fig. 4G). The
longest axis of migration was parallel to fiber alignment, showing the ability of aligned
fibers to direct and increase the migration rate of astrocytes. Astrocytes were able to
elongate up to 400 um over four days on aligned fibers (Fig. 2F), so some of the increased
distance traversed by astrocytes on aligned fibers may be due to process elongation and not
just simply cellular migration. Regardless, these results confirm that the presence of
fibronectin on electrospun fibers does promote astrocyte migration and elongation
dependant on the alignment of the fibers.

3.5. Effects of substrate topology on mRNA and protein expression of the molecules and
enzymes required for glutamate and glutamine transport and metabolism

In order to explore if substrate topology affects the physiology of cultured astrocytes, we
performed quantitative RT-PCR and Western blot analyses for a battery of gene products
involved in glutamine and glutamate transport and metabolism. The genes of interest
included the astrocyte specific glutamate transporters, GLT-1 and GLAST, the glutamine
transporters, SNAT3 (SN1) and SNAT5 (SN2), the glutamate-metabolizing enzymes,
glutamine synthetase (GS) and glutamate dehydrogenase (GDH), and the glutamine
hydrolyzing enzymes, glutaminases 1 and 2 (GLN1 and GLN2). As seen in Fig. 5A-B,
mRNA levels for three of the above mentioned enzymes, GLT-1, GLAST, and GS showed a
trend for approximately two-fold upregulation in cells cultured on PLLA fibers, independent
of fiber orientation (p<0.1). However, these effects did not reach the level of statistical
significance due to variability between cell cultures. One of GLN’s isoforms, the phosphate-
activated GLN2, was consistently and significantly down regulated by 35-40% in cells
grown on both randomly oriented and aligned fibers. We further investigated the effects of
fiber scaffolds on protein expression levels for the gene products that showed a trend for
upregulation. Data presented in Fig. 5C—F indicate that GLT-1, GLAST, and GS were
upregulated on a protein level on either random or aligned fibers, or both. Taken together,
the correlation of gRT-PCR and Western blot data strongly suggests that substrate topology
has an impact on the protein expression of astroglial cells.
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3.6. Effects of scaffold topology on glutamate uptake and GS activity

To determine if the PLLA fiber-dependent changes in protein levels are functionally
significant, we first examined glutamate transport rates in cells cultured on different
substrate topologies. As shown in Fig. 6A, in the cells grown on either randomly oriented or
aligned fibers, glutamate uptake was significantly increased by 35-50% as compared to
PLLA films. In order to determine which subtype of glutamate transporter (GLAST or
GLT-1) contributes to the observed increase in uptake values, we utilized the GLT-1
selective inhibitor, dihydrokainate (DHK) [44]. DHK significantly reduced glutamate
accumulation only in cells plated on randomly oriented or aligned fibers, with no effect
observed in cells cultured on films fabricated from the same PLLA material. These results
parallel the mRNA and protein expression data and implicate for the first time functional
GLT-1 upregulation induced by fibronectin-coated PLLA microfibers.

With the same purpose, we measured GS activity in astrocytes grown on the same three
substrate topologies. In GS activity assays, we found high GS activity rates in all
experimental groups. Within 30 minutes, ~60% of L-[3H]glutamate, which was
accumulated inside astrocytes, was converted to L-[3H]glutamine. Our previous study
established that such conversion is completely mediated by astrocytic GS [40]. However, we
observed no significant changes in GS activity between experimental groups (Fig. 6B), even
though GS protein levels were significantly upregulated by >50% in cells grown on aligned
fibers (see Fig. 5F). Potential reasons for discrepancies between protein expression and
activity levels are addressed in the Discussion.

3.7. GLT-1 Immunocytochemistry

To further validate the changes in the expression and function of glutamate transporters, we
performed additional immunocytochemical analysis for GLT-1, which is known to regulate
glutamate levels in vivo [45]. Astrocytes cultured on PLLA films (Fig. 7A), randomly
oriented fibers (Fig. 7B), and aligned fibers (Fig. 7C) were stained against GLT-1 and F-
Actin. As seen in this figure, astrocytes cultured on PLLA fibers appear to have more
intense staining of GLT-1 than astrocytes on PLLA fibers, which is analogous to the
upregulation of GLT-1 seen through Western blots and functional assays.

4. Discussion

The major findings of this study are: (1) we identified the most suitable fiber coating,
fibronectin, that sustains astrocytic interactions with microfibers, (2) we demonstrated that
bioengineered scaffolds consisting of the aligned PLLA fibers can promote directed
astrocytic migration along the fiber material, and (3) we further discovered that the PLLA
scaffold topology has unexpected and potentially beneficial effects on astroglial cells that
involve upregulation of “neuroprotective” proteins involved in removal of extracellular
glutamate (GLAST and GLT-1) and glutamate metabolism (glutamine synthetase or GS).
This is an important extension of our previous in vitro and in vivo work, which established
that aligned PLLA microfibers promote guided axonal growth and allow for bridging of
transected spinal cord tissue [13]. Although the current results will have to be further
validated in vivo, our work represents an important step towards mechanistic understanding
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of interactions between biomaterials and astrocytes and the development of therapeutic
approaches for traumatic brain and spinal cord injuries.

Design of biomaterials for repair of the injured CNS requires consideration of several factors
that include biomaterial surface topography and the incorporation of proteins and/or
cytokines that promote axonal regeneration and the migration of beneficial cells, such as
astrocytes, into the lesion site. For CNS applications, electrospun fibers provide surface
topography that can direct axonal regeneration within the injured spinal cord when the fibers
are highly aligned [13]. While topography alone is able to direct regeneration, several recent
studies attempt to improve the rate of axonal regeneration through the inclusion of an
extracellular matrix compound(s). Laminin that is adsorbed or covalently coupled to the
surface of fibers has been shown to increase the length of extending neurites [46-47]. Also,
fibers containing collagen promote better axonal guidance than scaffolds without collagen
[48]. However, while collagen and laminin may help promote adhesion and neurite
extension respectively, it is largely unknown how specific ECM molecules on the surface of
electrospun fibers influence astrocytes. We found that a fibronectin coating on PLLA
aligned fibers promote stronger adhesions by astrocytes when compared to aligned PLLA
fiber surfaces that were coated with laminin or collagen (Supplemental Fig. 1). Furthermore,
fibronectin coating of PLLA surfaces with no topography or randomly organized fibers also
supported uniform adhesion of astrocytes (Fig. 2). Therefore, while laminin incorporation
may be necessary to promote faster axonal regeneration, incorporation of fibronectin into an
electrospun fiber strategy may better support astrocyte migration and adhesion, leading to
better regeneration outcomes overall.

Both aligned and randomly organized electrospun fibers induced astrocytes to form long
cellular processes (Fig. 2), and on aligned electrospun fibers in particular, both F-actin and
tubulin cytoskeletal structures (Fig. 3) and the nuclear alignment (Supplemental Fig. 2) were
organized parallel to the aligned fiber orientation. The NAR of astrocytes cultured on
aligned fibers was also significantly higher than astrocytes cultured on PLLA films or
randomly oriented fibers (Supplemental Fig. 2). Astrocyte migration was most pronounced
along the aligned fiber substrate as well (Fig. 4). The link between the above results (aligned
cytoskeleton, nuclear alignment and NAR, and enhanced migration along the aligned fibers)
suggests that a highly structured cytoskeleton and an aligned and stretched nucleus may
increase migration of a cell that is parallel to the alignment of the cytoskeleton. The
relationship between the speed of cellular migration and nuclear alignment and NAR was
also observed in studies analyzing C2C12 mouse myoblast migration along fibronectin-
coated aligned polystyrene nanofibers [49]. It may also be that astrocyte migration on
randomly organized fibers is slowed due to the crossing of fibers and lack of consistent
cellular guidance that aligned fibers provide. Crossing fibers are known to stop neurite
extension [39], suggesting that a physical barrier could also slow astrocyte migration or
change cytoskeletal structure and nuclear shape in a manner that diminishes pronounced
migration in a particular direction.

Few studies to this point have examined the ability of electrospun fibers to affect astrocytic
production of markers indicative of enhanced reactivity (e.g., increased production of
GFAP) or greater capability of neuroprotection (e.g., increased production of glutamate
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transporters, increased glutamate uptake). In terms of studying changes in astrocyte
physiology related to neuroprotection on electrospun fibers, GLT-1 gene expression was
only recently analyzed from astrocytes cultured on laminin-coated electrospun fibers created
from polyurethane resin [50]. In this latter study, the randomly organized fiber matrix did
not significantly affect GLT-1 gene expression.

Unlike the study published by Puschmann and colleagues [50], the present study shows that
astrocytes cultured on fibronectin-coated PLLA fibers significantly increased their
expression of two glutamate transporters, GLAST and GLT-1, as compared to PLLA film
controls (Fig. 5). Additionally, data presented here is the first example of electrospun fiber
topography increasing astrocyte glutamate uptake. The glutamate uptake was increased
largely due to the increased expression and function of GLT-1 (Fig. 5-7). Although there
was a significant increase in GLAST expression in astrocytes cultured on randomly oriented
fibers compared to films (Fig. 5), this increase did not lead to a significant change in
glutamate uptake when GLT-1 uptake was blocked by DHK under our experimental
conditions (Fig. 6).

Also of importance, expression of the glutamate-metabolizing enzyme GS was up-regulated
by astrocytes cultured on aligned PLLA fibers (Fig. 5). However, in functional assays we
found no functional changes in the GS activity between the three groups (Fig. 6). The
astrocytes proportionally converted the same percentage of glutamate to glutamine on all
three PLLA substrates. Potential reasons for differences between protein expression and
functional assays are: (a) enzyme is produced but is not delivered to the cellular
compartment responsible for glutamate-to-glutamine conversion, or (b) the experimental
conditions in GS assays make substrate availability, rather that enzymatic levels, rate
limiting. We think that the second possibility is more likely because we used very low .-
[3H]glutamate levels, as compared to the expected local levels of glutamate in vivo.

Since this is the first study revealing the ability of a biomaterial to influence astrocytic
upregulation of glutamate transporters and subsequent improvement of glutamate uptake, the
significance of such a finding has great potential to improve regeneration following CNS
injury. Following CNS injury, extracellular glutamate levels increase transiently to
neurotoxic levels within three hours after initial trauma. There are also subacute (2-3 days)
and delayed (7+ days) events leading to increases in extracellular glutamate concentrations;
mainly mitochondrial dysfunction of axons and oligodendrocytes that lead to further release
of glutamate [51]. Therefore, biomaterials implanted into the site of injury that can enhance
astrocytic ability to uptake more glutamate may lead to better regenerative outcomes.
Additionally, it is well known that the glutamate transporter, GLT-1, is down regulated
following CNS injury [27-30]. GLT-1*/~ heterozygous mice that exhibit lower expression
of GLT-1 compared to control mice show worse functional outcomes following SCI [30].
Increasing GLT-1 expression with 17p-oestradiol treatment [28] or using an adeno-
associated viral vector expressing rat GLT-1 [52] improved functional outcomes following
spinal cord injury and ischemic brain injury, respectively. The success of these therapeutic
strategies suggests that biomaterials that can induce astrocytes to upregulate production of
GLT-1, like the fibronectin-coated PLLA fibers presented here, may help promote astrocytes
to construct a post-injury environment that is suitable for extensive axon regeneration.
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Constructing electrospun fiber scaffolds with defined physical characteristics may be
necessary to shift astrocytes towards a more neuroprotective phenotype. Specific fiber
diameters or specific fiber surface treatments may elicit the appropriate presentation of
physical factors and ECM ligands to induce astrocyte changes. It is known that electrospun
fiber diameter can influence the ability of oligodendrocytes to produce myelin [53]. The
results of this study by Lee et al. suggest that the length of fiber diameters could also
influence astrocytes to increase glutamate transporter production and glutamate uptake.
Additionally, the presence of specific extracellular matrix legends on the surface of the
fibers may work in concert with the geometrical shape of the fibers to induce changes in
astrocyte physiology. Laminin-coated polyurethane fibers did not significantly change
GLT-1 expression, but the fibronectin-coated PLLA fibers presented here did. Such
questions concerning fiber diameter and potential synergism between diameter and
presentation of ECM molecules are currently being examined. The differences between
these studies suggests that careful consideration of electrospun fiber physical characteristics
and coating procedures should be made prior to experimentation in order to isolate key
parameters responsible for inducing changes in astrocyte physiology.

5. Conclusion

Electrospun fiber scaffolds are increasingly utilized to provide topographical cues that aid in
directing cellular and axonal migration in animal models of CNS injury. In this study, we
found that aligned PLLA electrospun fibers strongly promote directed astrocytic migration
when compared to the randomly oriented fibers or PLLA films. Furthermore, coating of the
PLLA fibers with fibronectin strongly improved astrocytic adhesion and survival, suggesting
that this modification may be helpful in future development of bioscaffolds for in vivo use.
Most importantly, the fibronectin-coated PLLA fibers produced unexpected and significant
changes in astrocyte physiology as compared to PLLA films. Specifically, we discovered
that the fiber topology causes upregulation of expression and function of glutamate
transporters, particularly GLT-1, and increases levels of the glutamate-metabolizing enzyme
glutamine synthetase. If the same PLLA fiber effects will be preserved in vivo, the
bioscaffolds identified by us may create a neuroprotective environment that is more
hospitable for subsequent axonal regeneration.
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Figure 1.
Characterization of poly-L-lactic acid (PLLA) scaffolds. (a-c) SEM micrographs of PLLA

films (a), randomly oriented fibers (b), and aligned fibers (c). (d) Quantitative comparison of
fiber diameter for randomly oriented and aligned PLLA fibers. (e-f) Characterization of fiber
orientation in randomly oriented (e) and aligned PLLA fiber preparations (f). Scale bars in a-
¢ = 10 pm. Data represented in d and e are the mean values + SE from three independently
fabricated batches.
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Figure 2.
Fibronectin-coated PLLA scaffolds support strong astrocyte adhesion and proliferation, and

PLLA fibers induce formation of astrocytic processes. (a-c) Low magnification (4x) images
of astrocytes seeded on PLLA films (a), randomly oriented fibers (b), and aligned fibers (c).
Scale bar = 500 pm in ¢, and the same scale can be applied to images a and b. (d-e) High
magnification (40x) images of astrocytes seeded onto PLLA films (d), fluorescently-labeled
randomly oriented fibers (e), and fluorescently-labeled aligned fibers (f). Scale bars in d-f =
50 um. Green signal represents GFAP, blue signal represents the DAPI nuclear stain, and
red signal in (e) and (f) is produced by rhodamine contained within the fibers.
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Figure 3.
Aligned PLLA fibers orient actin fibers and microtubules within the astrocyte cytoskeleton.

(a-c) Actin staining of astrocytes cultured on fibronectin-coated PLLA films (a), PLLA
randomly oriented fibers (b), and PLLA aligned fibers (c). Scale bar = 50 ym in c, and the
same scale can be applied to images a and b (d) Quantification of actin alignment. (e-g)
Tubulin staining of astrocytes cultured on fibronectin-coated PLLA films (e), PLLA
randomly oriented fibers (f), and PLLA aligned fibers (g). Scale bar = 50 pm in g, and the
same scale can be applied to images e and f (h) Quantification of tubulin alignment. Data
presented in (d) and (h) are the mean values + SE from three independently prepared
cultures. * denotes statistical difference from PLLA films and randomly oriented fibers. F
represents film, R represents randomly oriented fibers, and A represents aligned fibers in (d)
and (h).
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Figure 4.
Aligned PLLA fibers direct and increase the rate of astrocyte migration. (a-f) Phalloidin

staining of astrocytes migrating along the “short” and “long” axes for cells plated on
fibronectin-coated PLLA films (a-b, scale = 100 pm), randomly oriented PLLA fibers (c-d,
scale = 100 um), and aligned PLLA fibers (e-f, scale = 100 um). Red arcs indicate initial
borders of plated area. (g) Quantification of directed migration along “short” and “long”
axes in three experiments. Data presented in g are the mean values + SE from three
independent cultures. *p<0.05, “long” vs. “short” axes. # p<0.05, migration distance along
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“long” axis on oriented fibers vs. the same parameter for PLLA films and random fibers. F
represents film, R represents randomly oriented fibers, and A represents aligned fibers in

(9)-
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Figure 5.

Plating on PLLA fibers increases expression of the astrocytic transporters, GLT-1 and
GLAST, and glutamine synthetase (GS). (a) RT-gPCR analysis of the expression levels for
the glutamate transporters GLAST and GLT-1 and the glutamine transporters SNAT3 and
SNATDS. Data are the mean values * SE in six experiments. (b) RT-gPCR analysis of the
enzymes of glutamate and glutamine metabolism, including GS, glutaminases 1 and 2
(GLN1, GLN2), and glutamate dehydrogenase (GDH). Data are the mean values + SE in six
experiments. **p<0.01, vs. PLLA film. (c) Representative Western blot images of protein
expression for glutamate transporters GLT-1 and GLAST, and the metabolic enzyme GS in
astrocytes cultured on various substrates. (d-f) Quantitative Western blot analysis of protein
expression for GLT-1 (d), GLAST (e), and GS (f). Data are the mean values + SE from four
experiments. *p<0.05, vs. PLLA film. F represents film, R represents randomly oriented
fibers, and A represents aligned fibers in d, e, and f.
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Figure 6.
PLLA fibers increase astrocyte glutamate uptake but do not alter GS activity. (a) |-

[3H]Glutamate uptake was measured as described in the Methods. The data are the mean
values +SE 10-26 independent assays performed in 3-9 different cultures. 1 mM DHK was
used to selectively block GLT-1-mediated glutamate uptake. *p<0.05 vs. cell plated on
PLLA film. #p<0.05 significantly lower vs. cells in the absence of DHK. (b) GS activity,
measured as described in the Methods, was not significantly affected by any of the PLLA
scaffold topographies. Data are mean values + SE from six different cultures. F represents
film, R represents randomly oriented fibers, and A represents aligned fibers in (a) and (b).
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Figure 7.
Immunocytochemical detection of GLT-1 expression. Astrocytes were grown on

fibronectin-coated PLLA films (a), randomly oriented PLLA fibers (b), or aligned PLLA
fibers (c). Red signal represents actin, green signal represents GLT-1, and blue signal
represents DAPI nuclear stain. Scale bar = 50 um in ¢, and the same scale can be applied to
images a and b.
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