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Abstract

Following central nervous system (CNS) injury, activated astrocytes form a glial scar that inhibits
the migration of axons ultimately leading to regeneration failure. Biomaterials developed for CNS
repair can provide local delivery of therapeutics and/or guidance mechanisms to encourage cell
migration into damaged regions of the brain or spinal cord. Electrospun fibers are a promising type
of biomaterial for CNS injury since these fibers can direct cellular and axonal migration while
slowly delivering therapeutic to the injury site. In this study, it was hypothesized that inclusion of
an anti-metabolite, 6-aminonicotinamide (6AN), within poly-L-lactic acid (PLLA) electrospun
fibers could attenuate astrocyte metabolic activity while still directing axonal outgrowth.
Electrospinning parameters were varied to produce highly aligned electrospun fibers that
contained 10% or 20% (w/w) 6AN. 6AN release from the fiber substrates occurred continuously
over two weeks. Astrocytes placed onto drug-releasing fibers were less active than those cultured
on scaffolds without 6AN. Dorsal root ganglia (DRG) placed onto control and drug-releasing
scaffolds were able to direct neurites along the aligned fibers. However, neurite outgrowth was
stunted by fibers that contained 20% 6AN. These results show that 6AN release from aligned,
electrospun fibers can decrease astrocyte activity while still directing axonal outgrowth.
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1. Introduction

Aligned, electrospun fibers direct neurite outgrowth (1-8) especially when a high degree of
fiber alignment is attained (7,8). In addition to fiber alignment, other physical characteristics
such as fiber diameter also impact neurite extension (9), and when these fibers possess the
proper diameter and degree of alignment, longer, more directed neurite extension occurs (8).
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Typically these studies utilize an /n vitro dorsal root ganglia (DRG) explant model, but
neuritogenesis is also seen in models using primary motor neurons (10).

Significant progress is being made to optimize the physical characteristics (fiber alignment,
diameter, and selection of materials) of electrospun fibers for neural repair (8,9). The focus
on these physical characteristics predominates in comparison to studies that attempt to
release therapies that alter glial or neuronal response. While studies have incorporated
chemotherapies (11-13) or protein (14-15) within or on the surface of fibers to improve
cellular adhesion or enhance axonal regeneration, few studies attempt to vigorously control
electrospinning parameters so that aligned, electrospun substrates are fabricated that also
release therapy.

Examination of harmful astrocyte behavior on electrospun fibers does not often occur.
Additionally, when therapies are selected for release from electrospun fibers, they are not
often selected for the purpose of directly affecting astrocyte activity. Of recent significance,
it was discovered that astrocytes cultured on polydioxanone electropun fibers helped
facilitate axonal outgrowth from DRG neurons (1). A more recent /n vitro model using a
DRG/non-reactive astrocyte coculture system in the presence of polyamide nanofibers
coupled to fibroblast growth factor-2 (FGF-2) enhanced axonal extension (15). These studies
suggest that astrocytes may play a beneficial role in the regeneration process when used in
combination with aligned, electrospun fibers. However, /n vivo astrocytes create an
impassable barrier in response to injury (16), and this is believed to be a protective response
that separates damaged tissue from healthy tissue (17). If this scar tissue remains after
injury, even if the extent of scar formation is diminished (18), then regeneration cannot
occur. It has been suggested that if astrocytes are prevented from properly forming this scar
tissue, then regeneration may occur (19).

The mechanisms that lead to astrocyte reactivity are still unclear due to the inherent
complexity of astrocytes, but significant efforts to better understand activation pathways and
methods to prevent reactivity are underway (16). The anti-metabolite 6-aminonicotinamide
(6AN) is known to inhibit the pentose phosphate shunt (PPP) and effectively deplete
astrocytes of metabolites (20-21) and nucleotides (21). 6AN affects the metabolic activity of
astrocytes more so than neurons (22), making it an attractive agent for spinal cord injury
applications. This has been demonstrated in a nerve crush injury where increased axon
recovery was seen when 6AN was applied (23).

The goal of this study was to design highly aligned electrospun fibers that release different
amounts of 6AN for a sustained period of time. Once fabricated, it was hypothesized that
these 6AN-containing fibers would attenuate astrocyte metabolism but still allow for
directed extension of regenerating axons from DRG explants. Electrospinning parameters
were varied to produce highly aligned fiber scaffolds that contained 6AN. Release of 6AN
from the aligned fiber substrates occurred over several days. Neurite outgrowth from DRG
explants cultured on some 6AN releasing fibers was not significantly altered when compared
to fibers that did not release 6AN. Dissociated astrocytes were less metabolically active than
their counterparts cultured on fibers not releasing 6AN. This preliminary study suggests low
concentrations of 6AN loaded into aligned, electrospun fibers may be capable of directing
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axonal extension while reducing astrocyte activity without significantly reducing neurite
growth.

2. Methods

2.1 Electrospinning

Poly-L-lactic acid (PLLA, NatureWorks™; grade 6201D, Lot #9051-89-2, density: 1.25,
MW being 78 kDa, and number average MW 48 kDa) was purchased from Cargill Dow
LLC (Minnetonka, MN). 1,1,1,6,6,6-hexafluoro-2-propanol (HFP), chloroform,
dichloromethane, and 6-aminonicotinamide (6AN) were purchased from Sigma (St. Louis,
MO).

240mg of PLLA was dissolved in 3g of HFP to create a control solution of 8% wt/wt
solution of PLLA. 10% 6AN and 20% 6AN (wt 6AN/wt PLLA) fibers had 24mg and 48mg
respectively of 6AN added to a 10% PLLA solution (240mg PLLA/2.4g HFP) (Table 1).

Basic electrospinning design and setup has been previously described (7). Briefly, each
group was spun using a 5 mL syringe with a 22 gauge needle of length 38 mm onto an
aluminum disk 220 mm in diameter and 10 mm thick, spinning at 1800 rpm with a
collection distance of 60 mm. All groups were electrospun at a relative humidity level of
33% + 3%. All fibers were electrospun onto 15x15 mm glass coverslips with a thin film of
PLLA cast onto the coverslips using a solution containing 4% wt/wt PLLA in a 1:1 mixture
of chloroform and dichloromethane. The control group was electrospun for 10 minutes at 15
kV and all other groups were electrospun at 14 kV for 5 minutes. All control and
experimental groups were electrospun in triplicate.

2.2 Scanning electron microscopy (SEM)

SEM was conducted for fiber characterization using a Hitachi S-4700 field emission
scanning electron microscope (FESEM) at an accelerating voltage of 1 kV. Prior to imaging,
each sample was coated with a 5 nm thick layer of gold/palladium by a Hummer 6.2 sputter
coater (Anatech Ltd. Denver, NC).

2.3 Fiber characterization

Each fiber group had three samples imaged, one from each independent fabrication. In order
to ensure unbiased sampling, all information associating each image to a sample group was
removed and analyzed by a person unaffiliated with the project.

2.3.1 Fiber alignment—To quantify the alignment and diameter of fibers, 99 fibers for
each fiber group (33 fibers from each independently fabricated sample) were analyzed using
ImageJ (NIH, Bethesda, MD). The median angle of each sample set was subtracted from
each angle to give the degree of deviation. Each angle was placed into a data bin of 2°, so
that all angles between 0° and 2° were placed in one bin, and all angles between 2° and 4°
were placed in another bin, and so on. Angles ranged from —90° to 90° with 0° being the
median of the fiber sample.

J Neural Eng. Author manuscript; available in PMC 2019 March 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schaub and Gilbert

Page 4

2.3.2 Fiber diameter—3a3 fibers from independently fabricated samples were analyzed to
determine fiber diameter (n=99 per test group). Cross sectional diameter was measured
using ImageJ (25).

2.3.3 Fiber Surface Coverage—In order to determine fiber density, a reference line
perpendicular to the general fiber orientation was drawn and the number of fibers along the
reference line was counted (n=3 per test group). The density was converted to the number of
fibers per mm for each experimental group.

Previous studies have calculated fiber mesh size to determine the area between the fibers
(8,9). However, in an ideal situation of perfectly aligned fibers the gap area or mesh size is
infinite rendering a mesh size calculation irrelevant. It is however necessary to know the
surface area coverage of a fiber sample to ensure uniformity between groups. In order to
show similarities between test groups for fiber coverage the mean diameter of a sample is
multiplied by the density of the sample to get the diameter-density product (DDP).

DDP = (Mean Sample Diameter) * (Sample Density)

The diameter density product gives a number representing the general fiber surface area
coverage for a sample.

2.4 Drug release characterization

In order to determine the quantity of drug released from the fibers, a standard curve was
created by dissolving 6-AN in HFP and diluted to various concentrations with PBS to a
volume of 200 pl. These calibrated solutions were then incubated at 37°C and 5% CO, for
24 hours to imitate culture conditions. In order to remain above the detection limit, PBS
(200 pl) was dropped into silicon molds (4mm x 13mm) placed on all sample groups. After
24 hours, PBS solutions in contact with fiber sample or solutions created for the calibration
curve were then reacted with 20 pl of a 25 mg/ml solution of fluorescamine (Sigma, St.
Louis, MO) for 55 minutes. Fluorescamine is a reactant that produces fluorescent products
when in the presence of a primary amine group. Samples were then analyzed for fluorescent
products (ex: 390nm, em: 465nm) using a Biotek Synergy HT plate reader (Winooski, VT).
6AN release from the fiber samples was monitored for 14 days.

2.5 Cell culture

2.5.1 DRG culture—E9 chick DRG and E10 chick spinal cord were isolated in accordance
with procedures approved by the Institutional Animal Care and Use Committee (IACUC) at
Michigan Technological University. Full DRG were dropped in 150 ul of Neurobasal
medium supplemented with L-glutamine, penicillin/streptomycin, and B-27 serum free
supplement (Invitrogen, Green Island, NY) on top of a fiber sample. DRG were allowed to
attach onto fiber samples (n=6) that were not coated with any neuronal adherent proteins or
serum solutions for approximately 14 hours within a tissue culture incubator (37°C, 5%
COy). Then Neurobasal medium was added to a total volume of 2mL with a final
concentration of 50 ng/ml of nerve growth factor (NGF; Calbiochem, La Jolla, CA). The
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DRG were then incubated for 60 hours before fixing and labeling. Cultures were performed
in triplicate to ensure consistency in results.

2.5.2 Astrocyte culture—Astrocytes were isolated from E10 chick spinal cords as
described previously (24). Briefly, astrocytes were dissociated from three chick spinal cords
and incubated in DMEM:F12 supplemented with penicillin/streptomycin, GlutaMax,
fungizone, and fetal bovine serum (FBS) (all purchased from Invitrogen, Green Island, NY).
Cells were cultured for seven days and then split and incubated for another five days in
medium containing 1:100 G5 supplement (Invitrogen, Green Island, NY) prior to culturing
on fibers. G5 contains growth factors such as epidermal growth factor (EGF) that are known
to differentiate astrocytes to maturity. 75,000 differentiated cells were plated on fibers in
150ul of Neurobasal medium for 14 hours. Neurobasal medium was added to a total volume
of 2mL with 50ng/ml concentration of NGF and incubated for 60 hours.

2.6 Immunocytochemistry

After 60 hours in culture, DRG or astrocyte cultures were fixed by adding 2 ml of PBS (10
mM phosphate, 150 mM sodium chloride) solution containing 8% (wt/volume)
paraformaldehyde (Sigma, St. Louis, MO) to the 2 ml of culture solution for one hour. Cells
were washed three times with PBS, and then blocked with a PBS solution containing 10%
normal goat serum and 0.4% triton X-100 (Sigma, St. Louis, MO) for 1 hour. Blocking
solution was then removed and incubated (37°C, 5% CO,) with rabbit anti-neurofilament
primary antibody for DRG (1:800 dilution, Chemicon, Temecula, CA) for 14 hours.
Specimens were then washed and incubated with Alexa Fluor 488 (1:1000, Invitrogen,
Green Island, NYY) for an hour. Cells were then incubated for 15 minutes in a 10ug/ml
solution of DAPI in PBS. The DAPI solution was removed and cells were washed 3 times
prior to imaging. DRG and astrocytes were imaged using a Zeiss Axiovert 200 M
microscope equipped with an AxioCam fluorescence camera.

2.7 DRG Size and Length of neurite outgrowth

In order to ensure unbiased sampling, each DRG image was stripped of all information
associating it with an experimental group and analyzed by a person unaffiliated with the
project. All DRG that visibly attached, seen by the naked eye, to the fiber sample before
antibody labeling were analyzed. If a DRG did not attach to a fiber sample an additional trial
was performed until a total of 6 DRG attached. This approach was used as opposed to a
previous method of DRG selection that only analyzed DRG having a certain neurite length
(9) in order to examine the effects of 6AN on neurite extension.

The perimeter of each selected DRG was marked and measured to determine the area. Then
the 10 longest neurites from one side of the DRG were measured and averaged to generate
the average neurite length for that particular side of the DRG. The same analysis was then
conducted on the other side of the DRG. Six DRG were analyzed for each experimental
group. Since each DRG has two sides of neurite outgrowth, 12 length measurements (n =
12) were gathered for each condition. All measurements were taken using Image J software
(25).
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2.8 Degree of perpendicular neurite outgrowth

To determine how 6AN release affected neurite extension perpendicular to the axis of the
aligned fibers, the degree of perpendicular neurite outgrowth was quantified. The perimeter
of each DRG characterized in Section 2.7 was marked using NIH ImageJ software (25). The
distance from the top and the bottom of the explants to the maximum neurite extension that
occurred perpendicular to the aligned fibers was measured as neurite perpendicular
outgrowth (n = 12 for each fiber condition).

2.9 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assay for cell activity

Before fixing astrocytes, fiber slides were transferred to a 12-well plate and each fiber
sample was incubated for four hours in 500 pl of fresh Neurobasal culture medium with 100
ul of MTS assay solution prepared according to the manufacturers protocol (Promega,
Madison, WI). After 4 hours, 100 ul of culture medium was removed and placed in a 96-
well plate to be analyzed for transmittance in a plate reader (Biotek). The MTS assay forms
a water soluble formazan product when metabolized by dehydrogenase enzymes, thus
forming formazan product with respect to the degree of metabolic activity. The formazan
product is then read for absorbance at 490nm.

2.10 Statistical analysis

3 Results

Statistical analyses were performed using JMP IN software (Release 8.0.1; SAS; Cary, NC).
A one-way ANOVA was run first to determine statistical differences between groups in fiber
density (V= 99), neurite length (= 12), DRG surface area (n=6), and MTS transmittance
(n=3). For those that showed differences in ANOVA, post-hoc Tukey—Kramer HSD tests
were used to compare all pairs individually. The Brown-Forsythe test was run to determine
statistical differences in fiber alignment (A =99). Linear Regression was performed on 6AN
release from the fibers to determine release rates.

3.1 Physical Fiber Characteristics

To evaluate the effect of 6AN on electrospun fiber characteristics, the alignment, diameter,
and density was determined (Figure 1). Alignment of the control group was statistically
different from both groups containing 6AN (p<0.01) but 6AN groups did not show statistical
difference from each other. None of the groups showed statistical differences when
examining fiber density, diameter, or DDP. Although not significantly different, there was a
trend to a smaller number of fibers in the Control sample set.

3.2 Drug Release Characteristics

200ul of PBS was placed on 3 independently fabricated samples for each test group then
incubated for 24 hours. PBS was then removed and reacted with fluorescamine before
analyzing for fluorescence. Fluorescent readings were compared to a standard curve to
determine amount of 6AN release (Figure 2). The 20% 6AN fibers showed a large burst
release for the first day followed by a relatively constant release for the next 14 days. Unlike
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the 20% 6AN fibers, the 10% 6AN fibers showed a smaller burst release and maintained a
nearly linear release for 14 days. The control showed no release.

A major difference between the 6AN groups besides the presence of burst release and
release rates was the variation within the groups of the release rates. There was far less
variation in 10% 6AN fiber release rate (R? = 0.87) than the 20% 6AN fibers (R? = 0.64)
when a linear regression was performed. Only one sample in the 20% 6AN fibers showed a
decrease in 6AN release that compared to the 10% 6AN release rate.

3.3 DRG Culture

Full DRG were cultured on three independently fabricated samples for each group (n=6 per
group). The DRG did not always attach to the fiber samples, and this was seen to be a more
frequent occurrence in the 20% 6AN group. 6 of 7 DRG trials attached to the control fibers,
6 of 8 DRG attached to the 10% 6AN fibers, and 6 of 12 DRG attached to 20% 6AN fibers.
In the event of a DRG failing to attach to the fiber sample an additional trial was performed
until a DRG successfully attached. The data represents all DRG that attached (Figure 3).

While neurite extension between the 20% 6AN fibers (778 pm £ 160 pm) and the other
groups was statistically different (p<0.01), the Control (980 pm + 259 um) and 10% 6AN
(934 um % 254 um) groups did not show a large difference. Analysis of DRG size showed
that DRG cultured on 20% 6AN fibers (0.204mm?2 + 0.051mm?) were larger (p<0.05) than
the both the Control (0.131mm? + 0.023mm?2) and the 10% 6AN (0.141mm? + 0.028mm?).
Perpendicular neurite extension analysis showed no differences between the groups.

One noticeable difference between the groups was the morphology of extending neurites.
Nearly all control and 10% 6AN groups DRG showed well defined neurites (Figure 3A)
while the 20% 6AN DRG had few (Figure 3C).

3.4 Astrocyte Culture

75,000 astrocytes were seeded on fiber scaffolds in 150ul of Neurobasal and incubated for
14 hours. Neurobasal culture medium was then added to a total volume of 2 mL. After 56
hours, fresh culture media was placed in the culture dishes and MTS assay was added. After
4 hours, the culture media with MTS assay was analyzed for absorbance (Figure 4).
Absorbance values for each test group for the MTS assay showed statistically different
results (p<0.0001) with the control showing the greatest absorbance and the 20% 6AN
showing the least. The formazan product from MTS catalysis is what is measured for
absorbance. Thus the more formazan product formed the higher the absorbance values.

4 Discussion

4.1 Physical Characteristics of 6AN-PLLA Fibers

While many groups have included a drug or protein into electrospun fibers for controlled
release (12-15) few have attempted to do so in aligned fibers, and to the best of our
knowledge no one has attempted to do so with a highly controlled result. One of the goals of
this study was to determine the effects of adding a drug or protein to an electrospinning
process known to produce highly aligned fibers and determine if a high degree of control
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over physical characteristics could be maintained. Inclusion of 6AN, a small molecular
weight analog of nicotinic acid, drastically changed the physical properties of the
electrospun fibers. The fibers became less aligned than fibers electrospun from solutions
containing the same amount of PLLA but with no 6AN. It was necessary to account for the
decrease in fiber diameter due to addition of 6AN by increasing the PLLA concentration
from the Control (8% PLLA) for the experimental groups containing 6AN (10% PLLA).
The decrease in size is consistent with previous work that shows the addition of any
substance to a particular electrospinning method reduces the maximum fiber size (13).

Despite our ability to achieve fibers of similar diameter, creating fibers of similar orientation
was problematic. This could be due to a number of reasons. First the added charge to the
solution by including 6AN may have increased the drawing force for a similar voltage (26).
This would cause the fibers to be drawn to the collector faster preventing the rotating wheel
from elongating the Taylor cone as efficiently as before. Another possibility is that the
addition of the 6AN stabilized the HFP solution decreasing its evaporation rate. The
decrease in evaporation rate would likely increase the Taylor cone radius (27) thus making it
more difficult to align on the collecting disk. Both situations account for the decrease in
diameter size, although the decrease in diameter may have also come from the 6AN
disrupting the HFP solution by decreasing its surface tension thus requiring less force to
draw solution from the tip. In any case it is clear that the inclusion of 6AN significantly
increases the collection rate at a lower voltage since in a 5 minute span a similar number of
fibers could be collected compared to solution not containing 6AN taking 10 minutes.

4.2 Controlled Release of 6AN

For the purposes of this study we chose to monitor release of 6AN for 14 days because this
is the approximate length of time the blood brain barrier (BBB) remains porous after injury
(17). When the BBB becomes porous, astrocytes are exposed to various factors that induce
reactivity. However, our current data does not give any indication as to the total amount of
6AN released. To determine an approximate amount of 6AN contained in each set of fibers,
we dissolved 25 samples of each sample set in dichloromethane. Dichloromethane dissolves
PLLA but not 6AN. After centrifuging the supernatant was removed and additional
dichloromethane was added to remove any remaining PLLA. After centrifuging a second
time and removing the supernatant, the dichloromethane was allowed to evaporate off and
the 6AN remaining was weighed. Using this method we were able to determine that the
average sample weight of 6AN was 330ug for the 20% 6AN fibers and 160 pg for the 10%
6AN fibers. Taking into account the area analyzed using the molds compared to the total
surface area of the fiber samples, approximately 15% of the 6AN was released from the 20%
6AN fibers and 8.5% was released from the 10% 6AN fibers over a 14 day period.

Previous studies analyzing drug release kinetics have determined that release rate depends
on a number of factors including polymer-drug affinity (11, 12). The drug solubility in the
polymer determines whether the drug forms amorphously within the polymer as opposed to
forming as a crystalline solid. If the drug forms as a crystalline solid, and is thus insoluble in
the polymer, then a rapid release rate is seen (12). A similar rapid release rate is seen when
hydrophilic drugs are incorporated into electrospun fibers (11). The release rate of 6AN in
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the 10% 6AN group is nearly linear with very little to no burst release. This indicates a
concentration of 6AN below its solubility limit in PLLA. The 20% 6AN group on the other
hand shows a large burst release during the first day and shows sporadic bursts throughout
the 14 day period. This indicates a concentration of 6AN above the solubility limit in PLLA.

Another contributing factor to release rate is the hydrophobicity of the drug. If the drug is
hydrophaobic, then a longer and more linear release rate is seen (12, 28, 29) versus a rapid
release for a hydrophilic drug (11). Because 6AN is highly hydrophobic and appears to be
soluble in PLLA, it is expected that the release rate be linear. While the variation between
10% 6AN samples showed a reasonable correlation to a linear regression (R2 = 0.86) each
individual sample showed a strong correlation (R? range = 0.97-0.99). Thus, we conclude
the release rate of 6AN shows a strong linear release rate and the variation likely comes
from small differences in fiber density or diameter in each sample. The 20% 6AN shows a
lower correlation with individual samples (R2 range = 0.94-0.97) and the combined show
even greater variation (R2 = 0.64).

4.3 The Effect of 6AN Release on DRG Growth

While 6AN has been used in CNS injury models to impart injury or reduce regeneration, it is
known that low levels of 6AN is permissive to nerve regeneration while causing necrosis in
reactive astrocytes (23). One of the goals of this study is to determine if PLLA fibers are
capable of releasing sufficient levels of 6AN that allow nerve growth while simultaneously
inhibiting astrocyte metabolic activity. Despite the difference in PLLA control and 10%
6AN electrospun fiber alignment, there was no statistical difference in axonal extension.
Both of these groups were statistically different from the 20% 6AN group, and while the
alignment was different from the Control it was not different from the 10% 6AN fibers. This
suggests that it is the 6AN, and not the physical parameters, that are ultimately limiting the
growth of the extending axons. It should be noted also that a large number of attempts were
necessary to successfully attach DRG to fiber samples in the 20% 6AN group compared to
the other groups. If this material is capable of releasing enough 6AN to reduce axonal
extension then the quantities released should be sufficient to reduce astrocyte activity.

It should be recognized that this data is ultimately biased due to the DRG selection process.
Because cultures were repeated until a DRG successfully attached, a number of additional
factors may have played a role in DRG attachment and neurite extension. One issue could be
that there is a variation in the number of cells that survive the DRG isolation process. If
fewer cells survive, but are still capable of attaching, then the DRG may have attached to the
Control and the 10% 6AN fibers while having too many cells killed by the 20% 6AN to
attach. Thus the 20% 6AN trials that attached may have been DRG that had a larger number
of cells surviving the isolation process. This may account for the larger DRG size. Another
issue with the DRG selection process is that due to the variation in drug release between the
samples, it is possible that DRG only attached to samples that released less 6AN. This does
not appear to diminish the significance of the data, but rather has the potential to increase the
validity of these conclusions.

One interesting aspect of the DRG data is the significant increase in DRG size in the 20%
6AN group. While this may be attributed to the DRG selection process, as described above,
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ultimately we find this to be in agreement with previous literature. Previously 6AN was used
to cause demyelination of axons in both the CNS (30) and peripheral nervous system (30,
31) due to degenerating Schwann cells and Oligodendrocytes. These studies suggest that
6AN has a more dramatic effect on Schwann cells, Oligodendrocytes, and astrocytes than
neurons. If this is true then the increase in DRG size might be explained by the significant
effect it is having on the Schwann cells to migrate out of the DRG body. While we have
previously shown that the S100 antibody, labeling for Schwann cells, covers the majority of
all cells stained with DAPI, we cannot use this data to accurately measure Schwann cell
migration out of the DRG body. If the DRG selection process is biasing the data then it is
necessary to account for Schwann cells remaining in the DRG body by using the S100
antibody. Based on inspection it appears that there is a significant decrease in Schwann cell
migration, however we would not be able to determine that the Schwann cells are remaining
in the DRG body since both the Schwann cells and neuron nuclei are stained by the DAPI.
The S100 label would be necessary to determine that Schwann cells are remaining in the
DRG body.

4.4 The Effect of 6AN Release on Astrocyte Activity

In spite of the beneficial roles that have been demonstrated /in vitro, astrocytes remain a
difficult issue /n vivo. It is known that astrocytes become ‘reactive’ and migrate to the injury
site to form dense, impassable networks while proliferating and releasing factors inhibiting
axonal extension. Astrocyte reactivity, which has been defined as a range of phenotypic
changes in astrocytes responding to CNS insult (16), is thought to be a neuroprotective
response to foreign molecules and factors released by invading macrophages (17). When
TGF-p1 and TGF-B2, two factors that induce astrocyte reactivity, were inhibited by use of
antibodies to block membrane receptors, a reduction in glial scar formation was seen despite
little to no axon regeneration (18). However, almost completely preventing scar formation in
a knockout model for GFAP and Vimentin, two essential intermediate filaments for the
formation of astrocyte networks in the glial scar, showed scar formation was significantly
decreased and nerve regeneration occurred (19). Thus, while it is necessary to consider the
macrophage and neuroprotective components to the glial scar formation as well as the
growth promoting factors previously demonstrated (1, 15), ultimately the glial scar must be
overcome in order for regeneration to occur.

Because the mechanism to induce astrocyte reactivity is complex and depends on a number
of factors, we chose to use the G5 supplement which contains EGF and FGF. EGF is known
to induce a strong response in astrocytes causing a drastic increase in chondroitin sulfate
proteoglycans (CSPGs; 32) and when combined with FGF is known to induce GFAP
expression (33). Since GFAP and CSPG expression is seen in reactive astrocytes we
determined that the G5 supplement should adequately induce a limited degree of astrocyte
reactivity.

This study attempts to demonstrate how electrospun fibers might be used to address this
issue while using the physical parameters of the fibers to direct neurite growth. While the
effect of 6AN release from some fiber samples (10% 6AN) appears to have minimal effects
on neurite extension, astrocyte metabolism was significantly decreased in both groups of
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6AN fibers compared to the control. The mechanism of 6AN is competitive inhibition of
certain dehydrogenase enzymes in the pentose phosphate pathway PPP, which deplete
reducing agents and ribose supplies (20, 21). Although 6AN acts primarily on the PPP, it
also appears to inhibit the glycolytic pathway (20). It is clear why both pathways would be
upregulated in reactive astrocytes due to the genetic precursors and energy needed for these
proliferative cells to release growth factors, intermediate filaments, and chondroitin sulfate
proteoglycans (CSPGs).

An interesting part of the astrocyte data is that unlike the DRG experiments that required a
number of additional trials in order to get DRG attached only three astrocyte trials per test
group were conducted. Due to the lack of clarity of our cell staining or the limitations of our
microscope we could not get accurate cells counts. However, based on inspection of the
images we did not see a decrease in the astrocyte coverage as we might have expected.
Because we could not get an accurate cell count, it is possible that the decrease in the MTS
assay may be due to a decrease in astrocyte attachment or cell death rather than a decrease in
metabolic activity. Since there isn’t the same degree of variability for astrocyte seeding as
there is for DRG isolation, we believe that these results still indicate a significant decrease in
astrocyte activity either through cell death, attachment, metabolic activity or some
combination of these.

Despite these promising preliminary results, there are additional factors to take into
consideration when using 6AN not addressed here. While our data indicates it is possible to
release appropriate amounts of 6AN to inhibit astrocyte activity while permitting little
reduction in neurite extension, previous studies indicate other cells must be taken into
consideration. 6AN is known to affect the ability of Schwann cells and Oligodendrocytes to
myelinate axons (30, 31). It is possible that the amount of drug needed to be released to
inhibit astrocytes will cause these cells to demyelinate axons outside of the injured region.
Also, we do not know if 6AN affects the ability of these cells to migrate, but if it does as this
data may suggest then these cells may not be able to assist in nerve growth as previously
indicated (34, 35).

Another potential issue with the use of these fibers is the macrophage response. While 6AN
may induce macrophage activation (36), 6AN is also shown to decrease macrophage
sensitivity to lipopolysaccharide (LPS) and interferon-lambda (37). If 6AN does not
decrease macrophage activation then by preventing the glial scar to form, macrophages
would be permitted to migrate into uninjured tissue and cause additional damage. If 6AN
does decrease macrophage activation, the next question is whether 6AN is released at high
enough levels to quickly prevent macrophage activation thus preventing macrophage
migration into undamaged tissue.

5 Conclusions

This study investigated the possibility of using aligned, electrospun fibers loaded with a
metabolic inhibitor (6AN) to selectively target astrocytes while allowing nerve growth.
While it was difficult to design aligned fibers that release 6AN with characteristics shown to
be conducive to nerve growth, proper parameters were determined to electrospin fibers that

J Neural Eng. Author manuscript; available in PMC 2019 March 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schaub and Gilbert

Page 12

allowed similar growth to that of highly aligned scaffolds. These novel fiber scaffolds
showed a high degree of control in releasing 6AN and at levels sufficient to significantly
reduce astrocyte activity while in some cases, did not affect axonal extension from DRG
neurons. The reduction in metabolism warrants further study to determine the specific
effects 6AN has on astrocytes once they become reactive.
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Daily 6AN release over a two-week period. Control (¢), 10% 6AN (O, R? = 0.86), and 20%

6AN (A, R? = 0.64).
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Figure 3.
DRG culture after 60 hours. (A) Control, (B) 10% 6AN, and (C) 20% 6AN stained with

neurofilament (green) and DAPI nuclear stain (blue). DRG area was measured (D) and
growth was analyzed by measuring neurite extension along the length of the fibers (E) and
perpendicular to the fibers (F). Scale bars are 500um and *p<0.05.
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Absorbance values of culture media incubated for 4 hours with MTS assay. Higher

absorbance indicates higher metabolic activity, *p<0.0001.
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