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Neuronal Electrophysiological Function and Control
of Neurite Outgrowth on Electrospun Polymer Nanofibers
Are Cell Type Dependent

Justin L. Bourke, BSc/BE,"? Harold A. Coleman, PhD,' Vi Pham, PhD),
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Modeling of cellular environments with nanofabricated biomaterial scaffolds has the potential to improve the
growth and functional development of cultured cellular models, as well as assist in tissue engineering efforts. An
understanding of how such substrates may alter cellular function is critical. Highly plastic central nervous
system hippocampal cells and non-network forming peripheral nervous system dorsal root ganglion (DRG) cells
from embryonic rats were cultured upon laminin-coated degradable polycaprolactone (PCL) and nondegradable
polystyrene (PS) electrospun nanofibrous scaffolds with fiber diameters similar to those of neuronal processes.
The two cell types displayed intrinsically different growth patterns on the nanofibrous scaffolds. Hippocampal
neurites grew both parallel and perpendicular to the nanofibers, a property that would increase neurite-to-
neurite contacts and maximize potential synapse development, essential for extensive network formation in a
highly plastic cell type. In contrast, non-network-forming DRG neurons grew neurites exclusively along fibers,
recapitulating the simple direct unbranching pathway between sensory ending and synapse in the spinal cord
that occurs in vivo. In addition, the two primary neuronal types showed different functional capacities under
patch clamp testing. The substrate composition did not alter the neuronal functional development, supporting
electrospun PCL and PS as candidate materials for controlled cellular environments in culture and electrospun

PCL for directed neurite outgrowth in tissue engineering applications.

Introduction

IOMATERIAL SUBSTRATES HAVE long been investigated

for use as structural support and both mechanical and
chemical control of cellular growth in culture and tissue re-
generation. Neuronal growth is highly dependent upon the
chemical and physical properties of the environment, so cell
growth and functional development should be optimal
for conditions that most closely match the natural cellular
environment." Nanofabricated electrospun polymer sub-
strates are a promising means by which to mimic that natural
neural cellular environment both in culture and later for
implantation in tissue regeneration applications.

Cellular electrophysiological activity is an important func-
tion that is especially critical for neurons, since their function is
characterized by the cell’s ability to adequately control trans-
membrane ion flux to enable generation of action potentials
(APs), the unit of neuronal intercellular communication.

Electrophysiological studies of cultured primary neurons
have shown that the cellular function was not altered when
neurite outgrowth directionality was controlled by guidance

cues presented by patterned protein deposition on 2D sur-
faces,*® or when cells were plated with patterned inkjet cell
printing techniques.” Nor has there been reported changes in
the ability of cells to form synapses on patterned or textured
2D surfaces as measured by synapsin I staining®” and syn-
aptic currents.'® Neurons cultured on two-dimensional cast
polymer surfaces also display normal function."' However,
many polymer-based scaffolds are nanofabricated, increas-
ing the ratio of material surface area to volume which, in
turn, increases the contact area between the cells and sub-
strate,'? potentially magnifying effects the material may have
on cell function. Increasing the surface area also increases
degradation rates of degradable polymers13 which, along
with any resultant by-products, has the potential to alter the
electrophysiological function with time in extended culture.
Polymer substrates have previously been treated to attach
peptides to surfaces, particularly for electrospun poly-
caprolactone (PCL), where ethylenediamine treatment has
been used to partially degrade and aminolyse the surface to
facilitate peptide attachment.'*'> This PCL aminolysation
treatment has not been tested for effects on cell function.
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The electrophysiological function and network formation
appear normal in primary neurons cultured in a three-di-
mensional Matrigel'® and collagen matrices."”'® Changes in
the resting membrane potential and altered duration of the
after hyperpolarization following an AP have been reported
in hippocampal cells during early culture in collagen gel,"
however, the capacity of cells to fire APs was not altered.
However, gene expression and protein transcription of var-
ious proteins, not necessarily related to the electrophysio-
logical function, can be regulated within certain cell types by
cellular interactions with the nanostructure,”® by changes in
cell morphology arising from surface chernistry,21 and by
topographical guidance cues® presented by the substrates
upon which cells are grown. If substrate nanoarchitecture
can influence expression of proteins related to electrophysi-
ological function, such as Na*, K*, Ca®*, and Cl~ ion
channels, then it is also likely that nanoarchitecture may alter
the cell’s ability to fire APs, a critical requirement of func-
tional neurons.

Shahbazi et al. found that when differentiating stem cells
into neurons rather than using primary neuronal cultures,
polyamide nanofibers regulated gene expression and tran-
scription of ion channel proteins, including various voltage-
gated K*, Na*, and Ca?* channels, resulting in increased
duration and amplitude of inward currents as well as in-
creased K* currents.”® Acute application of nanoparticles can
also alter cellular functions, with carbon nanotubes able to
block transmission of ions through ion channels involved in
electrophysiological function, decreasing K* current densi-
ties in PCI12 cells® and in transfected CHO cells.”” In-
corporation of carbon nanotubes into biomimetic scaffolds
may, however, improve the neuronal network formation,?®
possibly by the generation of electrical shortcuts between
cells.”” This dichotomy of effects of nanoparticles illustrates
the need to thoroughly test their effects on cell function.

Sensory dorsal root ganglion (DRG) neurons have been
well studied electrophysiologically.?*** During develop-
ment, DRG neurons send processes from the spinal cord to
the body’s extremities to form the sensory peripheral ner-
vous system. It is not surprising then that, in culture, DRG
neurons have the propensity to extend long neurites, as they
do in vivo, which are strongly guided by structural cues in
the underlying substrate.®> In contrast, hippocampal
neurons, often studied for their electrophysiological activity
and network formation in culture,*®*™*' form highly plastic
networks with GABAergic and glutamatergic synapses in-
volved in memory formation. Unlike DRG neurons, Nagata
et al. showed that central nervous system neuroblasts, in-
cluding those from the hippocampus, extended neurites
primarily perpendicular, but also parallel, to the existing
aligned neurite bundles.*” Later studies extended this to the
artificial topographic cues,**** however, parallel hippocam-
pal neurite outgrowth has been reported upon electrospun
fibers.*> DRG and hippocampal neurons provide biomaterial
research with two very different neuronal models, re-
presenting the two extremes of the neuronal spectrum: a low
plasticity peripheral nervous system model that typically
does not form networks in culture, and a highly plastic
network-forming central nervous system model.

Functional assessment of neurons with time in culture out
to maturity in response to biomaterial substrates has not
been reported, nor has the effect of biomaterial degradation
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on neuronal function been investigated. Direct comparison of
functional activity of central and peripheral primary neurons
has also not been made within the biomaterial discourse.
This study investigated the growth patterns and functional
development of rat embryonic day 18 (E18) DRG and hip-
pocampal neurons cultured on electrospun polymer sub-
strates of nondegradable polystyrene (PS) and degradable
PCL with and without prior ethylenediamine treatment.
Neuronal function was assessed by investigating AP firing
patterns during current injection using whole cell patch
clamp techniques. Cells were studied for cellular functional
maturity in extended cultures.

Materials and Methods
Electrospinning

PCL (Sigma Aldrich; Mn 70,000-90,000) was dissolved 9%
(w/v) in chloroform and methanol at a ratio of 3:1, whereas
PS (Sigma-Aldrich; Mw ~280,000) was dissolved in chloro-
form and dimethylformamide at a ratio of 1:1 at 10% (w/v) or
12.5% (w/v) for small and large diameter fibers, respectively
(all solvents from Merck). Solutions were transferred to a
10-mL glass syringe and electrospun through an 18G drawing
needle with an acceleration voltage of 18kV for PCL and
20kV for PS across a working distance of 6.5cm. Aligned
fibers were collected on a rotating conductive mandrel with a
diameter of 4.8 cm. PS film strips (Goodfellow; 0.05 mm thick)
2cm wide were attached lengthwise along the mandrel and
aligned polymer fibers collected on the PS film.

The PS film with aligned fibers was collected and heated
to 45°C for 10 min to securely attach fibers to the PS film and
to remove the residual solvent. Substrates were stored in an
evacuated dehumidified chamber until use.

Preparation of substrates

Glass coverslips were acid washed in 37% HCI, rinsed,
and then stored in 100% analytic ethanol until use. Half of
the PCL substrates were treated for 60 min in 0.05M ethy-
lenediamine (Sigma-Aldrich) in 2-propanol (Merck) to par-
tially degrade and aminolyse the PCL surface, then rinsed in
ice-cold MilliQ water. Fibrous substrates and PS film without
fibers were sterilized in 80% (v/v) analytic ethanol for 1h,
then rinsed six times over 1h to remove residual ethanol.
Glass coverslips (Menzel Glasser) were incubated at 37°C in
0.01% poly-L-ornithine (Sigma Aldrich) for 4h. All sub-
strates, including glass coverslips, were incubated in 10 pg/
mL natural mouse laminin (Invitrogen) in Dulbecco’s mod-
ified Eagle’s medium with Ham’s F12 nutrient mixture
(DMEM/f12, Invitrogen; 11330-032) for 4h at 37°C, rinsed,
and returned to DMEM/f12 until culture.

DRG explants and culture

Pregnant Sprague Dawley rats were anesthetized with
isoflurane and decapitated. E18 pups were removed, de-
capitated, and DRG removed and placed in an ice-cold sterile
Hank’s buffered saline solution (HBSS, Invitrogen; 14025-
092). Cells were mechanically dissociated by trituration in
HBSS using 200 uL. pipette tips, followed by addition of the
same volume of growth medium. The growth medium
contained DMEM/f12, 0.5ng/mL nerve growth factor
(Alomone, Israel; N-240-A 2.5s), 2ng/mL glial cell-derived
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neurotrophic factor (Invitrogen; PHC 7044), 1:100 N2 (In-
vitrogen), 5% (v/v) heat inactivated fetal bovine serum (FBS;
Invitrogen), 100U/mL penicillin, and 100 pg/mL strepto-
mycin (pen/strep; Invitrogen).

Cell suspensions were plated on substrates at 30,000 cells/
cm?. Cells were incubated for 1h to allow for attachment,
after which 1 mL of culture medium was added to each well
in 12-well culture plates. Seventy percent of medium was
replaced every 3 days.

Hippocampal dissection and culture

Brains were isolated from the E18 pups into sterile HBSS,
the meninges removed, and hippocampi carefully dissected.
Cells were mechanically dissociated by trituration in HBSS
using 200 pL pipette tips, and the cell suspension centrifuged
at 100 g for 4 min. HBSS was aspirated and replaced with a
plating medium and cells were dispersed by mechanical
trituration. The plating medium consisted of DMEM/f12,
10% FBS, and pen/strep. Cell suspensions were plated on
substrates at 30,000 cells/cm?. Cells were incubated in the
plating medium for 5h to allow cell attachment, after which
1mL of serum-free growth medium was added to each well
in 12-well culture plates. The serum-free growth medium
contained the Neurobasal medium (Invitrogen; 21103-049),
1:100 N2, 1:50 B27 (Invitrogen; 17504-044), and pen/strep.
Seventy percent of medium was replaced every 3 days.

Immunostaining

Cells were washed in PBS, and fixed in ice-cold 4% para-
formaldehyde for 20 min. Samples were rinsed 3 x 5min in PBS,
then blocked with 5% normal goat serum (NGS; Invitrogen)
and 0.25% Triton X-100 in PBS for 30 min at room temperature.
Samples were incubated in the 1:2000 mouse anti-TuJ1 primary
antibody (Covance; MMS-435P) in 2.5% NGS and 0.25% Triton
X-100 for 18h at 4°C. Samples were rinsed 3x5min in PBS,
then incubated in 1:500 goat anti-mouse Alexa Fluor 488 (In-
vitrogen; A11029) in 2.5% NGS and 0.25% Triton X-100 in PBS
for 1h at room temperature. Samples were mounted on glass
slides with the fluorescent mounting medium containing 4’,6-
diamidino-2-phenylindole (DAPI) nuclear stain (Invitrogen),
coverslipped, and imaged on a confocal Nikon C1 inverted
microscope. Images were processed in Image] (version 1.47q,
National Institute of Health), utilizing Fourier analysis through
the Directionality plugin (version 2.0, June 8, 2010, created by
Jean-Yves Tinevez) to generate neurite directional histograms
for cells on coverslips and thin PS fiber substrates.

Electrophysiology

Every 5th day in culture, cells were transferred to a per-
fusion bath with an artificial extracellular solution containing
(in mM) 137 NaCl, 1.3CaCl,, 54KCl, 0.44KH,PO,,
0.5MgCl,, 0.4MgSO,, 0.3Na,HPO,, 4NaHCO;, 5.6D-
glucose, 10 HEPES, and 0.02 EDTA, at pH 7.4. Glass pipette
electrodes (Harvard Apparatus; PG150T-15) of resistance
2-5MQ were pulled (Flaming-Brown Puller; Sutter Instru-
ments), fire polished (Narishige), and filled with a pseudo-
intracellular solution containing (in mM) 115 K-L-glutamate,
15KCl, 1.2MgCl,, 10HEPES, 1 ATP, 0.3 EGTA, pH 7.2.

Cells were patched using patch clamp in whole cell mode,
where current was injected for 800 ms using Axopatch 200A
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series amplifier hardware controlled by Axoclamp version 10
software. Transmembrane voltage signals were recorded and
stored. APs were induced and recorded in 200 DRG neurons
across 4 independent cultures out to 20 days in vitro (DIV),
and in 129 hippocampal cells across 5 independent cultures
out to 25 DIV, with 4 more hippocampal cells firing APs
upon current injection at 50 DIV.

Fiber diameter measurements

Substrate samples were collected, mounted on aluminium
stubs, gold coated, and imaged on a Hitachi S570 scanning
electron microscope. Images were processed in Image] and
fiber diameters of each substrate measured. Diameters are
presented as mean+ / — standard deviation.

Results and Discussion
Scaffold characterization

Diameters of PCL and small PS fibers were designed to be
comparable with the range of diameters of neuronal out-
growths within the body46 to maximize the likelihood that
cellular outgrowths would interact with the protein covered
fibers as they would with surrounding cellular processes
in vivo. Fibers were aligned, and diameters were 458+ / —
209nm (n=500), 402+ /-99nm (n=>50), and 1697+ /-
445nm (n=48) for PCL, small diameter PS, and large di-
ameter PS, respectively.

Neurite outgrowth characteristics

Immunostaining of hippocampal neurons showed that
neurites extended both perpendicular and parallel to fibers
of all three types and diameters (Fig. 1F-H). Clear dual peaks
in alignment occurred at —90° and -6° (Fig. 1L) corre-
sponding to hippocampal neurite growth perpendicular and
parallel to PS fibers. Light micrographs of hippocampal
neurons studied electrophysiologically show clear extension
of neurites perpendicular to PCL fibers on day 10 (Fig. 3H)
and day 50 (Fig. 3]) in culture. The nanofibers, being laminin
coated and of a diameter similar to natural neurites, were
likely regarded by the cells as a similar topographic guidance
cue to natural hippocampal neurites. Growth of hippocam-
pal neurites parallel and perpendicular to existing neurites
would increase the number of neurite-to-neurite contacts and
so increase the number of potential synapses. This growth
pattern would maximize intercellular communication and
network formation, expected of a cell type making up highly
plastic networks of the hippocampus that are involved in
memory formation.

DRG neurons in vivo extend axons side-by-side from the
spinal column out to the extremities without synapsing with
other DRG neurons. Similarly, in the present study, pro-
cesses from DRG neurons in culture were guided along the
nanofibers, with similar growth patterns on PCL fibers (Fig.
1B) and small and large diameter PS fibers (Fig. 1C, D). A
strong single peak in alignment occurred at —84° (Fig. 1J)
corresponding to the direction of the fibers.

In contrast, random outgrowth of both DRG and hippo-
campal neurites occurred on glass coverslips, where no to-
pographic growth cues were supplied (Fig. 1A, E), with no
clear peak in alignment observed in directionality histograms
(Fig. 11, K).
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immunostaining of dorsal root ganglion (DRG) (A-D) and hippocampal cells (E-H) at 5 days in vitro (DIV) on substrates of
glass coverslips (A, E), aligned polycaprolactone (PCL) (B, F), aligned small diameter polystyrene (PS) scaffolds (C, G), and
aligned large diameter PS scaffolds (D, H) (scale bar 200 um). In each case, cells on glass coverslips sent out neurites in
random orientation. While DRG cells sent out neurites along fibers, hippocampal cells sent out neurites both parallel and
perpendicular to fibers. Direction histograms for DRG on coverslips (I) and thin PS fibers (]J), and hippocampal cells on
coverslips (K) and thin PS fibers (L) have been included. Arrows show the direction of fiber alignment.

DRG cellular function

DRG neurons on all substrates fired repeated APs upon
current injection from 5 to 20 DIV (Fig. 2A). There was a
large range in the amplitude (66.4-136.1 mV, from AP peak
to the peak after hyperpolarization potential) and number of
induced APs (from 3 to 15 per 800ms) between recordings
presented within this study (Fig. 2A), which likely reflects
the electrophysiologically heterogeneous neuronal popula-
tion known to exist within the DRG.**>* Neither substrate
composition nor time in culture affected the ability of the
cells to fire APs upon current injection. Figures 2B and D
show clean light micrographs of DRG neurons that had been
grown on glass coverslips and PCL fibers, respectively, and
studied electrophysiologically. At 20 DIV, DRG neurons
were difficult to patch due to a buildup of protein and lipid
droplets on the surface of the cells (Fig. 2C, E), later time
points could not be studied electrophysiologically, and this
occurred equally on all substrates.

Hippocampal cellular function

The ability of hippocampal neurons to fire repeated APs
upon current injection developed over time in culture, with
only a single AP at 5 DIV (Fig. 3A). Repeated APs with
rapidly decreasing amplitude were observed at 10 and 15
DIV. At 20 DIV, current injection induced APs throughout

the 800 ms period of stimulation, but still with some decline
in amplitude.

Increasing the magnitude of injected current at 15 and 20
DIV (Fig. 3B, C) resulted in a greater decline in amplitude of
repeated APs, suggesting that cells were not functionally
mature. The process of functional development of hippo-
campal cells appeared to plateau by 25 DIV, where the am-
plitude of repeated APs remained constant (Fig. 3A) and
increasing current injections resulted in minimal decline in AP
amplitude (Fig. 3D). This sustained amplitude of repeated
APs, even with injection of increased current, remained a
consistent characteristic out to 50 DIV (Fig. 3E), suggesting
functional maturity of hippocampal cells by 25 days in culture.

Previous modeling of APs based on ion channel densities
by Arhem et al. predicts a decline in the amplitude of re-
peated APs in cases where there is an inadequate ratio of
Na* to K* current densities. The model suggests that once
an adequate ratio of Na™ to K* current densities is reached,
repeated APs will not decline in amplitude and cells will
function as mature neurons.”’*® This decline in repeated AP
amplitude was observed in hippocampal cells within this
study (Fig. 3A), with improvement over time in culture to
reach minimal repeated AP amplitude decline by 25 DIV.
This model would suggest that the observed functional im-
provement in hippocampal cells over time in culture was
primarily due to the development of Na* and K* channel
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FIG. 3. (A) E18 rat hippocampal cells were cultured on substrates and patch clamped every 5 days out to 25 days in culture
(scale 250 ms horizontal, 50 mV vertical). APs induced by current injection improved in function over time in culture, with no
difference in functional development between substrates. Application of increasing current steps early in culture resulted in
significant loss of amplitude of repeated APs (B: 15 DIV, C: 20 DIV), a trend that persisted until cell maturity at 25 days in
culture (D). Function at 50 DIV (E) was similar to 25 DIV, suggesting cellular functional maturity from 25 days in culture
(scale 250 ms horizontal, 200 mV vertical). Optical micrographs (scale 50 um) of patched hippocampal cells on glass coverslips
at 10 DIV (F) and 25 DIV (G) and PCL substrates at 10 DIV (H) and 25 DIV (I) show clean and consistent extended cultures,
remaining clean out to 50 days in culture (J). Arrows point to hippocampal neurites clearly growing perpendicular to fibers.
Electrophysiology on hippocampal neurons was from 5 independent cultures, with APs induced in 129 neurons up to 25 DIV
and another 4 neurons at 50 DIV.
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densities toward physiological levels, and that hippocampal
functional maturity was reached by 25 days in culture.

The functional development of hippocampal cells oc-
curred at a similar rate on all substrates, including glass
coverslips, aminolysed and nonaminolysed PCL fibers, small
and large diameter PS fibers, and PS film.

Conclusions

Electrospun fibers of a diameter comparable to that of
neuronal processes have differential effects on neurite out-
growth for central versus peripheral neurons. DRG neurites
were guided exclusively along fibers, a property that might
be expected of a cell type whose processes travel long dis-
tances within the body. Conversely, hippocampal neurons
sent out processes both parallel and perpendicular to sub-
strate fibers, a property that would facilitate neurite-to-
neurite contacts, and so maximize the number of synapses, a
characteristic required of a highly plastic neuronal cell type to
enable extensive network formation. However, the observed
perpendicular contact guidance of hippocampal neurons may
have a significant impact upon guiding neurites to their target
in engineering of tracts within the central nervous system.

Longitudinal electrophysiological studies of electrically ac-
tive cells cultured upon and within biomaterial substrates are
critical in ensuring that substrates, particularly those that de-
grade with time, do not interfere with cellular function over
time in culture. Furthermore, such longitudinal electrophysio-
logical studies are important with biomaterial substrates before
implantation for tissue engineering applications to ensure that
substrates are not likely to interfere with endogenous tissue
function. The intrinsic functional activity of DRG and hippo-
campal neurons was not the same, however, neither the func-
tional capacity of DRG neurons nor the functional development
of hippocampal neurons was altered by the composition of the
substrates upon which they were grown. Nondegradable PS
and degradable PCL nanofibrous substrates, with or without
prior partial degradation through ethylenediamine treatment,
all resulted in a similar time course of development of hippo-
campal cell functional, thus PCL degradation did not nega-
tively impact upon cellular function and development. Having
shown that these substrates do not impact upon the rate of
functional development of primary neurons supports electro-
spun PCL and PS substrates as candidates for culture substrates
with electrophysiologically active cells and also supports the
case for implantation of degradable nanofibrous PCL sub-
strates in tissue engineering applications.

In culture, as in the developing body, growth patterns and
rates of functional development of neurons from the central
and peripheral nervous systems are remarkably different. The
results of this study highlight the importance of studying cells
of more than one origin when developing biomaterials for use
with neuronal tissue. The central and peripheral models used
in this study encapsulate the extremes of the neuronal spec-
trum, providing powerful tools for understanding the control
of neuronal cell growth and functional activity for biomaterial
product development leading to clinical applications.
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