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Abstract

Disorders of the nervous system (NS) impact millions of adults, worldwide, as a
consequence of traumatic injury, genetic illness, or chronic health conditions.
Contemporary studies have begun to incorporate neuroglia into emerging NS ther-
apies to harness the regenerative potential of glial-mediated synapses in the brain and
spinal cord. However, the role of cerebrospinal fluid (CSF) that surrounds neuroglia
and interfaces with their associated synapses remains only partially explored. The
flow of CSF within subarachnoid spaces (SAS) circulates essential polypeptides, me-
tabolites, and growth factors that directly impact neural response and recovery via
signaling with healthy glia. Despite the availability of artificial CSF solutions used in
neurosurgery and NS treatments, tissue engineering projects continue to use cell
culture media, such as Neurobasal (NB) and Dulbecco's Modified Eagle Medium
(DMEM), for development and characterization of many transplantable cells, ma-
trixes, and integrated cellular systems. The current study examined in vitro behaviors
of glial Schwann cells (ShC) and spinal cord explants (SCE) within a CSF replacement
solution, Elliott's B Solution (EBS), used widely in the treatment of NS disorders. Our
tests used EBS to create defined chemical microenvironments of extracellular factors
within a glial line (gLL) microfluidic device, previously described by our group. The gLL
is comparable in scale to the in vivo SAS that envelopes endogenous CSF and enables
molecular transport via mechanisms of convective diffusion. Our results illustrate that
EBS solutions facilitate ShC survival, morphology, and proliferation similar to those
measured in traditional DMEM, and additionally support glial chemotactic behaviors
in response to brain-derived growth factor (BDNF). Our data indicates that ShC un-
dergo significant chemotaxis toward high and low concentration gradients of BDNF
with statistical differences between gradients formed within diluents of EBS and
DMEM solutions. Moreover, SCE cultured with EBS solutions facilitated measure-
ment of neurite explant extension commensurate with reported in vivo measure-
ments. This data highlights the translational significance and advantages of
incorporating CSF replacement fluids to interrogate cellular behaviors and advance

regenerative NS therapies.
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1 | INTRODUCTION

Neurological and neuromuscular dysfunction affect millions of adults,
worldwide, as a result of chronic health conditions, genetic disorders,
and/or injury to the brain and spinal cord (New et al, 2017).
Contemporary studies in the nervous system (NS) have developed
spinal explant cultures to examine axonal outgrowth, three-
dimensional (3D) tissue organoids to reestablish neuronal synapses,
and biomimetic matrixes to aid transplantation of neural stem cells
for regeneration (Ichida et al., 2020; Li et al., 2020; Thomson, Hunter,
Griffiths, Edgar, & McCulloch, 2006). Recent projects have begun to
incorporate neuroglia into these bioengineering systems to leverage
glial regenerative abilities to transdifferentiate, migrate to sites of
injury, and bridge with adjacent neurons for synaptic function (Jessen
et al,, 2016; Sohn, Jo, & Park, 2019). Moreover, a growing community
has sought to restore NS function via glial-mediated plasticity of
synapses, including astrocyte-neuronal synapses in the brain and the
tripartite neuromuscular junction (NMJ) for muscle contraction
2020; Natarajan, Sethumadhavan, &
Krishnan, 2019). These glial-centric studies have produced genetic

(Flores-Munoz et al,

models to evaluate glial stem-like properties, microfluidics to inter-
rogate heterogeneous glial-cell interactions, and transplantable nerve
grafts to increase synaptic communication (Ottoboni, von Wunster, &
Martino, 2020; Singh et al., 2019). Surprisingly, however, the role of
cerebrospinal fluid (CSF) that surrounds neuroglia and interfaces with
their associated synapses remains only partially explored.

CSF is a complex solution that fills and surrounds the brain
ventricular system, its adjacent visual and olfactory cavities, and the
central canal and pia mater of the spinal cord. The circulation of CSF
around the brain and spinal cord creates microfluidic environments
that aid neural response via direct cellular contact with diverse
groups of glia (e.g., astrocytes, Schwann, Muller cells), neurons,
ependymal, and meningothelial cells (Leister et al, 2020). CSF
signaling has become highly significant to regenerative medicine
through its regulation of the neurogenic niche, which modulates
precursor differentiation, proliferation, and migration (Hashemi
et al, 2017; Kaneko et al., 2018). Flow of CSF circulates essential
polypeptides, metabolites, growth factors, and other agents that
interact directly with glia through the subarachnoid spaces (SAS) of
the brain and spinal cord. In vitro studies have demonstrated
significant differences in the morphology, growth, and secretions of
glia cultured in CSF from injured and damaged animal models. CSF
from rats with amyotrophic lateral sclerosis (ALS) initiate profound
cellular changes in glia to cause synaptic dysfunction (Shanmukha,
Narayanappa, Nalini, Alladi, & Raju, 2018), while CSF from conditions
of sepsis and meningitis directly infect glia to influence muscle

contraction (Delbaz et al., 2020). Moreover, in vivo rat models of

spinal cord injury have used healthy CSF to increase neuronal
extension and recovery via collagen nerve guide channels (Farjah,
Dolatkhah, Pourheidar, & Heshmatian, 2017). Nonetheless, the vast
majority of tissue engineering studies continue to use conventional
cell culture media, such as Neurobasal (NB) and Dulbecco's Modified
Eagle Medium (DMEM), in the study of neural stem cells, trans-
plantable biomaterials, and development of organotypic explants that
model spinal injury and disease (Cembran, Bruggeman, Williams,
Parish, & Nisbet, 2020; Tsintou, Dalamagkas, & Makris, 2020).

The current project examined in vitro behaviors of glial Schwann
cells (ShC) and spinal cord explants (SCE) within extracellular envi-
ronments of a CSF replacement fluid, Elliott's B Solution (EBS),
compared against traditional DMEM and NB media. These studies
were performed within a microfluidic device previously developed by
our laboratory, called the glial line (gLL) (Pena, Robles, Zhang, & Vaz-
quez, 2019), designed to mimic the micrometer scale of the SAS and the
mechanisms of transport occurring therein. EBS is an FDA-approved
solution comparable to healthy CSF in pH, electrolyte composition,
glucose content, and osmolality (Shimada et al., 2020; Stark, Josephs,
Dulak, Clague, & Sadig, 2019). EBS is most clinically used as a diluent of
therapeutics for disorders of the meninges, which partially contain CSF
and have been implicated in neuromuscular disease, neurodegenera-
tive disorders, and some forms of cancer (Oka, Yamamoto, Nonaka, &
Tomonaga, 1996; Shestakova, Healey, Zhao, Rezk, & Nakagiri, 2019).
Results of our study illustrate that EBS solutions facilitate ShC survival,
morphology, and proliferation similar to those measured in traditional
DMEM medium, and additionally support glial chemotactic behaviors
in response to the regenerative agent, brain-derived growth factor
(BDNF) (Singh, Robles, & Vazquez, 2020). Moreover, SCE cultured with
EBS solutions exhibited survival rates comparable to those within
conventional NB medium, and demonstrated rates of cellular
outgrowth commensurate with reported in vivo measurements. These
data highlight the translational significance of creating clinical micro-
environments of CSF with appropriate anatomical scale to examine
cellular behaviors. Our results point to the underexplored advantages
of incorporating CSF replacement fluids in tissue engineering studies
of neuro-regeneration using microfluidic environments.

2 | METHODS AND MATERIALS

2.1 | Cell culture

ShC were modeled using an immortalized cell line (S42; ATCC,
CRL-2942) and were thawed from aliquots stored in nitrogen tanks,
plated onto sterile, tissue culture flasks, and cultured using sterile
DMEM (ATCC, Cat. No. 30-2002) containing 10% fetal bovine serum
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* L-Arg, L-Cys, L-Leu, L-Met, L-Trp, L-Val, etc.

TABLE 1 Comparison of the primary
chemical constituents within
extracellular solutions of Dulbecco's
Modified Eagle Medium (DMEM),
Neurobasal (NB) medium, Elliott's B
Solution (EBS), and in vivo cerebrospinal
fluid (CSF)

Components DMEM NB EBS CSF  Notes
Inorganic salts  + + + + CaCl,, KCI, NaCl, etc.
Amino acids I aF = =
Vitamins + + - - B-9, B-3, B-2, etc.
Other + + — —* Phenol red, Sodium Pyruvate, HEPES
D-glucose + + + + DMEM/NB: 4.5 g/L
EBS: 0.8 g/L
In vivo: 0.6 g/L
Osmolarity 290 260 288 295  Measured in mOsm/L
pH 7.4 725 6.0-75 7.31

*The asterisk (*) denotes that only trace amounts of amino acids and vitamins are found within in

vivo CSF.

(FBS) and 1% penicillin-streptomycin (Gibco, Cat. No. 15070063).
ShC culture flasks were previously treated with 15 ug/ml of poly-
L-lysine (Sigma-Aldrich, Cat. No. P-9155) for at least 2 h at 37°C, as
per convention (Pena et al, 2019). The flasks were prepared by
aspirating the poly-L-lysine solution, rinsing once with deionized
phosphate-buffered saline (PBS), and air-drying, uncapped, in an
upright position in a biological cabinet for 30 min prior to use. All
cells were cultured at 37°C, 95% humidity, and 5% CO, and passaged
at 80%-90% confluency. To dislodge cells from the flask, cultures
were incubated in accutase (ICT, Inc., San Diego, Cat. No. AT104-
500) for 5 min at 37°C and centrifuged at 1500 rpm for 3 min. Cell
medium was replaced every 2 days, and cultures were allowed to
reach 80%-90% confluency before harvesting for testing. S42 cells
have been used to model the behaviors of ShC by our group Pena
et al. (2019) and others (Castelnovo et al., 2020; Lackington, Raftery,
& O'Brien, 2018; Sasagasako, Toda, Hollis, & Quarles, 1996) because
the cultured cells have been shown to, both, resemble ShC at an early
stage prior to myelination Toda, Small, Goda, and Quarles (1994) and
illustrate consistent cell behavior in vitro. Our current study
continued to use S42 as models for ShC for continuity with our
previous work and maintained doubling times and seeding densities

that were appropriate for comparison across studies.

2.2 | Reagents

Cultures were performed using three media solutions: DMEM, NB
medium, and EBS, all with 10% FBS and 1% penicillin-streptomycin.
ShC cultures were performed using two media solutions of DMEM and
EBS, all with 10% FBS and 1% penicillin-streptomycin, as per conven-
tion (Pena et al., 2019; Shen, Tang, Cao, Cao, & Ding, 2017). Explant
cultures were performed in solutions of NB Media and EBS solutions
supplemented with B27 and 0.5 mM Glutamax as per convention so as
to provide long-term viability to maturing neurons (Brewer, Torricelli,
Evege, & Price, 1993; Chen et al., 2010; Thomson et al., 2008). We note
that control experiments cultured explants in DMEM to report poor

viability, no robust outgrowth, and minimal neurite extension as per

the literature (Thomson et al., 2006). (data not shown.) All media types
contain inorganic salts, vitamins, amino acids, and glucose in varying
concentrations as per Table 1. EBS was purchased in 10 ml ampules
(Lukare Medical LLC, NJ; NDC 55792-07-01) that were filtered to
remove any particulates prior to use. In addition, controlled concen-
trations of brain-derived neurotrophic factor (BDNF: 100 ng/ml, Cat.
No. 248-BD-005, R&D Systems) were used to develop extracellular
gradients for testing. CellTracker™ Green CMFDA Dye was used for
the staining and measurements of explants (ThermoFisher Scientific,
Cat. No. C2925).

2.3 | Glia line microfluidic system

This project adapted a modified glia line (gLL) microfluidic system,
previously described by our group (Pena et al., 2019), to examine glial
migratory behaviors. The device is manufactured from elastomeric
polydimethylsiloxane (PDMS: Sylgard 184, Dow Corning) bonded
onto a glass slide chemically cleaned with commercial piranha solu-
tion (Nanostrip, VWR). The system is comprised of two layers as
shown in Figure 1. The top layer contains two large volume cham-
bers, labeled cell chamber and source chamber, and are both 3-mm
tall with a radius of 6-mm. They are connected by a so-called bridge
channel 7.5-mm long, 2.5-mm tall, and 4-mm wide to make fluidic
contact between the chambers. Both chambers are also in fluidic
contact with the bottom layer of the device, which contains two 6.3-
ul reservoirs which are 4-mm tall and 1-mm in diameter, labeled cell
and source reservoir, connected by a microchannel. The channel is of
12-mm length and 250-um hydraulic diameter, as per Figure 1.
Devices were fabricated by using a 9:1 pre polymer mixture of PDMS
that was thoroughly mixed, vacuum desiccated, and poured onto a
computer numerical control (CNC)-milled, aluminum mold created
with micrometer features. The PDMS was allowed to polymerize in a
convection oven at 105°C for 30 min and then bonded onto cleaned
microscope glass slides using corona plasma treatment to create a
closed system. The glia line microfluidic device (gLL) system provides

a microchannel that is readily micro-manufactured and modified as
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FIGURE 1 Description of the bridged glia line (gLL) microfluidic system used to produce chemically controlled, extracellular environments
for testing. (a) Schematic of the bridged gLL system comprised of two large cell and source chambers of 330 pul connected by a bridge channel.
The chambers are fluidically connected to smaller reservoirs of 6.3 pl directly beneath each, denoted as cell and source reservoirs,
respectively. These pl-reservoirs are additionally connected to one another via a channel of 250-um diameter, wherein cell responses are
measured. (b) Image of the bridged gLL system fabricated using transparent PDMS, where fluidic spaces are filled with blue dye for
visualization. (c) Rendering of a representative cell trajectory within the gLL microfluidic channel to illustrate measurement of cell path length,
PL, and net distance traveled, DN, per spatial position (x,y) [Colour figure can be viewed at wileyonlinelibrary.com]

needed. Motivations for the use of the gLL in this study include an
equivalently sized system of the in vivo SAS where CSF resides, and a
bridge reservoir system (Figure 1a) to enable transport via convec-
tive-diffusion (CD), as per recent models of the in vivo flow of CSF
within the SAS (Thomas, 2019). CD is a transport mechanism most
commonly applied in the analysis of interstitial flows, such as in the
cardiovascular, renal, and NSs, among others (Sun et al., 2014). Here,
transport occurs via a combination of molecular diffusion and con-
vection induced by bulk fluid velocity as shown in Equation 2. The gLL
was used to measure cell migratory behavior, and as such, chemo-
taxis experiments were preformed prior to S42 proliferation in the
microchannels (Pena et al,, 2019).

The glLL operates by inserting a brain-derived neurotrophic
factor (BDNF) ligand solution into one reservoir (source) and a cell
buffer solution in the opposite reservoir (sink). In the absence of bulk
flow, transport along the adjoining microchannel between reservoirs
is then generated by Fick's law of one-dimensional diffusion, shown
in Equation (1). When a small bulk flow is added, transport is gov-
erned by (CD), described by Equation (2).

oC 3%¢;

3t Pae @)
oC 92¢; aC;
ot Dige T Ve )

where C; represents ligand concentration in ng/ml, t is time measured
in seconds, D; denotes molecular diffusivity in m?/s, and Vg is bulk
flow in m/s. The chemical distribution of the ligand within the
modified gLL microchannel was solved analytically for both cases and

experimentally verified to within 2% error (Pena et al., 2019). The

diffusion coefficient, D;, of BDNF was estimated as 1.4 x 107¢ cm?/s,
using its Stokes radius and molecular weight, as well as experimen-
tally measured data in the published literature. The diffusivity
predicts that a steady-state concentration gradient of BDNF is
generated within the microfluidic system after approximately 18 h.
Transport via CD facilitates a spatiotemporal evolution of a
steady-state BDNF gradient in the gLL microfluidic system. The
steady-state BDNF concentration profile is highly nonlinear, as
shown in Figure 3a, and is achieved at approximately 18 h in our
experiments. All data was collected in response to this BDNF steady-
state profile, which was maintained in the gLL system for several
days. A sample of 12-15 cells were measured per gradient region of
the gLL device in triplicate for all experiments.

Inner substrate surfaces of modified gLL devices were coated
with laminin (LM: Thermo Fisher, Cat. No. 23017015) prior to all
testing. Approximately 150 pl of LM (15 pg/ml) was manually
inserted into the source reservoir of the gLL system using a 1-ml
syringe (BD Biosciences, Cat. No. 309,659) and incubated at 37°C in
a 5% CO, incubator for 1 h to facilitate cross-linking of laminin
subunits. The glLL was then rinsed with PBS (Gibco, Cat. No.
10010023) prior to insertion of cells.

2.4 | Computational transport model and
experimental validation

A one-dimensional numerical simulation of molecular transport
within the gLL system was performed using COMSOL Multiphysics
(Version 5.3a, Stockholm, Sweden). Mathematical computation

determined the concentration profile using Equations (1) and (2) for
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FIGURE 2 Schwann cell (ShC) morphology and proliferation rates over time in solutions of Dulbecco's Modified Eagle Medium (DMEM) and
DMEM-titrated solutions of Elliott's B solution (EBS). Note that all solutions were prepared with fetal bovine serum (FBS) and penicillin-
streptomycin to maintain in vitro cell survival. (a) Changes in ShC morphology measured via cell shape index (CSI) in DMEM titrated solutions of
25%, 50%, 75%, and 100% EBS alongside CSI measurements of ShC in 100% DMEM solutions (control). A cell sample of n = (30-35) cells was
used per experimental time point shown. (b) Proliferation rates of ShC in DMEM-titrated solutions of EBS and 100% DMEM solutions (control).
A sample of n > 2000 cells was used per experimental condition, in triplicate. (c) Representative image of ShC after 4 h of culture in 100% EBS
solution and (D) after 24 h in culture in 100% DMEM (scale = 100 um). Statistical significance of p < 0.05 is denoted with an asterisk (*) while
significance of p < 0.01 is represented by a double asterisk (**) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Summary of chemical microenvironments produced within the bridged glia line (gLL) microfluidic system. (a) A normalized,
nonlinear concentration of BDNF against microchannel position (x, y) is plotted in steady-state when transport is governed by convective-
diffusive (CD) transport. This is compared against the linear, steady-state concentration profile of BDNF along the microchannel length
developed via diffusive transport, alone. (b) Quantitative distribution of BDNF concentration along the gLL microchannel length as within
different channel lengths that represent high (Gy), medium (Gy), and low (G.) concentration gradient. (c) Representative images of CD
transport of a model BDNF fluorescent molecule (MW = 13.5 kDa) in the gLL system at steady-state (shown in white) [Colour figure can be

viewed at wileyonlinelibrary.com]

diffusion. Analysis was performed at steady state using laminar and
incompressible flow (p = 1070 kg/m?®) at constant viscosity (u = 1.05
Pa-s). Boundary conditions used no slip at the inner surface walls and
axial symmetry within the microchannels, while gravity effects were
presumed to be negligible. An inlet concentration of C, = 100 ng/ml
of BDNF was used to approach the in vivo values cited in the liter-
ature (Singh et al, 2020). Experiments used a model fluorescent
molecule of comparable molecular weight (FITC-Dextran, CAS
60842-46-8 [20 kDa), Sigma-Aldrich, St. Louis, MO) to validate the

concentration distributions predicted by the computational model

within the gLL. The resulting values of fluorescence intensity, I, along
the microchannel length were measured via microscopy to estimate

the changes in concentration, C, within the device.
2.5 | Measurement of cell viability, proliferation,
morphology, and migration

ShC were seeded and left to attach for 24 h in LM-coated devices.

Representative cell groups were analyzed after 24 h, and a ratio of
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live to dead cells was established to estimate viability upon the
different substrate platforms. Viability was calculated via a param-
eter of survival, S, that used optical assessment of cellular attach-
ment and cell-body size upon substrate adhesion to denote cell
detachment as death. Our data illustrates extremely high viability in
vitro (greater than 95%) over the time course of experiments, which
support results of our previous studies using these ShC models and
quantitative assays (Pena et al., 2019). Proliferation was measured
using direct cell counting. The morphology of ShC was evaluated
using the Cell Shape Index (CSI), a dimensionless parameter widely
used to quantify the roundness of a cell and defined in Equation (3):

4JTA5
P2

csl= (3)

where, As is the cell surface area (um?) and P (um) is the perimeter of
the cell. The value of the CSI ranges from O to 1, where values close
to 1 represent a perfectly rounded cell and values approaching
0 denote a purely bipolar and elongated cell (Pena et al., 2019). All
measurements were performed using DMEM-titrated EBS solutions
from E25% to E100%. In this nomenclature, E25% refers to a solution
that is comprised of 25% EBS and 75% DMEM whereas E50% de-
notes a solution comprised of 50% EBS and 50% DMEM. In addition,
all solutions were constituted using 10% FBS and 1% penicillin-
streptomycin. Further, a solution of 100% DMEM was used as the
control solution for all experiments. Finally, migration was evaluated
by the use of net distance (Dy) and path length (P,), defined in
Equations (4) and (5), respectively, and found in Figure 1c.

D = /1 (v = vo) 12 + 105 — x0)I2 )

where coordinates (xo,yo) are used to denote the initial position of

motile cells and (x;ys) denote the final position of motile cells.

P = Zi‘l:l \/(Yn - Yn71)2 + (Xn - Xn—l)z (5)

where coordinates (x,,yn) and (x,_1,yn_1) are used to denote the
summation of all cell displacements from an initial position (xo,yo) to a

final position (xg,y).

2.6 | Organotypic cultures of spinal cord explants

All animal studies were performed in accordance with US Depart-
ment of Health and Human Services Guide for the Care and Use of
Laboratory Animals and were approved by the Rutgers University
Institutional Animal Care and Use Committee (IACUC Proto
#00-010). SCE were obtained from Sprague Dawley rat pups (E18), as
previously described (Avossa, Rosato-Siri, Mazzarol, & Baller-
ini, 2003). Briefly, pregnant mice were sacrificed by CO, overdose

and fetuses delivered by cesarean section. Embryos were decapitated

with forceps, a dorsal incision was made along the midline of the
body from cephalad to caudal to a depth just superficial to the spinal
cord, and spinal cords were extracted by their lumbar, and if neces-
sary, cervical ends. Spinal cords were then transversely sliced
(275 um) with a tissue chopper (Mcllwain Tissue Chopper, IL). All
efforts were made to minimize animal suffering and reduce numbers
of animals used. A total of eight mice were sacrificed and three to five
spinal explants per mouse were used to gather data per experimental
condition.

2.7 | Imaging and analysis

An inverted epi-fluorescence microscope (Leica DMI8) was used to
observe cell behavior over time and to perform optical analysis with a
cooled CCD camera (DFC7000 GT, Leica Microsystems, Wetzlar,
Germany) using a 20x magnification (DMi8 Leica Microsystems Inc.,
IL). To hold the bonded glass slides, an insertable frame was used
(H301-K-FRAME, Leica). Microscope images were gathered for
fluorescent dextran using Image) (Pena et al., 2019) to determine
intensity values (8 bit scale: 1-255) over position and time. Migration
mapping was performed using ImageJ. A cell sample of 12-15 cells
was selected from each gradient region of the device, and the cell
centroid computationally tracked over the time points. SEM was
calculated for Figure 4a-c by averaging the net distance of each point
of five motile ShC cells, taking the SD, dividing by the total number of
points, and multiplying by the pixel-to-micron conversion factor for a
20x image. SCE measurements were performed by staining the
explant with CellTracker™ Green. Explant measurement were
performed using the established, rectangular fit method (Haines
et al, 2010) to determine explant diameters, d; and d,, and their
respective averages.

2.8 | Statistical analysis

One-way ANOVA was used to analyze statistical significance among all
experimental groups. Each dataset was gathered from a minimum of
n = 15 cells per region per device, in triplicate. Values are reported
using mean and SE. The post-hoc Tukey test was used to determine
levels of significance between experimental groups and control, where

p-values < 0.05 were denoted by an * and p < 0.01 were marked with **.

3 | RESULTS

3.1 | Schwann cell morphology and proliferation in
extracellular solutions

Differences in ShC morphology and proliferation rates were exam-
ined over time when cultured in extracellular solutions produced
using titrated amounts of 25%, 50%, 75%, and 100% of EBS solution
and conventional DMEM medium (all with FBS). ShC in DMEM
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FIGURE 4 Migration of Schwann cells (ShC) toward microfluidically-controlled gradients of Brain-Derived Neurotrophic Factor (BDNF)
produced within solutions of Dulbecco's Modified Eagle Medium (DMEM) and Elliott's B solution (EBS). Trajectories of motile ShC within the gLL
microfluidic system containing (a) low BDNF gradients, G, (b) medium BDNF gradients, Gy, and (c) high BDNF gradients, G, produced within
solutions of DMEM and EBS. Control tests measured ShC migration in DMEM solutions, only, without BDNF. Each trajectory represents an
average of five motile ShC per test condition. Error bars are illustrated by averaging the five motile ShC, taking the Standard Error of the Mean
(SEM), and applying to the final position. (d) Average net distances, DN, traveled by ShC towards increasing BDNF gradients produced within EBS
and DMEM solutions. (e) Average path lengths, PL, of ShC toward BDNF gradients produced within EBS and DMEM solutions. A cell sample of
n=(12-15) cells was measured per gradient region of the gLL device in triplicate. Statistical significance of p < 0.05 is denoted with an asterisk (*)
while significance of p < 0.01 is represented by a double asterisk (**) [Colour figure can be viewed at wileyonlinelibrary.com]

exhibited
morphology over time, with values of CSI decreasing from a high of
0.85 (i.e. highly rounded) to 0.25 (more elongated) over 24 h, as
shown in Figure 2a. Similarly, the CSI values of ShC in 100% EBS
solution (denoted as CSI1'%°) decreased from 0.95 < CSI'® < 0.35
during the same 24-h period. CSI values of ShC within titrated
amounts of EBS solutions illustrated slower rates of elongation with
average values between 0.92 < CSI”> < 0.35 for 75% titrated
solutions, 0.96 < CSI°° < 0.36 for 50% titrated solutions, and 0.97 <
CSI2° < 0.38 for 25% titrated EBS solutions. Proliferation of ShC was
also measured in titrated solutions of EBS and DMEM media (all with
FBS). As shown in Figure 2b, ShC in 100% EBS proliferated from 2E4
cells per cm? at time t = O to 3.5E4 per cm? at t = 24 h, a 57% in-
crease. ShC in 100% DMEM proliferated from 1E4 per cm? to 2.2E4

per cm? during that same time period, for an increase of 45%. ShC

solutions (used as control) increasingly elongated

proliferation was slower in lower titrated solutions of 75%, 50%, and
25% EBS with values less than 1.5E4 cells per cm? and increases of
less than 10% over 24 h, each. Figure 2c,d illustrate the morphology
and proliferation of representative ShC after 4 and 24 h of culture in
DMEM with FBS, respectively. We note that while cells do not

proliferate at identical rates, experiments of this study used doubling
times as averages to represent differences in cell proliferation
induced by EBS and DMEM solutions. Statistical significance of
p < 0.05 is denoted with an asterisk (*) while significance of p < 0.01
is represented by a double asterisk (**).

3.2 | Extracellular microenvironment

We developed a microfluidic environment to model the SAS of the
central NS that creates fluidic contact between cells and circulating
CSF. A microsystem previously developed by our group, called the gLL,
was modified to include a small convective velocity, Vg, that created a
nonlinear concentration profile within the cellular microenvironment.
The addition of this bulk flow produced an extracellular chemical
environment via CD that was significantly different than that produced
via the diffusional processes of Fick's law or convective Poiseuille flow,
individually. As shown in Figure 3, transport of biocompounds via CD
produced a highly nonlinear gradient profile with varying concentra-

tion gradient regions along the axial length of the microchannel. For
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ease of analysis, our study defined three separate gradient regions
within the microchannel using a normalized concentration gradient of
(C/C,). The portion of the microchannel closest to the chemical source,
that is 0 mm < L < 4 mm, maintained a steady-state chemical envi-
ronment with a normalized concentration range of 0.85 < H(C/
C,o) < 0.19. The average concentration gradient, G, within this section
was highest, and measured as Gy = 0.472 per mm of channel. An
average medium concentration gradient of Gy = 0.076 was produced
within the adjacent channel segment between 4 mm < L < 8 mm, where
the normalized concentration range was 0.19 < M(C/C,) < 0.02. An
average low concentration gradient of G| = 0.008 was produced within
the final channel section between 8 mm < L < 12 mm, with a normalized
concentration range of 0.002 < Y(C/C,) < 0.0001. By contrast, trans-
port via diffusion alone produced a linear concentration gradient of
Gpire = 0.072 along the full microchannel length (L = 12 mm). The
distribution of each concentration field is summarized in Figure 3b and
a representative image used to measure chemical transport in the
bridged gLL system is seen in Figure 3c. Statistical significance of
p < 0.05 is denoted with an asterisk (*) while significance of p < 0.01 is

represented by a double asterisk (**).

3.3 | Chemotactic migration of Schwann cells

The migratory responses of ShC toward chemical fields created
within extracellular solutions of DMEM and EBS were measured
using our bridged gLL microfluidic system. Experiments produced
controlled concentration gradient fields of BDNF, a well-known
chemoattractant of ShC that is often used for neural repair. The
trajectory of individual ShC within microfluidic devices was imaged
over time to obtain measurements of average ShC path length, PL,
and net distance traveled, DN, in low, medium, and high gradient
fields of extracellular BNDF. As shown in Figure 4, ShC migrated
chemotactically toward increased BDNF gradients produced within
both DMEM and EBS solutions and with high statistical significance
(p < 0.01) compared against control (100% DMEM without BDNF).
As shown in Figure 4, ShC migrated chemotactically toward
increased BDNF gradients with high statistical significance (p < 0.01)
when compared to DMEM control (DMEM-BDNF) in both DMEM
and EBS solutions. Figure 4a-c illustrate representative trajectories
of ShC in response to BDNF gradient fields created within extra-
cellular solutions of EBS and DMEM. As seen, trajectories illustrate
similar patterns with some differences in overall values of PL and net
distances traveled (defined in Figure 1c). First, the average net dis-
tance traveled, that is DN or the shortest distance between a cell's
initial and final position in the bridged gLL, was significantly higher
(p < 0.01) for both DMEM and EBS solutions towards BDNF than in
control (no BNDF) at all gradient fields. Second, no statistical sig-
nificance (p > 0.05) was observed in the average net distances of ShC
traveled toward BNDF within DMEM or within EBS solutions at any
gradient field, G, Gy, or Gy, as per Figure 4d. Third, the average PL of
motile ShC, that is PL or total distance traveled, was significantly

higher in both DMEM and EBS solutions compared to control (no
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BDNF). Average PLs of ShC toward low BNDF gradients, G, were
higher in solutions of DMEM (®'PLp = 45.763 + 2.205) than EBS
(CLPDg = 27.226 + 1.292) but were statistically insignificant (p > 0.5)
toward medium gradients, Gy, generated within each extracellular
solution. Average PL of ShC within high BNDF gradients, G, were
larger in EBS solutions (°HPLg = 59.598 + 4.413) than DMEM
(°HPLp = 46.202 + 3.38), as per Figure 4e. EBS + conditions were
calculated in Gy, Gum, and G, over control and found to be significant
at p < 0.01, for all regions except G.. Lastly, no differences were
measured in the directionality, D, of ShC towards any gradient field
of BDNF produced within extracellular solutions of EBS or DMEM, as
shown in Figure 4f. SEM was calculated for Figure 4a-c by averaging
the net distance of each point of five motile ShC cells, taking the SD,
dividing by the total number of points, and multiplying by the pixel-

to-micron conversion factor for a 20x image.

3.4 | Viability and outgrowth of spinal cord explant
cultures

Experiments next examined differences in the viability of SCE
maintained within extracellular solutions of EBS and NB media. SCE
were cultured within conventional 24 well plates for up to 12 days
in vitro (DIV). SCE viability was measured as 100% at DIV8 for both
EBS and NB solutions, but was reduced to 82% survival in EBS and
87% in NB at DIV12. SCE outgrowth was then estimated within
each extracellular solution by measuring average cellular extensions
over time. Figure 5 illustrates cellular outgrowth of a representative
SCE from day in vitro DIV6, DIV 8, and DIV 10, where cellular
extensions are seen to increase over time as measured by the
conventional rectangle method using the d1 and d2 axes shown.
Data illustrate that SCE outgrowth within NB exhibited an average
diameter of dyg = 1.63 £+ 0.09 mm at DIV8 while outgrowth within
EBS produced a smaller average diameter of dggs = 1.23 + 0.10 mm
at DIV8.

Follow-up tests then examined changes in SCE outgrowth
measured within each extracellular solution of EBS and NB in the
presence of extracellular ShC. SCE were cultured in 24 well plates
using EBS and NB for up to 10 days with four extracellular ShC
conditions: (i) No extracellular ShC (control); (ii) Low density ShC
solutions (p. = 1E8 cells/ml); (iii) Medium ShC density (o = 1E9
cells/ml); and (iv) High ShC density (py = 1E10 cells/ml).

We observed that SCE in NB without extracellular ShC (control)
demonstrated the largest outgrowth with an average diameter of
dyg = 1.69 £+ 0.13 mm at DIV8. SCE cultured in NB with high ShC
density, py, exhibited an outgrowth with an average diameter of
PHdng = 1.78 £ 0.04 mm, while SCE in medium ShC density, Pm,
exhibited an average diameter of Mdys = 1.39 + 0.27 mm. SCE
cultured in NB with low ShC density, p,, exhibited an average
outgrowth diameter of Ptdyg = 1.44 & 0.35 mm. As seen in Figure 5d,
values of average SCE outgrowth exhibited statistical significance
between control and ShC addition (p < 0.01), but not across different

ShC densities. By contrast, SCE cultured in extracellular solutions of
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(d) Explant Outgrowth at DIV8

%k

EBS

FIGURE 5 Average diameter of
spinal cord explants (SCE) after culture
of 8 days in vitro (DIV) within
extracellular solutions of Neurobasal
(NB) media and Elliott's B solution
(EBS). (a) Representative SCE at day
DIV 2. (b) Images of SCE at DIV 6 and at
(c) DIV 8 illustrating outgrowth
measurement using the rectangular fit
method using d1 and d2 axes, shown.
(d) Measurement of SCE outgrowth in
NB and EBS solution using a low density
of extracellular ShC (p, = 10E8 cells/
ml), medium ShC density (pp = 10E9
cells/ml), and high ShC density

Control
Control

Average Diameters of
Explants (mm)

sl
=

(py = 10E10 cells/ml). Statistical
significance of p < 0.05 is denoted with
an asterisk (*) while significance of

p < 0.01 is represented by a double
PH asterisk (**) [Colour figure can be
viewed at wileyonlinelibrary.com]
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EBS illustrated small variations in SCE outgrowth diameter via in-
fluence of surrounding ShC densities. SCE cultured in EBS without
extracellular ShC (control) exhibited average outgrowth diameter of
degs = 1.21 4+ 0.12 mm, while SCE cultured in EBS solutions at
high ShC density, py, demonstrated an average diameter of
PHdegs = 1.05 + 0.24 mm. SCE cultured in EBS solution with medium
ShC density, pn, illustrated an average outgrowth diameter of
PMdyge = 1.10 + 0.18 mm and an outgrowth diameter of
Pldyg = 1.21 £ 0.12 mm in the low ShC density, p,. No statistical
differences were measured across ShC densities per EBS solutions
although all experiments in EBS solutions. However, all experiments
in EBS solutions recorded significantly lower cellular outgrowth
(p < 0.01) than SCE in all NB media irrespective of extracellular ShC
density used. The average diameter of all samples at DIV1, after
explant isolation and plating in vitro for 1 day to ensure survival was
0.475 + 0.0122 mm. Normalizing the data by the original DIV1
diameter, the data illustrates an average change in NB explant
outgrowth of 305.26% collected over DIV1 to DIV8 of the experi-
ments. EBS data collected over DIV1 to DIV8 of the experiments
illustrated an average change 220.43%.

4 | DISCUSSION

Neurodegeneration and injury impair millions of adults, worldwide.
Contemporary therapies have explored the regenerative properties
of different biological compounds and neural stem cells to restore NS
function by targeting neuronal synapses and multicellular junctions
(Ashammakhi et al., 2019; Ottoboni et al., 2020). However, the

==

interactions and synergies of such cell-based treatments with the
flow of CSF that surrounds the brain and spinal cord remain under-
explored. Tissue engineering systems able to model the fluidic and
chemical microenvironments of CSF that interface with neural cells,
thereby, offer exciting new avenues with which to examine regen-
erative strategies for NS disorders.

4.1 | Microenvironment of cerebrospinal fluid

The circulation of CSF has been traditionally regarded as irrigation of
the CNS, where fluid produced in the ventricles of the brain flows
within and around cranial and spinal SAS, and drains through the
glymphatic system (Ratner et al., 2017). In this way, convective flow
of CSF creates dynamic chemical microenvironments that nourish the
CNS and stimulate appropriate physiological responses of cells on the
CSF interface, for example, neurons and glia. However, an emerging
model suggests that interstitial flow within the CNS parenchyma is
an integral part of CSF circulation and re-absorption (Klarica
et al., 2014), with recent evidence reporting cellular waste and blood
plasma within CSF believed to result from its local fluid exchange
with blood and interstitial fluid (Brinker, Stopa, Morrison, &
Klinge, 2014). Recent MRI study further illustrated that tissue
diffusivities of CNS gray and white matter modulate its interstitial
flow (Liu et al., 2018; Ratner et al., 2017), suggesting CSF circulation
occurs via mechanisms of CD. The combined effects of CD create
highly nonlinear concentration profiles within microfluidic spinal SAS,
which significantly distort the spatial concentration gradients pro-

duced via diffusion or convection alone.
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Transport via CD is well-studied in many physiological systems at
the microscale, where nonlinear and transient distributions of
chemical gradients aid cell viability, growth, and response to injury.
The bridged gLL system used in this study provides an excellent
model of the CSF microenvironment because our microfluidic system
is able to produce exact chemical profiles over time using both
diffusion and convection (Figure 3). The chemical environment
generated using CD within our microfluidic system produced a large
range of concentration gradients to stimulate behaviors of
CSF-interfacing cells. Specifically, transport within the bridged gLL
system created a chemical microenvironment with normalized
concentration gradients between 0.85 and 0.01 of the inlet concen-
tration, compared to a linear concentration gradient of 0.72 per mm

of channel produced solely via diffusion (Figure 4).

4.2 | Replacement solutions for cerebrospinal fluid
While our microfluidic system produces tunable models of
CSF-generated chemical environments, in vitro cell responses to
exogenous fields therein depend strongly on the extracellular fluid
used to represent CSF. Extracellular solutions of specialized cell and
explant media contain a complement of glucose, amino acids,
vitamins, lipids, inorganic salts, and other factors that artificially
maintain pH and osmolality (McGillicuddy, Floris, Albrecht, &
Bones, 2018; Price, 2017). However, the concentrations and
mixtures of these molecules vary greatly across media and are
largely absent from in vivo CSF (Table 1). As per Table 1, EBS was
chosen for its biomimetic properties that closely mimic those of in
vivo CSF, particularly osmolarity, pH, and glucose concentration. In
addition, EBS lacks artificial compounds added to promote in vitro
cell survival and culture, such as phenol red, HEPES buffer, and
other amino acids and vitamins.

Moreover, the concentrations and mixtures of components in cell
media have evolved over time to optimize monolayer culture, which
can potentially affect the behaviors of cells introduced via regener-
ative therapies (Kaneko et al., 2018; Ottoboni et al., 2020). For
instance, DMEM is widely used for culture of glia, such as ShC, but
contains twice the concentration of amino acids as in vivo CSF, as
well as significantly higher glucose concentration and an artificial
dosage of buffer ions (Price, 2017). Similarly, NB media used to
culture neuronal cells and CNS explants contains low amounts of
amino acids and reduced osmolality compared to in vivo CSF
(Brewer, 1997). These discrepancies have led to clinical development
of more physiologically relevant cell solutions for NS treatments,
including physiological saline, lactated Ringer's solution, artcereb,
artificial CSF, and EBS (Shiobara 2013; Trissel 2002). We emphasize
that experiments of this study have not altered common culture and
explant protocols, but rather compared results using current testing
methodologies as they are applied using DMEM, NB, and EBS
solutions.

EBS is an FDA-approved, sterile, and isotonic solution commonly

used for intrathecal administration of immunosuppressants and

chemotherapeutic drugs. It was selected for our study, in part,
because of its recent surgical applications as a therapeutic diluent for
disorders of the meninges, which partially contain CSF and have
been implicated in neuromuscular disease and neurodegenerative
disorders (Stark et al., 2019, Garcia Molina et al., 2020). Our study
used EBS as a CSF diluent of BDNF, a regenerative therapeutic often
used for its ability to affect synaptic transmission, plasticity, and
growth of the NMJ via ShC signaling (Pena et al, 2019, Singh
et al., 2020). Clinical trials have explored BNDF delivery across the
blood brain barrier (Bertram, Rauch, Chang, & Lavik, 2010) and have
begun to use emerging models of CSF circulation to develop meth-
odologies that increase local BDNF bioavailability via interstitial flow
(Kaneko et al., 2018). Engineering systems able to produce local
gradients of BDNF feasible via intrathecal CSF injection (Stark
et al., 2019, Shimada et al., 2020) will greatly advance our abilities to
interrogate cellular behaviors at CSF interfaces for neuro-repair. We
note that the transport of extracellular BDNF is comparable within
EBS, DMEM, and NB diluent solutions, as per Equations (4) and (5),
and the range for osmolarity and pH shown in Table 1
(Craven, 2010).

4.3 | Behaviors of Schwann Cells within CSF
replacement solutions

We first examined the effects of titrated EBS solutions on ShC
survival, morphology, and proliferation in vitro (Figure 3).
Measured changes in ShC shape over time within titrated EBS
solutions were seen to mirror the patterns in ShC morphology
recorded in culture using conventional DMEM media. Further,
nontitrated EBS solutions stimulated ShC morphologies most
similar to those measured in DMEM, with high cell elongation as
reported in the literature. Similarly, our data illustrate that ShC
cultured in EBS solutions reproduced the proliferation patterns
measured in DMEM culture medium and exhibited identical sur-
vival rates. In all sets of data, nontitrated EBS solutions stimulated
cell behaviors that best mimicked those measured within DMEM.
These results are significant because they are the first to illustrate
that EBS solutions can be used to support in vitro ShC culture.
Such applications will help examine the extent to which ShC
maintained exclusively in CSF replacement solutions exhibit be-
haviors more similar to those in vivo to potentially strengthen
development of ShC-based therapies.

Subsequent experiments used EBS as a diluent fluid within the
bridged gLL device to produce chemoattractive gradient fields of
extracellular BDNF (Figure 5). Previous work from our lab and others
have shown that ShC migratory responses to BDNF are important to
glia- and NMJ-targeted NS therapies (Singh et al., 2020). The data
here illustrate that ShC responded chemotactically to BDNF stimuli
generated within DMEM or EBS solutions with high similarity. ShC
migration exhibited similar net distances in both extracellular solu-
tions for low, medium, and high BDNF concentration gradients, which

were three times those measured in control tests (no BDNF). ShC PLs
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were comparable within low and medium BNDF gradient fields
produced within both solutions, and slightly higher for higher BDNF
gradients created within EBS. Moreover, ShC directionality in all
gradient fields was statistically insignificant across both solutions.
These data reproduced ShC chemotaxis within solutions that more
appropriately represent the osmolality, ionic, and molecular compo-
sition of in vivo CSF, to support application of CSF replacement fluids
as diluents of targeted regenerative factors in tissue engineering
study. Future study will utilize a more physiologically representative
extracellular matrix from emerging NS bioscaffold materials, as ShC
are known to respond to multiple chemical factors and extracellular
macromolecules than the single basement membrane of laminin used
in this initial work.

Final experiments then examined the ability of EBS solutions
to maintain the viability of SCE cultures and support SCE
outgrowth. Organotypic explant cultures from rodent spinal cord
represent valuable 3D model systems that retain cytoarchitecture,
synaptic properties, and resident spinal cord cells to help develop
therapies for restored NS function (Musto et al, 2019). SCE cul-
tures of this project were examined for 8 DIV in both conventional
NB and EBS solutions (Figure 5). While differences in survival
rates were statistically insignificant, the characteristic size of SCE
over 8 days was significantly less (45%) in EBS than in NB, as
measured via conventional explant outgrowth. Follow-up tests then
used both EBS and NB solutions to introduce increasing extra-
cellular concentrations of ShC and measure resulting SCE
outgrowth, currently explored for regeneration (Pohland
et al, 2015). Results illustrate that ShC grown in NB solutions
produced increased SCE outgrowth with increasing ShC extracel-
lular density, while ShC introduced via EBS solutions did not
exhibit statistical differences in SCE outgrowth. These results
validate that EBS solutions with more appropriate CSF pH,
osmolality, and molecular composition are less likely to support
cellular behaviors and outgrowth that may be stimulated by cell
media containing excess glucose, amino acids, lipids, and other
compounds. Further, EBS solutions lack the external factors that
may artificially increase outgrowth via interactions with increased
concentrations of cell secretions or signaling. We note that the
current study is limited by the outgrowth measurements per-
formed in two-dimensional (2D) culture. Future study will incor-
porate measurement of neurite extension from SCE samples using
a 3D culture system, such as emerging spinal organoids, to phys-
iologically approach in vivo testing with animal models.

In summary, results of our study illustrate that cells and explants
can be cultured and examined within clinical CSF replacement
solutions using microfluidic environments. The adoption of CSF
replacements fluids in tissue engineering is a logical progression in
the development of cell-based therapies for CNS regeneration. Use
of clinical solutions will increase the significance and translation of in
vitro and explant study to advance in vivo testing via animal models

and clinical trials.
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