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Abstract

The topography of electrospun fiber scaffolds modifies astrocytes toward in vivo-like 

morphologies and behaviors. However, little is known about how electrospun fiber diameter 

influences astrocyte behavior. In this work, aligned fibers with two distinct nanoscale fiber 

diameters (808 and 386 nm) were prepared, and the astrocyte response was measured over time. 

Astrocytes on the large diameter fibers showed significantly increased elongation as early as 2 h 

after seeding and remained significantly more elongated for up to 4 days compared to those on 

small diameter fibers. Astrocytes extending along larger diameter fibers were better equipped to 

support long neurite outgrowth from dorsal root ganglia neurons, and neurite outgrowth along 

these astrocytes was less branched than outgrowth along astrocytes cultured on small diameter 

fibers. The differences in astrocyte shape observed on the small or large diameter fibers did not 

translate into differences in GLT-1, GFAP, or GLAST protein expression. Thus, different fiber 

diameters were unable to influence astrocyte protein expression uniquely. Nevertheless, astrocytes 

cultured in either small or large fibers significantly increased their expression of GLT-1 compared 

to astrocytes cultured on nonfiber (film) controls. Fibrous-induced increases in astrocyte GLT-1 
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expression protected astrocyte/neuron cocultures from toxicity generated by high extracellular 

glutamate. Alternatively, astrocytes/neurons cultured on films were less able to protect these cells 

from culture conditions consisting of high glutamate levels. Biomaterials, such as the fibrous 

materials presented here, may help stimulate astrocytes to increase GLT-1 expression and uptake 

more glutamate, since astrocytes are less likely to uptake glutamate in neurodegenerative 

pathologies or following central nervous system injury.

Graphical Abstract
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1. INTRODUCTION

Astrocytes are important therapeutic targets in the brain and spinal cord because of their 

ability to maintain homeostasis in the healthy central nervous system (CNS) and mitigate the 

severity of injury.1–4 In the healthy CNS, astrocytes also transport nutrients to neurons and 

glia, maintain the blood–brain barrier, and regulate neurotransmitter clearance.2,3,5 After 

injury, astrocytes work to re-establish homeostasis by restoring the blood–brain barrier, 

removing excitotoxic glutamate, neutralizing reactive oxygen species, releasing 

neuroprotective adenosine, protecting from ammonia toxicity, and reducing edema (reviewed 

by Sofroniew and Vinters5). Approaches that modify astrocyte behavior may provide insight 

into treatment strategies for CNS injury and disease.

Astrocytes respond to injury by undergoing rapid and distinct morphological and 

biochemical changes, known collectively as astrocyte reactivity (reviewed in refs 1–5). The 

astrocyte response to injury exists along a spectrum,1 but astrocyte reactivity and the 

scarring response were thought to be irreversible.6,7 Recently, however, Hara and colleagues 

observed that astrocyte reactivity was both reversible and dependent on the surrounding 

environment.8 Therefore, biomaterial approaches that modify the injury environment have 

the potential to reduce astrocyte reactivity after CNS injury, a theory that is supported by the 

literature: Mattotti and colleagues observed that specific dimensions of aligned grooves on 

poly(methyl methacrylate) PMMA surfaces triggered mature astrocytes to revert back 

toward a radial-glia-like state.9 Similarly, the geometry of electrospun fiber scaffolds shifted 
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astrocytes toward behaviors that supported neuron viability and process extension.10–16 

While studies have identified certain physical properties of the scaffold that alter astrocyte 

morphology (such as fiber alignment13,16 and fiber surface nanotopography17), the influence 

of fiber diameter on astrocyte behavior is still not fully understood.

Neurons and glia respond differently when electrospun fiber diameters are larger than 400–

500 nm. Fiber diameters between 500 and 5000 nm promote the longest directed extension 

of neurites from a neural explant culture model (dorsal root ganglion (DRG)).18–20 Fiber 

diameters larger than 400 nm stimulate increased myelination by oligodendrocytes.21 The 

fiber diameter also dictates the length and thickness of the myelin sheath.22The apparent 

threshold around 400–500 nm may be related to the scale of natural fibrous features found in 

the native CNS. Myelinated axons can reach diameters in excess of 20 μm,23,24 and the 

average mature myelinated axon is more than twice the diameter of the ECM (1000–5000 

nm).25,26 Fibrous elements in the extracellular matrix (ECM) range in diameter from 50 to 

500 nm,27–29 and the caliber of immature axons range from and 80–400 nm.23 These 

references suggest that fiber diameters larger than 400–500 nm mimic maturing axons that 

are distinct from the ECM matrix. However, little is known about how fiber diameters in this 

range influence astrocyte behavior.

One previous study found that increasing the fiber diameter in unaligned fiber scaffolds 

restricted astrocyte spreading.30 However, the study did not use aligned fiber scaffolds or 

examine changes in astrocyte phenotype–like the examination of glial fibrillary acidic 

protein (GFAP) production or glutamate transporter expression. No study has analyzed the 

ability of fiber diameter to alter astrocyte behavior when fibers are highly aligned. This is an 

important distinction because fiber alignment promotes longer, more-directed astrocyte 

migration and extension of astrocyte processes16,31 and improves the bridging response of 

neurons and astrocytes in vivo.31 We hypothesized that for aligned electrospun fibers, 

increases in fiber diameter would result in increased astrocyte elongation. We then studied if 

fiber-induced changes in astrocyte shape influenced the astrocyte’s ability to direct 

extending neurites from dorsal root ganglia neurons and if these changes in astrocyte shape 

influenced the ability of astrocytes to produce several key biomarkers associated with 

reactivity and neuroprotection.

Aligned, electrospun fiber scaffolds trigger astrocytes to upregulate their expression of 

transporters of glutamate and facilitate the uptake of glutamate. Of the excitatory 

neurotransmitters produced by CNS glia and neurons, glutamate, in high extracellular 

concentrations induces neuronal excitotoxicity. Astrocytes remove glutamate from the 

extracellular environment using two glutamate transporters: excitatory amino acid 

transporters 1 and 2 (EAAT-1 and EAAT-2),32 the homologues for which in rats are GLAST 

and GLT-1, respectively.33 When compared to astrocytes seeded on flat polymer films, 

astrocytes seeded on electrospun fibers with diameters of 2400 nm significantly increased 

expression of GLT-1 glutamate transporters, but not GLAST.16 Astrocytes cultured on fibers 

took up more glutamate than astrocytes cultured on films.16 Since glutamate uptake has been 

linked to astrocyte morphology through Rho Kinase (ROCK)-mediated actin dynamics,34,35 

we hypothesized that changes in astrocyte morphology on smaller diameter fibers would 

result in decreased GLT-1 expression.
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We believed that increasing the diameter of electrospun fibers above 500 nm would heighten 

astrocyte extension, increase astrocyte-induced neurite elongation, and increase astrocyte 

expression of glutamate transporters, in particular GLT-1. These hypotheses were tested by 

culturing astrocytes on flat films and aligned electrospun fibers with either large (808 nm) or 

small (386 nm) diameters. Astrocyte morphology was measured on each scaffold type at 

distinct time points after seeding to examine how quickly astrocytes responded to small 

diameter or large diameter topography. We then investigated if the astrocyte morphological 

changes observed on the surfaces influenced the extent and direction of neurite outgrowth 

seeded on top of the established astrocyte cultures. Next, GLT-1, GLAST, and glial fibrillary 

acidic protein (GFAP) expression were measured on the different surfaces using Western 

blot. Finally, cellular viability of cocultures of astrocytes and neurons were assessed when 

excitotoxic levels of extracellular glutamate were added to the cultures to examine whether 

increased GLT-1 or GLAST production enabled neuroprotection.

2. MATERIALS AND METHODS

2.1. Scaffold Preparation

2.1.1. Film Casting—Fibers were electrospun onto a (poly-L-lactic acid) PLLA film to 

reduce cell interactions with materials other than PLLA and to affix the fibers to the glass 

coverslip surface using methods reported previously.18 PLLA (4 wt %/wt; Cargill Dow LLC, 

Minnetonka, MN) was placed in a solution consisting of chloroform and dichloromethane (1 

to 1 [wt/wt] solution; Sigma-Aldrich, St. Louis MO) and solution cast onto glass coverslips 

with dimensions of 15 mm by 15 mm (Knittel Glass, Brausenweig, Germany). The solution 

was placed onto the coverslips via a 5 mL syringe, and the solution was placed onto the 

surface drop by drop until the solution covered the coverslip. The solvent was allowed to 

evaporate at room temperature (RT) overnight, leaving a flat PLLA film on the coverslip.

2.1.2. Fabrication of Small and Large PLLA Nanofibers—Aligned electrospun 

fibers were prepared using previously described methods36 and using the parameters 

specified in Table 3. Fibers were collected on PLLA-coated glass coverslips, rotating on a 22 

cm diameter mandrel. PLLA solution was delivered with a 22-gauge needle purchased from 

BD Biosciences (Franklin Lakes, NJ) at 2.03 mL h−1 across a 5 mm gap using a power 

supply from Gamma High Voltage Research (Orlando, FL) set to 10 kV.

Control of fiber diameter occurred by altering the PLLA content in solution (see Figure S1). 

Increasing the weight percent of polymer molecules increases the number of chain 

entanglements and increases the fiber diameter.37 Electrospun fibers with smaller diameters 

were prepared using a 7% solution (wt of PLLA per wt of 1,1,1,3,3,3-hexafluoro-2-propanol 

(HFP; Sigma)), and electrospun fibers with larger diameters were fabricated using a 12% 

solution (wt of PLLA per wt of HFP). The fibers were fluorescently labeled by adding 2 μL 

of rhodamine B (1 mg/mL in dimethyl sulfoxide (DMSO), Sigma) to the electrospinning 

solution.

2.1.3. Imaging of PLLA Nanofibers—Scanning electron microscopy (SEM) was used 

to quantify differences in fiber physical properties like fiber alignment, density, and diameter 

for small and large diameter fibers. Samples were coated with 5 nm of platinum using a 
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Technics Hummer V sputter coater, and a Versa 3D SEM (FEI, Hillsboro, OR) was used to 

image the fiber scaffolds. Images were taken using an in-lens secondary electron detector 

with a 10 mm working distance, 20 μm aperture, and 2 kV acceleration voltage. Five images 

were taken at four corners and in the center of the coverslip for fiber characterization 

analysis.

2.2. Fiber Characterization

2.2.1. Fiber Diameter—Fiber diameter was measured with FIJI software (NIH, 

Bethesda, MD), from at least 100 fibers each from three independently fabricated samples. 

Fiber diameter was reported as mean ± standard error.

2.2.2. Fiber Alignment—The line tool in FIJI software was used to measure the angle 

of the long axis of each fiber. Using the SEM images, 100 fibers’ angles were measured 

from each scaffold fabricated independently (N = 3). The mean fiber alignment was 

calculated, and this value was used to determine the distribution of fiber alignment. 

Histograms were prepared with 0 indicating the mean alignment. Deviation angles were 

distributed into bins of 10°. Each graph (displayed as histograms) shows the entire 

population of fibers (>300 measurements from N = 3 scaffolds).

2.2.3. Fiber Density—The density was determined by counting the amount of fibers 

intersecting a 15 μm bar oriented perpendicular to aligned fibers using FIJI software. At 

least 100 fibers were measured from scaffolds fabricated independently (N = 3). Graphs 

represent the average ± the standard error of the mean.

2.2.4. Scaffold Hydrophilicity—Surface hydrophilicity was measured to determine if 

differences in surface wettability influenced the results. Contact angle hysteresis analysis 

was conducted with a RameHart 500 goniometer (Succasunna, NJ) using a 1 μL sessile 

water droplet. Hysteresis provides a more accurate representation of rough surfaces. The 

advancing and receding angles were analyzed using a LBADSA plugin in FIJI software 

(Lausanne, Switzerland). We determined the contact angle by taking the receding contact 

angle and subtracting it from the advancing contact angle. The graph represents the average 

values calculated from samples fabricated independently (N = 3).

2.3. Primary Cell Culture

2.3.1. Isolation and Culture of Primary Cortical Rat Astrocytes—For these 

experiments, we isolated primary astrocytes to study the effects of topographical fiber 

diameter on central nervous system glial cells. Since these fibers are constructed to interface 

with the spinal cord, we wanted to discern how astrocytes respond to fibers of differing 

diameter. We selected cortical astrocytes for these studies since in our previous publication, 

we only observed very subtle differences between spinal cord and cortical astrocytes.17 

Primary cells isolated from Sprague–Dawley p2 neonatal rat cortices were isolated (Taconic 

Farms, Hudson, NY) using a protocol previously described.16 Cellular isolations from rats 

followed NIH guidelines, and isolations were authorized by the Institutional Animal Care 

and Use Committee (IACUC) at RPI. Care was taken to completely isolate the cortices from 

other parts of the brain during surgery. Cell removal from cortices transpired with three 
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incubations (10 min each) in a 1:1 vol/vol solution of warmed (37 °C) TrypLE (Invitrogen)/

OptiMEM. The next incubation occurred with DNase I (1 mg/mL; Sigma), and cell 

collection occurred after the DNase I treatment. A total of 200 000 cells were delivered to 

each 1.0 μg/mL poly-D-lysine (Sigma) treated T75 culture flask (Celltreat, Pepperell, MA). 

Cells were cultured in astrocyte media (1% penicillin/ streptomycin, 10% horse serum [heat 

inactivated], within Dulbecco’s Minimum Essential Medium (DMEM)) purchased from 

Invitrogen) until confluence was reached (approximately 2 weeks) with media exchange 

occurring every 3 to 4 days. Astrocyte culture purity were measured to be 98% pure using 

GFAP immunocytochemical staining and DAPI staining (as specified in later sections 

describing immunohistochemistry procedures).

2.3.2. Astrocyte Culture on Electrospun Fibers and Films—PLLA films and 

fibers sterilized in 70% ethanol were placed in a Harrick plasma cleaner (Ithaca, NY) for 90 

s. Previous studies have shown strong astrocyte adhesion to fibronectin-coated fibers,16 so 

the surfaces were treated with a 10 μg/mL solution of fibronectin in phosphate buffered 

saline (PBS; both from Sigma) to encourage astrocyte attachment. The surfaces were dried 

overnight. Astrocytes were removed from the culture surface with TrypLE heated to 37 °C 

and cultured at a density of 66 cells/mm2. The low density was used in order to observe how 

an individual cell responded to the surface–so only individual cells were used for 

morphological analysis.

2.3.3. Immunocytochemistry—To determine the initial astrocyte response to fibers, 

astrocytes were cultured for different durations. Specifically, astrocytes were cultured for 2 h 

to examine initial astrocyte behavior to the surfaces. Later time points (6, 24, or 48 h) were 

used to evaluate longer term astrocyte response to fibrous and film surfaces. At each time 

point, cell fixation occurred over 15 min with 4% (v/v) paraformaldehyde mixed with PBS 

(37 °C; Electron Microscopy Sciences, Hatfield, PA), then permeabilized/blocked for 1 h 

(RT) with 0.4% (v/v) Triton X-100, 5% (wt/vol) bovine serum albumin (BSA), dissolved 

within PBS (Sigma). Incubation of cells occurred overnight at 4 °C overnight using different 

primary antibodies (Table 1) dissolved within a solution of 0.1% Tween-20 and 0.5% BSA 

dissolved in PBS. Cells were rinsed with a 0.1% (v/v) Tween-20 solution dissolved in a PBS 

buffer, then introduced to a secondary antibody for a period of 1 h (RT; Table 1). Solutions 

containing secondary antibodies were prepared in a buffer of 0.1% (v/v) Tween-20 and 0.5% 

(wt/vol) BSA, all dissolved in PBS. Cells were immersed into PBS and subsequently 

incubated at RT for 15 min in DAPI (1:1000 dilution; Sigma) in a PBS solution. Finally, 

samples were washed one last time in PBS (3 × 5 min) before imaging. Fluorescent images 

were taken with 40× and 20× magnification on an inverted Olympus IX-81 confocal 

microscope (Olympus, Tokyo, Japan). Subsequent images generated by the microscope were 

processed using FIJI and Photoshop software (version CS5, Adobe, San Jose, CA).

2.3.4. Evaluation of Astrocyte Extension—The astrocyte aspect ratio was evaluated 

using FIJI software to determine if fiber diameter influenced the ability of the astrocyte to 

elongate along the fibers. At least 39 astrocytes were analyzed from three scaffolds 

fabricated independently and three astrocyte cultures prepared independently (N = 3). 

Images of cells were analyzed via thresholding the images against lighter objects to 
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demarcate the astrocyte perimeter. Cell dimensions were determined using FIJI software. An 

aspect ratio was used to define the directional extension of an astrocyte and was calculated 

by taking the longest cellular feature and dividing it by the shortest cellular feature. A ratio 

equal to 1 depicts a cell with a circular shape, and a ratio more than 1 depicts a cell 

extending in a particular direction. The DAPI channel was overlaid during analysis to 

visualize single astrocytes so as to separate them from astrocytes cultured in clumps.

2.4. Western Blot Analysis

2.4.1. The Culture and Subsequent Lysis of Astrocytes—Western blot analyses 

were used to determine if the protein expression from astrocytes varied when cultured on 

different surfaces. The Western blot procedure was prepared using previously published 

methods.17 For Western blot analysis, astrocyte seeding transpired at higher cell densities 

(666 cells/mm2). Cells from coverslips (4 in total) were combined to form unique data points 

as to achieve protein concentrations needed to accurately run the Western blot. Cortical 

astrocytes were seeded on small diameter fibers, large diameter fibers, or film surfaces for 

either 1 or 4 days. After culture, samples were rinsed (3 times) at 37 °C with PBS to 

eliminate any remaining media. The cells were lysed over a period of 5 min on ice. The lysis 

buffer was composed of RIPA cell lysis buffer 3 (Enzo Life Sciences, Farmingdale, NY) that 

contained both enzyme and phosphatase inhibitors (complete ULTRA and PhosSTOP, 

respectively (both from Roche, Branford, CT)). Each sample was further dissociated using a 

needle (28-gauge) (Becton Dickenson) before measuring the protein concentration with a 

BCA assay (ThermoFisher Scientific, Waltham, MA) using guidelines provided by the 

manufacturer. Laememli buffer (with a 4× concentration) consisting of β-mercaptoethanol 

(SPB; RPI Research Products, Mt. Prospect, IL) was applied to each sample to create a 1× 

SPB concentration after which samples were flash frozen and stored at −80C.

2.4.2. Western Blot Procedure—SDS-PAGE running gels (4%/10%) were placed in 

cassettes (1 mm, single use; BioRad, Hercules, CA) using guidelines provided by Abcam.38 

Samples were thawed and heated using a heat block set to 100 °C (over 2 min). The samples 

were then centrifuged at 14 000 rpm (2 min). For each well, 2 μg of protein from the lysates 

was loaded into the gel in 20 μL volumes. In other wells, protein standards (BioRad) were 

run to compare proteins from lysates to proteins of known molecular weight provided by the 

standard. Proteins were allowed to migrate through each gel for a period of 60 min using a 

running voltage of 150 V and a 1 L volume of running buffer containing Tris-Base (0.025 

M), glycine (0.0192 M), and SDS (0.1 wt %/vol).

For the transfer, gels were separated from the holding cassettes, washed with Milli-Q water, 

then loaded into the transfer cassette with Immun-blot PVFD membranes (BioRad). The 

transfer was run using a 0.2 A current over 90 min in a buffer used for transferring (25 mM 

Tris-base, 192 mM glycine, 20% methanol) while on ice.

2.4.3. Western Blot Immunostaining and Imaging—Antibodies used for the 

Western blot immunostaining procedure are listed in the following table (Table 2). Following 

transfer, the cassettes were disassembled. The PVFD membranes were placed in a blocking 

buffer for 1 h at RT on a shaker. The blocking buffer consisted of 1% (v/v) Tween-20 
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(Sigma), 20 mM Tris, and 150 mM NaCl (ThermoFisher), and 5% (wt/vol) instant nonfat 

dried milk was added and the pH equilibrated to 7.6. The primary antibody was placed in the 

blocking buffer, and the buffer was placed on the membrane overnight (RT) with gentle 

shaking, followed by 3 × 5 min washes with blocking buffer. The membrane was then 

incubated with secondary antibody (1:10 000 dilution in blocking buffer) for 2 h on a shaker, 

then washed 3 × 5 min in blocking buffer. A Western blotting detection reagent (Amersham 

ECL; GE Healthcare, Chicago, IL) was placed on the membrane for 2 min before imaging. 

Imaging of the membrane occurred using a ChemiDoc XRS imaging system and ImageLab 

Software (BioRad). The molecular weight standard was imaged immediately after.

Stripping of membranes occurred using 2 × 10 min incubations in a buffer consisting of 200 

mM glycine, 3.5 mM SDS, and 1% (v/v) Tween-20 (pH 2.2), then washed 3 × 5 min in a 

PBS solution and then subsequently washed 2 × 5 min using blocking buffer. The 

immunostaining procedure was then repeated on each membrane to probe for the actin 

control.

FIJI software was used for blot analysis. For all experiments, cells were cultured on flat 

surfaces using tissue culture plastic (TCP), and this group of cells served as a control. Each 

group consists of at least five independently produced scaffold replicates and five separate 

astrocyte isolations. Western blot images displayed in subsequent figures are from one 

representative blot. The resulting graphs representing the data from these blots are averages 

of five separate Western blot experiments.

2.5. Astrocyte-Neuron Coculture

2.5.1. Neuron Dissociation—For assessing the ability of astrocytes on different 

diameter fiber scaffolds to direct neurite extension and protect neurons from glutamate 

excitotoxicty, we selected dissociated neurons from dorsal root ganglia (DRG). Although 

DRG cell bodies reside in the peripheral nervous system, their axons project into the central 

nervous system.39 As such, they are an appropriate cell source to examine astrocyte-induced 

neurite outgrowth. Primary neurons were placed on astrocytes cultured on fibrous scaffolds 

to determine if fiber diameter correlated with neurite guidance, outgrowth, and neuron 

protection in the coculture. DRG were excised from P2 rats (Sprague–Dawley); then primary 

neurons were dissociated from the DRG using a modified process described by Koppes et al.
40 The DRG tissue was enzymatically digested for a period of 50 min at 37 °C using a buffer 

consisting of 0.1% (wt/vol) Trypsin (Corning, Corning, NY) and 1 mg/mL collagenase A 

(Sigma) dissolved in PBS set to a pH of 7.4 in a tissue culture incubator (5% CO2). The 

DRG were resuspended every 10 min during the incubation to improve the collagenase 

digestion. The collagenase digestion was followed by a 10 min incubation in 0.25% Trypsin, 

PBS (pH 7.4). Cells were pelleted by centrifugation for a buffer exchange into astrocyte 

media. The pellet was resuspended by trituration (fewer than 10 times) with a flame-

polished Pasteur pipet.

2.5.2. Dissociated Neuron-Astrocyte Coculture on Fiber Scaffolds—The 

electrospun fibers and films were sterilized in ethanol, plasma treated for 90 s, then 

incubated with a solution of 10 μg/mL of fibronectin (Sigma) in HBSS until dry. Astrocytes 
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were seeded at different times to achieve sets with both 1-day-in-culture and 4-daysin-

culture at the time the neurons were seeded (see Figure 3I for timeline). Therefore, the times 

(1 day and 4 day) represent the age of the astrocytes in culture. All neurons were cultured for 

the same amount of time (1 day). The astrocytes were cultured on the surfaces at 666 

cells/mm2 to completely cover the film or fiber scaffolds with astrocytes, while the isolated 

neurons were cultured at 133 cells/mm2. The astrocyte seeding density was selected to 

ensure that extending neurites were extending over astrocytes and not fibers beneath the 

astrocytes. The neurons were cultured at a low density in order to reduce overlap between 

neighboring neurons. After seeding, the scaffolds were gently rocked to distribute the 

neurons. The neuron/astrocyte coculture was incubated for 24 h in astrocyte media 

supplemented with 25 ng/mL NGF (Invitrogen).

2.5.3. Astrocyte-Neuron Coculture Fixing and Immunocytochemistry—After 

24 h, the scaffolds were washed over 15 min in a warmed 4% paraformaldehyde fixative, 

then rinsed (three times, 5 min for each rinse) in ice-chilled PBS. Cells cultured on scaffolds 

were blocked and permeabilized for 15 min with a 0.01% (v/v) Triton-X 100 (Sigma), 5% 

(wt/vol) BSA, and saline buffered with tris and maintained at a pH of 7.4 (Tris-buffered 

saline (TBS), ThermoFisher), then replaced with a solution containing primary antibodies 

(for at least 12 h at 4 °C). The solution containing primary antibodies was comprised of 

0.1% (v/v) Tween-20 (P1379, Sigma-Aldrich), 5% (wt/vol) BSA, and Tris-buffered saline 

maintained at a pH of 7.4 with anti-GFAP antibody (1:800 dilution) and RT-97-S antibody 

(1:400 dilution) for neurofilament (64 μg/mL, Developmental Studies Hybridoma Bank 

(DSHB) at the University of Iowa, Iowa City, IA). Scaffolds were washed 3 × 5 min in a 

solution consisting of TBS and 0.1% (v/v) Tween-20, before incubation in the secondary 

antibody solution: donkey antimouse AlexaFlour 594 (2 mg/mL, Life Technologies) 

antibody, goat antirabbit (AlexaFlour 488, Life Technologies) antibody, and DAPI (1 

mg/mL, ThermoFisher) were all placed in a solution consisting of TBS, 0.1% (v/v) 

Tween20, and 5% (wt/vol) BSA at a 1:1000 dilution. The secondary antibody was incubated 

at room temperature for 1 h, then washed (three times, 5 min each wash) in PBS, before 

imaging.

2.5.4. Isolated Neuron Analysis—A spinning disk confocal microscope (Olympus 

IX-81) was used to capture images of astrocytes and neurons. Approximately 10 neurons 

were imaged for each scaffold. Images were processed with a maximum intensity z-

projection, followed by background subtraction (rolling ball = 50) using FIJI software (NIH, 

Bethesda, MD). If necessary, the MosaicJ plugin from FIJI was used to assemble neuron 

images.

After 1 day or 4 days of astrocyte culture, neurite outgrowth on astrocyte-covered films and 

neurite outgrowth on small diameter fibers and large diameter fibers was quantified by 

manually tracing neurites using Neurolucida 10.0 software (MBF Biolabs, Williston, VT). 

Matlab software (Mathworks, Natick, MA) was used to calculate the longest neurites, the 

amount of primary neurites, total outgrowth from each branch point, and the number of 

branch points per neuron. The single longest neurite measured from initial outgrowth from 

the soma to its tip was termed as being the longest neurite. Neurites were termed as being 
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primary neurites if their outgrowth originated from the soma. The “mean neurite length 

parallel to fiber orientation” was determined by calculating the mean length of all neurites 

that oriented along the 90° and 270° axis (parallel to fiber orientation). At least three 

independent astrocyte and neuron isolations were used to generate data and graphs along 

with four independently produced fiber scaffolds.

2.5.5. LDH Assay—Since astrocytes on fibers increase their expression of GLT-1 and 

uptake of extracellular glutamate, we wanted to study if astrocytes on fibers were capable of 

rescuing neurons from glutamate concentrations known to induce neuronal excitotoxicity. 

The dissociated neuron-astrocyte cocultures were prepared in a manner described previously 

in section 2.5.2. The medium was changed 1 h before the assay began to remove the effects 

of any cells that died during the plating process. A solution of 50 mM L-glutamic acid 

(G1251, Sigma) in a PBS solution maintained to a pH of 7.4 was placed into each 

experimental well to achieve a 20 mM concentration, then cocultures were incubated for 24 

h.41 After 24 h, 100 μL of media was removed from each well, and the sample was quickly 

cooled using dry ice. The frozen samples were then transferred to a freezer (−80 °C) until 

used in the LDH assay. To estimate the maximum population LDH release, untreated 

samples were lysed with RIPA buffer and flash frozen.

All samples were thawed in a water bath maintained at a temperature of 37 °C, centrifuged 

for 15 min at 14 000 rpm at 4 °C, then analyzed using an LDH assay kit (MAK066, Sigma). 

The “% survival after excitotoxicity” was determined by dividing the amount of LDH 

released in the treated sample by the total amount of LDH released from the untreated lysed 

samples. The results represent three independently fabricated fiber scaffolds, three 

independently isolated astrocyte cultures, and three independently isolated neuron cultures.

2.6. Summary of Statistical Analysis

Sigma Plot software (version 11.0, Systat Software Inc., San Jose, CA) was used for 

statistical analysis. The standard deviations from initial results were used to calculate the 

sample size for each experiment to achieve a power of 0.9. Significance between groups was 

determined using a one way ANOVA with the exception of fiber density. A Kolmogorov—

Smirnov test was used to test all groups for normality. For normally distributed data, an 

ANOVA test was conducted, and a Tukey HSD post hoc analysis test was included. For non-

normal distributions, a nonparametric ANOVA was conducted on ranks. The groups used to 

evaluate fiber density had unequal variances and required a different test (Mann–Whitney). p 
values ≤ 0.05 indicate statistically significant differences between groups. Data reported in 

the text are presented as the mean ± standard error. Differences between groups were 

considered significant when p < 0.05. All data were constructed using at least three 

independently fabricated fiber batches and three separate cultures of astrocytes and/or 

neurons, unless specified otherwise. All graphs show the mean ± standard error. Fiber 

alignment was compared using a Brown—Forsythe test using JMP software (SAS, Cary, 

NC).

Johnson et al. Page 10

ACS Appl Bio Mater. Author manuscript; available in PMC 2020 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. RESULTS

3.1. Electrospun Fibers Prepared with Different Diameters

The study’s purpose was to create scaffolds with unique fiber diameters while introducing as 

few confounding variables as possible. The solvent in the electrospinning solution was 

identified as one potential source of error.18 The use of different solvents to create the 

different diameters may introduce changes in fiber crystallinity or impact the extent of 

solvent retained within the fibers. Therefore, it was important that the solvent be consistent 

for all experimental groups. HFIP was selected as a solvent for this study because 

preliminary tests showed that HFIP could accommodate a range of polymer concentrations 

without the electrospinning jet collapsing into electrospraying (Figure S1A). Figure S1A 

shows that increasing the PLLA concentration from 6% to 12% initiated a linear increase of 

the fiber diameter ranging from 363 to 808 nm.

We generated film surfaces to serve as nontopographical controls (Figure 1A). The 7% and 

12% PLLA solutions produced fibers with significantly different diameters between 0 and 1 

μm, so these were chosen as the small diameter (Figure 1B) and large diameter fibers 

(Figure 1C) for the study. The average diameter of the large diameter fibers was 808 ± 44 

nm, while the average diameter of the small diameter was 386 ± 18 nm (Figure 1D). These 

diameters were also selected to simulate increased axon diameters as neurons mature. While 

axons can vary from nanometers to tens of microns in diameter, it has been suggested that 

the average mature axon in the body is approximately 1 μm in diameter.25,26 The 

electrospinning parameters were adjusted to control the fiber alignment to isolate the fiber 

diameter as the most prominent variable to affect the astrocyte response.

The fiber diameter decreased as the PLLA concentration decreased (Figure S1A), but the 

fibers also became significantly less aligned (Figure S2G). To improve the small diameter 

fiber alignment, the collection mandrel collection speed was doubled to 2000 rpm (Table 3). 

The increased rotation speed improved the alignment but reduced the collection efficiency of 

the fibers. The aim was to achieve a monolayer of fibers with both the small and large 

diameter fiber scaffolds with similar coverage of fibers. To achieve this, the collection time 

was increased from 10 to 15 min for the small fibers. The resulting average density of the 

large fibers was 857 ± 32 fibers/mm for the large fibers and 2052 ± 79 fibers/mm for the 

small fibers (Figure 1E). The coverage of the fibers was estimated by multiplying the fiber 

density by the fiber diameter (diameter density product). The fiber coverage was 69.2 

± 13.9% fibers/mm for the large fibers and 79.2 ± 14.7% for the small fibers (Figure 1F). 

The longer collection time resulted in similar fiber coverage between the large and small 

diameter scaffolds, with no statistically significant differences. The pump rate and chamber 

humidity were also adjusted to improve the fiber formation and collection (Table 3). This 

troubleshooting resulted in two electrospun fiber scaffolds with distinct fiber diameters 

(Figure 1D) but similar fiber alignment (Figure 1F, G, H), coverage (Figure 1F), and 

hydrophilicity (Figure S3).
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3.2. Astrocyte Elongation on Aligned Fibers of Different Diameter

To determine the astrocyte response to the controlled surface topographies, primary rat 

astrocytes isolated from the cortex were placed on small and large diameter fiber surfaces, 

with a flat PLLA film as the control surface. Preliminary experiments suggested that 

astrocytes adhered to the surfaces within 2 h and reached an elongated morphology by 24 h 

(Figure S4), which would continue for all time points examined (4 days).

The aspect ratio of the astrocyte cell body is defined as the ratio of the longest cell aspect 

and the shortest cell aspect and provides a measure of how elongated the astrocyte becomes. 

The results showed that within 2 h astrocytes became significantly more elongated on the 

large fibers than on film or small fibers. Astrocytes on the large fibers remained significantly 

more elongated for the remainder of the time tested (Figure 2A). The astrocyte elongation 

was greatest after 24 h, with aspect ratios of 7.8 ± 0.6 on large fibers, 4.4 ± 0.4 on small 

fibers, and 2.4 ± 0.3 on film surfaces. Astrocytes cultured on the small fibers only became 

significantly more elongated than those on the film after 96 h in culture (Figure 2A). 

Representative images from this study reveal that after 1 day in culture, astrocytes cultured 

on films (Figure 2B) were rounded in shape. Astrocytes cultured on small diameter fibers 

(Figure 2C) started to recognize fiber topography and orient along the fibers, and this 

orientation was more pronounced when astrocytes were cultured on large diameter fibers 

(Figure 2D). Other representative images of astrocytes cultured for 4 days on the various 

surfaces reveal astrocytes continuing to extend in all directions on films (Figure 2E). 

Astrocyte extension along small diameter fibers (Figure 2F) was more elongated than after 1 

day but still not as elongated as astrocytes cultured on large diameter fibers (Figure 2G).

For all further experiments, the 1 day time point was selected because it was the earliest time 

where the astrocyte morphology on the small fibers separated from those on the film 

substrates. The 4 day time point was chosen because it was the first time point where the 

astrocyte morphologies were statistically different on all surfaces. Four days is also a time 

point that is commonly used in other studies, allowing for our findings to be compared with 

other observations found in the literature.

3.3. The Effect of Fiber Diameter on Astrocyte Mediated Neurite Guidance

Astrocytes have shown an ability to use cues provided by the substrate topography to guide 

neurites extending from neurons in culture.42 Because astrocytes were observed to elongate 

more extensively on larger diameter fibers, we hypothesized that increasing the fiber 

diameter would enhance astrocyte-mediated neurite guidance. To prove or disprove this 

hypothesis, primary astrocytes isolated from the cortex were cultured on each surface for 

either 1 day (1D-astrocyte) or 4 days (4D-astrocyte) before neurons were introduced. 

Dissociated primary DRG neurons were seeded on all surfaces at the same time and were 

cultured on all surfaces for the same amount of time (24 h). See Figure 3I for the timeline. 

The neurite arbors were traced to measure differences in neurite outgrowth.

Representative images from these experiments show astrocyte-neuron coculture results. 

After 1 day of culture (proceeded by 1 day of astrocyte culture on the surfaces), neurites 

extended in all directions when astrocytes were cultured on films (Figure 3A). Neurites 
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extending on astrocytes cultured on small diameter fibers (Figure 3B) or large diameter 

fibers (Figure 3C) extended along the astrocytes. The same general findings were observed 

when astrocytes were cultured on the different surfaces for 4 days. Neurites extended in all 

directions when astrocytes were cultured on films (Figure 3D). Neurite extension, again, 

followed the orientation of the aligned astrocytes on small diameter (Figure 3E) or large 

diameter fibers (Figure 3F). Neurite images from these experiments were traced. From the 1 

day astrocyte culture experiments, neurite outgrowth was slightly longer on large diameter 

fibers than what was observed on small diameter fibers (Figure 3G). From the 4 day 

astrocyte culture experiments, neurite outgrowth was shorter overall than the 1 day astrocyte 

culture experiments, and there were no noticeable differences in neurite outgrowth between 

the two fiber types (Figure 3H).

The tracing led to two important observations: First, the diameter of the fibers affected 

astrocyte-mediated neurite outgrowth along the aligned fibers. At both time points, the mean 

neurite length along the fiber orientation increased as the fiber diameter increased (Figure 

3J). This confirms the hypothesis that the more elongated astrocyte morphology on large 

diameter fibers is associated with increased neurite outgrowth. Second, neurites in the 

cocultures were significantly less branched on fiber surfaces, when compared to those on 

film surfaces. For both time points measured, the neurites on the large fibers had 

significantly fewer branches per length than those on the film substrates. Astrocytes on the 

small fibers took longer to facilitate significantly decreased neurite branching, when 

compared to astrocytes placed on large fibers. The neurites extending along astrocytes 

cultured on small diameter fibers only showed significantly less branching than those on the 

film control on the 4-day astrocytes and were not significantly different from those on the 

large fibers (Figure 3K). The decreased branching was primarily due to fewer branch points 

and not to differences in length (Figure S6C), since statistical differences were not observed 

between the longest neurite (Figure S6A) or the total length (Figure S6B) in cocultured 

neurites on any substrate.

3.4. Fiber-Mediated Astrocyte Neuroprotection

Experiments were performed to test whether the astrocyte expression of glutamate 

transporters (GLT-1 and GLAST) was dependent on fiber diameter. Previous studies report 

that electrospun fibers increase astrocyte production of GLT-1, which increased their 

capacity to remove glutamate from the extracellular environment.16 In this study, astrocytes 

interacted with each surface for 1 day or 4 days then were lysed to measure GLT-1 and 

GLAST expression using Western blot (Figure 4A–G).

GLT-1 was significantly increased on both fiber substrates but was not sensitive to fiber 

diameter (Figure 4H). After 1 day in culture, there were no differences in GLT-1 in any of 

the experimental groups tested. After 4 days, astrocyte GLT-1 expression was increased on 

both small diameter and large diameter fiber surfaces compared to the film. But, this nearly 

3-fold increase was similar in both the small and large fiber 4Dastrocyte cultures. Therefore, 

the hypothesis was rejected that increases in GLT-1 are related to fiber diameter. GLAST is 

the other major astrocyte glutamate transporter and was studied alongside GLT-1. After 4 
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days in culture, GLAST expression on the large and small fibers was not statistically 

different from the film control (Figure 4I)

To test whether the increase in GLT-1 resulted in increased neuroprotection, the same 

coculture protocol was used as in section 3.3, but the cocultures were exposed to a high 

glutamate solution for 24 h. The common method to model excitotoxicity in vitro is to treat 

the cultures with 1 mM glutamate for 10 min43 or 30 min44,45 and to measure cell death with 

an LDH assay. Cells release LDH following plasma membrane damage, and this approach is 

a quantitative method to determine cell death. However, one report showed that the 

differences in released astrocyte LDH was most distinguishable 24 h after exposure to 

glutamate.46 Furthermore, these prior studies did not report correcting for the pH of the 

glutamate solution.

Our experiments showed that glutamate lowered the pH of the media, and Croce and 

colleagues reported that the acidity of the environment during glutamate exposure was a 

confounding variable.41 Astrocyte glutamate metabolism is sensitive to pH. Acidity is 

reported to inhibit the glutamine synthetase pathway, which increases glutamate 

accumulation in the extracellular environment, compounds the excitotoxic effects of 

glutamate, and leads to a higher degree of cell death.47 Croce et al. found that the cell death

—as measured by LDH—was no longer observed after correcting the pH of the 2 mM, 5 

mM, and 10 mM glutamate solutions. After correcting the pH, only the 20 mM glutamate 

solution treatment significantly decreased cell viability (after 24 h) compared to the 

untreated control.41 Informed by these previous results, the cocultures in our study were 

treated with 20 mM glutamate with a pH of 7.4 for 24 h. An LDH assay was then performed 

on the media to measure cell death.

Following these initial observations, we conducted an LDH assay as specified in Figure 5A. 

The LDH measurements were normalized to the maximum LDH released when untreated 

cocultures from each surface were lysed. Therefore, the results are reported as a percentage 

of the maximum LDH released. The survival for the 1D-astrocyte cocultures was similar on 

all surfaces (65–68% survival). Glutamate treatment of the 4D-astrocyte cocultures resulted 

in a 38.3 ± 6.8% survival on films after glutamate treatment. Importantly, the survival on 

both the small and large fiber substrates significantly increased to 77.6 ± 1.4% and 73.9 

± 3.0%, respectively (Figure 5B). For context, neuron-only controls resulted in 43–48% 

survival (Figure S8A), while astrocyte-only controls showed an approximately 87% survival 

(Figure S8B). However, it is important to consider that these may not be ideal controls 

because interactions between neurons and astrocytes are known to alter glutamate 

transporter clustering, which affects glutamate transporter activity.48 So, the controls cannot 

account for the synergistic effect of the neuron-astrocyte interactions in coculture. The 

coculture excitotoxicity data correspond with the increases in GLT-1 in the 4D-astrocyte 

Western blot date (Figure 4H). As a result, the hypothesis was upheld that increases in 

astrocyte GLT-1 on fiber substrates result in improved neuron survival.

The cytoskeletal marker GFAP was also measured because it is a common marker for 

reactivity–sizable GFAP expression increases are associated with astrocyte reactivity.1 

Analysis of GFAP expression was conducted using Western blot analysis to determine if 
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morphological changes observed in astrocytes on the different diameter fibers correlated 

with GFAP production (Figure S7). While GFAP intensity increased in astrocytes on the 

film substrates after 4 days and decreased on fibrous surfaces, there were no statistically 

significant changes in astrocyte GFAP on any surface for all the time points measured 

(Figure S7).

4. DISCUSSION

4.1. Astrocyte Elongation

The ability of the electrospun fiber diameter to influence astrocyte elongation, astrocyte-

mediated neurite guidance, and astrocyte-mediated neuroprotection (Figure 6) was 

investigated here. The results showed that increased fiber diameters within aligned fiber 

surfaces significantly increased astrocyte elongation. Astrocytes on the large fiber surfaces 

were 1.8× more elongated than those on small fibers and 3.3× more elongated than those on 

film substrates after 24 h. This significantly more elongated astrocyte morphology was 

observed on large diameter fibers as soon as 2 h following seeding. The results show a 

significant, diameter-dependent change in astrocyte morphology for up to 4 days.

Qu et al. tested the astrocyte response to unaligned electrospun silk fibroin fibers with 

similar diameters and found that the larger diameters restricted astrocyte spreading.30 These 

seemingly contradictory findings fit with ours based on the theory that the larger diameter 

fibers present a more imposing barrier. The unaligned larger diameter fibers inhibited 

astrocyte spreading because the unaligned fibers did not create channels between individual 

fibers.30 When the fibers are aligned, the larger channels created by larger fibers improve 

astrocyte elongation (Figure 2). This theory was proposed by Biran and colleagues, who 

found that astrocyte orientation increased as the roughness of the underlying aligned 

topography of stamped polystyrene surfaces was increased from 45 to 492 nm.42 The results 

reported here follow those of Biran et al., by showing that larger topographical features—

400–800 nm in diameter—increase the directed elongation of astrocytes (Figure 2A). 

However, these data cannot be directly compared because the materials, preparation 

techniques, and topographical feature sizes explored are different.

4.2. Neurite Guidance

Neurons cocultured with astrocytes on aligned fibers were more aligned and less branched 

than those on film substrates (Figure 3G, H), and neurite extension along the aligned fibers 

was parallel to both the fiber orientation and the astrocyte elongation. The neurite growth 

length parallel to fiber alignment was dependent on fiber diameter and increased as fiber 

diameter increased (Figure 3J). This supports previous findings that showed that the directed 

alignment and elongation of astrocytes improved directional neurite outgrowth.27,42,49 

Aligned astrocytes produce aligned arrays of adhesive ligands (laminin, fibronectin, and 

neural cell adhesion molecule (NCAM)) along with inhibitory boundaries created by 

chondroitin sulfate proteoglycans (CSPGs).42 These channels of ligands facilitate directional 

neurite growth parallel to the underlying aligned surface topography42 by aligning the 

cytoskeleton of migrating neurites.50,51
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Neurite tracing results revealed that the alignment of the fibers did not increase the neurite 

length. The longest neurites (in any direction) were not statistically different to those 

observed on films, small diameter fibers, or large diameter fiber substrates (Figure S6A). 

Furthermore, statistical differences were not observed in the total neurite length when 

comparing neurite outgrowth on the different surfaces (Figure S6B). Therefore, the 

directional alignment of the fibers ensured that the longest neurites were in the direction of 

the fiber alignment, and not in a haphazard radial pattern, as on the film (Figure 3G, H). The 

increased fiber diameter improved the directional guidance of neurite outgrowth without 

significantly affecting the overall length.

While fiber diameter was able to influence astrocyte-mediated neurite outgrowth at both 

time points, it was also observed that the astrocyte culture time slightly affected the neurite 

outgrowth. The directional neurite length on the 1D-astrocytes was consistently longer than 

the length on the 4D-astrocytes for both fiber substrates, although the differences were not 

statistically significant (Figure 3J). We previously observed a similar but significant decrease 

in DRG neurite outgrowth on astrocyte/fiber surfaces as astrocyte culture time was increased 

(2110 nm diameter fibers).17 Interestingly, when the direction of the neurite outgrowth was 

not considered, the trend was lost—the longest neurite length was shorter on the 1D-

astrocytes compared to the 4D-astrocytes on the film and large fiber substrates (Figure S6A). 

This suggests that, after longer culture times, the astrocytes were not inhibiting neurite 

growth but rather slightly masking the highly aligned topography, causing less aligned 

growth.

The neurites cocultured with astrocytes on the fibers had significantly less branching per 

length than those cultured on the film control, but statistical differences were not observed 

between the different fiber diameter groups (Figure 3K). However, the astrocyte-mediated 

decrease in neurite branching required a longer astrocyte culture time on small diameter 

fibers. In contrast to the results observed on films, branching was decreased significantly on 

large diameter fibers in both the 1D- and 4D-astrocyte cocultures, while on the small 

diameter fibers, branching was only significantly decreased in the 4D-astrocyte coculture. 

These data suggest that changes in fiber diameter affect the rate of astrocyte-mediated 

neurite branching. Overall, neurons within the coculture decreased branching in favor of 

directional elongation on astrocyte/fiber surfaces. A similar phenomenon has been observed 

during cerebral cortex development as neurons migrated along fibers created by extended 

radial glia (astrocyte precursors). The neurites continuously contacted the radial glia and 

delayed branching until they reached the outer layer of the cortex.52,53 The decreased 

branching on the astrocyte/electrospun fiber substrates suggests that the aligned fiber 

environment prioritizes fasciculation and migration over branching and networking.20

4.3. Astrocyte-Mediated Neuroprotection

Following spinal cord injury (SCI), astrocytes downregulate their production of GLT-1,54 

and the reduced GLT-1 expression worsens functional and histological outcomes following 

SCI.55 Increasing GLT-1 expression following SCI through the use of viral vectors can 

reverse neuropathic pain but can also lead to additional neuronal degeneration.56,57 Thus, if 

a biomaterial design could naturally upregulate astrocyte production to GLT-1, it may at 
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least in part help explain why fibrous topographies induce axonal regeneration following 

acute spinal cord injury.31

One of the study’s goals was to determine if changes in fiber diameter influenced astrocyte 

production of GLT-1. Thus, we assessed GLT-1 expression in addition to GLAST and GFAP. 

Astrocyte GLAST, GFAP, and GLT-1 expression were analyzed on each of the fiber 

diameters. Overall, fiber diameter is not the major variable affecting GLAST, GFAP, or 

GLT-1 expression. However, the topography provided by the electrospun fibers promoted 

neuroprotection through increased glutamate transporter expression.

Astrocyte GLAST expression increased as fiber diameter increased (Figure 4I). 

Extrapolating this trend would suggest that the increase in GLAST would become 

significant above a certain fiber diameter threshold. Unfortunately, this trend does not appear 

to be linear. Zuidema et al. observed a similar expression of GLAST on aligned PLLA fibers 

with diameters of 2400 nm, which were also not significantly different from the film control. 

This suggests that GLAST expression may be moderately sensitive to fiber diameter, but 

fiber diameter is not a major variable affecting GLAST expression.

Increased expression of GFAP is a marker of increased astrocyte reactivity, and large 

amplifications of GFAP are generally indicative of a reactive astrocyte phenotype.5 On both 

fiber surfaces, GFAP expression decreased slightly compared to the film control but was not 

sensitive to changes in fiber diameter (Figure S7). Although the decrease was not 

statistically significant, these results are similar to previous findings that showed a 

significant decrease in GFAP on 1200 nm diameter fibrous substrates15 and fibrous 

substrates of unknown diameter.58

Astrocyte GLT-1 expression on both the small and large diameter fiber surfaces was 

increased approximately 3-fold after 4 days, relative to the film control (Figure 4H). This 

increase in GLT-1 expression was associated with a nearly 40% increase in cell survival 

when the cocultures were exposed to high levels of glutamate (Figure 4M). Zuidema et al. 

found previously that GLT-1 and glutamate uptake are significantly increased on 2400 nm 

diameter fibers,16 and Lau et al. found that GLT-1associated-mRNA was increased on 400–

450 nm diameter fibers.13 Both studies also showed that the fiber alignment was not a major 

factor affecting GLT-1 expression. The results here support these previous findings but also 

answer one prominent question not explored in these studies: the fiber diameter is not a 

major factor in stimulating GLT-1 expression in astrocytes (Figure 4H). Combining these 

findings shows that there is a large range of fiber diameters (400–2400 nm) and fiber 

alignments (unaligned–highly aligned) that will elicit a similar and significant GLT-1-

associated neuroprotective effect in astrocytes.

Inadequate glutamate uptake contributes to the pathology of many CNS disorders (reviewed 

by Danbolt59). The results here show that the topography of the physical environment can 

have a significant effect on astrocyte-mediated glutamate neuroprotection by modifying 

GLT-1 expression.
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5. CONCLUSION

This study’s aim was to examine how changes in electrospun fiber diameter affected aspects 

of astrocyte morphology and phenotype (Figure 6). Doubling (approximately) the aligned 

electrospun fiber diameter from 386 to 808 nm caused a significant increase in astrocyte 

elongation, which also improved directional neurite outgrowth. Both the small and large 

fiber substrates significantly increased GLT-1 production over the film control, which was 

associated with a 40% increase in astrocyte/neuron coculture survival. While the findings 

suggest that GLT-1 expression is not dependent on fiber diameter, they also suggest that 

simply engineering the topographical environment can significantly improve neuroprotection 

in a high glutamate environment. The large diameter fibers had the added benefit of 

increased directional neurite outgrowth length and a more rapid astrocyte response with 

increased process elongation. Thus, if aligned, electrospun fibers are utilized for directing 

axonal regeneration following central nervous system injury, it would be best to select fibers 

with larger diameters capable of triggering quick morphological changes in astrocytes to 

better direct the extension of axons.
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ABBREVIATIONS

DRG dorsal root ganglia

SEM scanning electron microscopy

HFP 1,1,1,3,3,3-Hexafluoro-2-propanol

GFAP glial fibrillary acidic protein

GLAST excitatory amino acid transporters 1

GLT-1 excitatory amino acid transporters 2

ECM extracellular matrix

CNS central nervous system

PLLA poly-L-lactic acid
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Figure 1. 
Characterization of small (7% PLLA) and large (12% PLLA) electrospun fibers. Scanning 

electron micrographs of (A) film, (B) small diameter fibers, and (C) large diameter fiber 

surfaces. Scale bar = 2 μm. (D) The scaffold’s mean fiber diameter. (E) Fiber density or the 

fibers per mm on each scaffold. (F) The fiber surface coverage. The alignment of the (G) 

small fibers and (H) large fibers. The * indicates statistical significance (p < 0.05). Statistical 

differences in fiber alignment were not observed.
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Figure 2. 
Astrocyte elongation over time on film, small diameter fiber, and large diameter fiber 

substrates. (A) Astrocyte aspect ratio (length/ width) on large fiber, small fiber, or film 

substrates after 2 h, 6 h, 24 h (1 day), and 96 h (4 days) in culture on the surfaces. The * 

indicates statistical significance (ANOVA, p ≤ 0.01). (B–G) Astrocytes from selected time 

points are shown on fluorescent fibers: (B–D) 1 day and (E–G) 4 day (green, phalloidin; 

blue, DAPI; red, rhodamine labeled fibers; scale = 20 μm).
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Figure 3. 
Effects of fiber diameter on astrocyte-mediated neurite guidance. Astrocytes cultured on 

electrospun fiber surfaces for 1 day (A–C) or 4 days (D–F) on either film (A,D), small 

diameter fibers (B,E), or large diameter fibers (C,F) before neurons were introduced for 24 h 

(for timeline, see I). Panels are arranged to show the coculture in the first column (green, 

GFAP; red, RT-97; blue, DAPI), the neurons alone in the second column, and the tracing of 

the neurites in the third column. Scale = 50 μm. Polar plots show the mean neurite outgrowth 

length in each direction for astrocytes cultured for either (G) 1 day or (H) 4 days on each 
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substrate. The fiber orientation was parallel to the 90 deg axis. (J) The mean neurite growth 

length parallel to the orientation of the fibers on each astrocyte surface over time. (K) The 

number of neurite branches per micrometer in the neuron-astrocyte coculture on each 

surface over time. The * represents statistical significance (ANOVA, p ≤ 0.05).
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Figure 4. 
Effect of fiber diameter on astrocyte glutamate transporters. The relative amounts of GLT-1 

(66 kDa) and GLAST (52 kDa) was assessed using Western blot. GLT-1 and GLAST were 

normalized to actin (42 kDa). (A) Diagram of the Western blot protocol (B–G). Higher 

density astrocytes were seeded for Western blot (666 cells/mm2, scale = 100 μm). 

Normalized Western blot results are shown as a fold change over the film control for GLT-1 

(H, J) and GLAST (I, K). The * represents statistical significance (ANOVA, p ≤ 0.05).
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Figure 5. 
Fiber induced astrocyte-mediated neuroprotection. (A) Diagram of the excitotoxicity 

protocol. Cocultures were prepared similar to previous experiments, then exposed to 20 mM 

glutamate for a period of 24 h. LDH release was used to measure cell death. (B) The % 

survival of cocultures after either 1 day or 4 days of astrocyte culture on each of the surfaces. 

The * represents statistical significance (ANOVA, p ≤ 0.05).
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Figure 6. 
Summary of astrocyte and astrocyte/neuron response to fiber diameter. In the orthogonal 

view in the second row, the fibers are drawn in gray. The large fibers are twice the diameter 

of the small fibers, and the model astrocytes (green) are the same size. In the third row, 

representative astrocytes are drawn in green, and neurons are drawn in red (not to scale).
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Table 3.

Adjusted Electrospinning Parameters

parameter large fiber small fiber

electrospinning solution content 12% PLLA 7% PLLA

rotation speed 1000 rpm 2000 rpm

pump rate 2.0 mL/h 1.5 mL/h

humidity 38–40% 30–33%

collection time 10 min 15 min
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