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     There are millions of individuals who are affected by motor disabilities and peripheral 

neuropathy in the USA due to autoimmune disease, onset from infection, and chronic 

conditions. Peripheral neuropathy is a common effect of many diseases, and its 

prevalence is increasing with rising numbers of diabetic and obese individuals. The 

Schwann cell plays a key role in the physiology of the involved structures, and its 

regenerative capacities warrant its consideration and inclusion in mobility disorder and 

peripheral neuropathy therapies. Despite this, co-culture with spinal cord explants has 

previously been uninvestigated. This work establishes a model of the peripheral nervous 

system by co-culturing spinal cord explants with Schwann cells in extracellular 

solutions in vitro with the goal of advancing therapies for mobility and peripheral 

neuropathy disorders.   
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1. Background 

1.1 Health Impact of Mobility Disorders and Peripheral Neuropathy 

     There are millions of individuals who are affected by motor disabilities and peripheral 

neuropathy in the USA due to autoimmune disease, onset from infection, and chronic 

conditions.1,2,3 Many of these diseases affect both the 

central and peripheral nervous systems, but their clinical 

presentation can solely affect the peripheral nervous 

system.4 Peripheral neuropathy is a common effect of many 

diseases, and its prevalence is increasing with rising 

numbers of diabetic and obese individuals.5 Loss of 

sensation in peripheral neuropathy has been shown to be a 

true risk factor for the likelihood of sustaining a fall when 

comorbidities are controlled for which may be due to 

impairment in vibratory sense and unipedal balance.6 Falls 

can cause further injury that creates additional problems with mobility and decreased 

independence. Loss of sensation from peripheral neuropathy can cause trauma to go 

unnoticed and ulcers which can lead to infection.7 This can lead to increased 

hospitalization and decreased quality of life. Peripheral neuropathy results from 

dysfunction along the nerve and at the neuromuscular junction (NMJ) with great 

heterogeneity of mechanistic causes.8 The Schwann cell (ShC) plays a key role in the 

physiology of these structures, and its regenerative capacities warrant its consideration 

and inclusion in mobility disorder and peripheral neuropathy therapies. 

1.2 Role of Schwann Cells in the Peripheral Nervous System 

Figure 1: Myelinating 

Schwann Cells. A 

motor neuron cell 

(grey) that has its axon 

myelinated by the 

myelinating Schwann 

cell type. Taken from 

citation 43. 
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     Schwann cells serve two predominant roles in the 

mature nervous system: myelinating nerves (Figure 1) and 

capping the neuromuscular junction (Figure 2). Nerve 

myelination is critical for rapid saltatory conduction of motor 

and some sensory nerve fibers, and failure of Schwann cells 

to myelinate these nerves will lead to peripheral neuropathy 

and mobility disorders.9 The neuromuscular junction is a 

tripartite synapse (Figure 2) consisting of lower motor 

neurons, skeletal muscle, and Schwann cells (ShC) that 

controls voluntary movement through the release of 

acetylcholine across the synaptic cleft.10-12 Schwann cells also possess powerful 

regenerative capabilities such as creating glial bridges for connecting damaged neuronal 

connections to functional neurons, transdifferentiating between myelinating and NMJ 

capping ShC types, secreting regulatory neurotrophins to injured neurons, and guiding 

the growth of nerves to their targets after injury.13-17 Comparatively few NMJ models 

include glial cells in any way.18 

1.3 Advancing Peripheral Nervous System Therapies in vitro 

      In vitro systems can be used to expand basic science knowledge and inform animal 

and clinical studies. It is often desirable to emulate the in vivo environment as much as 

possible to accomplish this. In vitro models have been used to analyze axon 

regeneration, and microfluidic systems have been shown to mimic the in vivo 

environment better than conventional in vitro systems.19,20 The development of the NMJ 

has been studied using a variety of models,21-29 but the contribution of Schwann cells 

has been largely ignored in NMJ literature.30 

      Models that include organotypic components can be used to bring the complexity of 

in vivo cellular systems into the dish to recapitulate their behavior.31 Co-cultures of 

Figure 2: Terminal 

Schwann Cells An 

axon terminal (darker 

grey) terminal 

synapsed with a 

myotube that are 

capped by the NMJ 

capping Schwann cell 

type. Taken from 

citation 43. 
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explants with relevant cell types can also partially enhance in vivo recapitulation.32 Some 

co-cultures that have been performed include dorsal root ganglion (DRG)::ShC, 

DRG::oligodendrocytes, central nervous system neuron::oligodendrocyte, and spinal 

cord explants (SCE)::astrocyte.33,34 However, a SCE::ShC culture is as of yet 

unexamined, and these in vitro cellular models are more representative of central 

nervous system.  

     Moreover, the risk reward profile of testing ShC therapies in human subjects can be 

unfavorable to their clinical implementation further highlighting the need for robust in 

vitro models that can assay the potential therapeutic roles of Schwann cells for these 

diseases in controlled in vivo mimicking environments. We believe we can advance work 

on mobility disorders and peripheral neuropathy with controlled microfluidic 

environments incorporating Schwann cells. 

1.4 Current Project 

      The synergy between the labs of Doctors Maribel Vazuez and Bonnie L. Firestein 

provide an advantage for developing such a model. The Vazquez lab has shown 

improved growth and viability of a lower motor neuron::myotube culture when ShC are 

included, and the Firestein lab has examined neuronal::muscle responses using co-

cultures of spinal cord explants and cultured myotubes on microelectrode arrays for lab-

on-a-chip applications.35-37 This work will continue and combine those research thrusts 

by examining SCE::ShC interaction in microfluidic volumes within several media types. 

    The S-42 ShC line was chosen from prior work in the Vazquez lab to model terminal 

ShC because their behavior is similar to that of primary ShC and they express key glial 

markers.37 SCE are useful for investigating questions about the in vivo environment that 

animal studies would have trouble probing because they bring some of that biological 

complexity into the dish with them. The S42 cell line is cultured with Dulbecco’s Modified 

Eagle Medium (DMEM) while SCE are frequently grown in Neurobasal. Elliot’s B solution 
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is a clinically used and FDA approved cerebrospinal fluid mimic that closely matches the 

pH, electrolyte composition, glucose content, and osmolarity of cerebrospinal fluid,38 and 

therefore may serve as a valuable component in recapitulating the in vivo environment. 

This work will look at the effect of Schwann cell density on spinal cord explant outgrowth 

with the goal of advancing in vitro Schwann cell peripheral nervous system models. 

2. Methods and Materials 

2.1 Schwann Cell Model 

     The Schwann cell component used for the 

SCE::ShC model was the S-42 cell line. ShC 

were cultured at 37 ˚C, 95% humidity, and 5% 

CO2. (Figure 3) The surface tension of new 

flasks was broken by adding Dulbecco’s 

Modified Eagle Medium (DMEM) with 10% FBS. 

Cells were passaged from T-75 flasks by 

washing with Dulbecco’s Phosphate Buffered 

Saline for 6-8 minutes before being dislodged with Accutase for 3 minutes. The cells 

were then centrifuged in 15 mL tubes for 3 minutes at 1500 RPM. Media was replaced 

every 2-3 days or at the first sign of a change in the hue of the DMEM or the presence of 

“floaters.” Flasks were passaged about 85% confluency. Flasks were allowed to grow 

more confluent for some tests to obtain higher cell densities.  

2.2 Spinal Cord Explant Dissection 

Figure 3: ShC culture in DMEM (10% 

FBS) at 24 hours. 
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     Spinal cord slices were dissected from embryonic day 17 and 18 rats that were 

extracted via Cesarean section (IACUC protocol number: PROTO99990080). 

Dissections were performed in Gay’s Balanced salt solution (1% of 30 μM kynurenic acid 

and 0.6% glucose solution). In brief, embryos were decapitated with forceps, a dorsal 

incision was made along the midline of the body from cephalad to caudal to at a depth 

just superficial to the spinal cord, and spinal cords were extracted by their lumbar and, if 

necessary, cervical ends. (Figure 4 A,B) Spinal cord was sliced to thicknesses of 250-

300 µm using a McIlwain Tissue Chopper after removing excess dissection media from 

spinal cord with a P1000 pipette. (Figure 4 C) Ends of SCE were removed from 

chopping disc and remaining SCE slices were rinsed into a one inch petri dish with 

HBSS. Of ethical importance, the SCE used in this work were all taken from rats that 

were to be used in other work in the Firestein lab, ie, no extra animals were harmed or 

sacrificed for this work. 

 

2.3 Microfluidic Systems 

2.3.1 Modified Campenot Chambers 

Figure 4: Spinal cord explant dissection: (A) A schematic of the spinal cord extraction. A 

dorsal incision is made along the midline of the body from cephalad to caudal (2) and the 

spinal cord is removed (3). (B) An image of the spinal cord being removed from an embryo 

with forceps (3). (C) Spinal cords placed on chopping disc of the McIlwain tissue chopper 

prior to removal of dissection media and chopping.  

(A) (C) (B) 
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     Robert Campenot invented compartmentalized chambers for examining neurite 

growth between cells separated by a barrier in 1977.39 The specific design of the 

modified Campenot chambers utilized in this project consists of a circular central 

chamber with a diameter of 1 cm, circumscribed by a microarray of channels that are 3 

µm tall, 10 µm wide, and 200 µm long, with a separation distance of 50 µm that connect 

to outer chambers surrounding outer perimeter of the circular array.40 Devices are 

fabricated with polydimethylsiloxane PDMS elastomeric molding and lift off. Devices 

were incubated overnight with laminin 30 µg/ml.  

2.3.2 Spinal Cord Observation Ring Enclosure (SCORE) 

     Novel devices were designed and fabricated from PDMS to enhance and improve 

some aspects of the modified Campenot chambers. The spinal cord observation ring 

enclosure (SCORE) consists of a single circular 12mm diameter chamber that is 

concentric with an outer 24 mm chamber that constitutes the outer boundary of the 

device. (Figure 5) The SCORE was designed in order to improve the loading, viability, 

and imaging of the spinal cord explant outgrowth by simplified setting that still 

recapitulates the environment of other PDMS microfluidic devices. Devices were 

incubated overnight with laminin 30 µg/ml.  

2.3.3 Elastomeric Molding 

(A) (B) 

Figure 5: Schematic 

showing the 

dimensions of the 

SCORE from a: (A) 

Top view showing 

dimensions of 12 

mm chamber 

concentric with 24 

mm outer 

perimeter. (B) an 

alternate view 
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      Polydimethylsiloxane (PDMS) was mixed in a 9:1 ratio of elastomer : curing agent 

and measured by volume in 50 mL syringes. Solution was degassed under vacuum to 

remove all bubbles, poured onto a silanized wafer wrapped in foil, degassed again to 

remove bubbles formed during pouring, and baked at 60 ˚C overnight. After removing foil 

from cured PDMS/wafer, PDMS was peeled off wafer and devices were removed from 

PDMS with biopsy punches. Devices were cleaned with 70% ethanol and bonded to 

slides by applying corona ejection to slide and device for 20 seconds and pressed 

together. 

2.4 Conventional in vitro Systems 

     24 well plates were utilized to further enhance positive aspects of the SCORE 

experimental design. 24 well plates are well studied culture systems that provide the 

ability to investigate cellular systems in microfluidic volumes cultures prior to 

incorporating them in microfluidic devices. Devices were incubated overnight with 

laminin 30 µg/ml. 

2.5 Solutions to Mimic Extracellular Fluid 

     Cultures were performed in three media 

types: Dulbecco’s Modified Eagle Medium, 

Neurobasal, and Elliot’s B Solution, all with 

10% FBS and 2% penicillin-streptomycin. 

Neurobasal was also supplemented with 

B27 0.5 mM Glutamax. All media types 

contain inorganic salts and glucose in 

varying concentrations. Neurobasal and DMEM contain additionally contain amino acids 

and vitamins. Neurobasal and DMEM are commonly used culture media in research 

practice. Elliot’s B Solution (Figure 6) is supplied in 10 mL ampules, and it is FDA 

approved as a diluent for intrathecal lumbar injections to treat meningeal leukemia and 

Figure 6: 

Elliot’s B 

Solution. 

A single 10 

mL glass 

ampule of 

Elliot’s B 

solution 

prior to 

having 

been 

opened.  
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lymphocytic lymphoma. After the ampule is unsealed, the Elliot’s B Solution is filtered to 

remove any glass particulate.  

2.6 Schwann Cell Morphology 

     Schwann cell proliferation rate 

and cell shape index (CSI) were 

quantified over a 24 hour period. 

CSI is a dimensionless measure 

that captures cell morphology by 

taking a ratio of the area (A) to the 

perimeter (P) calculated as show in  

Eqn. 1: 

CSI =  
4πA

P2
 

where a CSI of 0 indicates a very elongated cell while a CSI of 1 indicates a round cell 

as indicated in Figure 7.40 This provides a baseline measure of cellular behavior and 

assurance that the microfluidic environment has not caused significant changes on that 

behavior. 

     Spinal cord explant viability was assessed visually as viable explants show much 

greater opacity than necrotic tissue.  

2.7 Spinal Cord Explant Outgrowth 

Spinal cord explant outgrowth was quantified and assessed by several methods 

including: 

2.7.1 Rectangular Method 

     Outgrowth was measured by drawing a rectangle with sides parallel to the image 

border intersecting the points of outgrowth furthest away from the body of the SCE. 

(Figure 8A) The vertical (top to bottom) and horizontal (side to side) distances of the 

Figure 7: Schematic of a cell’s morphology as it 

corresponds to CSI. A very round cell with a CSI 

of 1 (left) becomes less rounded (middle) and 

eventually elongated with a CSI of zero (right) as 

time passes. Figure taken from citation 37. 
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rectangle were taken to be the diameters of an elliptical object. Outgrowth was then 

quantified as the average of the two diameters. 

2.7.2 Ellipse Fit method 

     SCE are commonly measured as ellipses.41 SCE outgrowth was manually segmented 

by selecting points around the periphery of the outgrowth and ellipses were fitted to them 

with the method developed by Fisher et al.42 This generates an ellipse (Figure 8B) with 

measures of area, perimeter, and diameters better oriented with the SCE outgrowth than 

the rectangular method, which can be used to quantify elongation of outgrowth. 

Elongation of the outgrowth was calculated as shown in equation 2: 

 E =  1 −
Rminor

Rmajor
                             

 

3. Results and Discussion 

3.1 Overview of Experiments Performed 

     The following experiments were performed to collect data on the interaction between 

spinal cord explant (SCE) to Schwann cell (ShC) co-culture in extracellular solutions. 

ShC were cultured in flasks with DMEM, Neurobasal, and Elliot’s B Solution to observe 

Figure 8: Schematic of Outgrowth Measure Methods: (Left) a SCE measured by the 

rectangular method of calculating ellipse diameters. (Right) the same SCE measured by the 

ellipse fit method. 
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their effect on Schwann cell behavior. SCE and ShC were co-cultured in modified 

Campenot chambers in Neurobasal and DMEM to investigate the effect of extracellular 

fluid on SCE outgrowth and viability. SCE were co-cultured with ShC at 2 densities in 

modified Campenot chambers in Neurobasal to determine the effect of these densities 

on SCE outgrowth and viability. SCE were co-cultured with ShC at 4 densities in the 

SCORE in Neurobasal to further determine the effect of Schwann cell density on SCE 

outgrowth and viability. SCE were co-cultured with ShC at 4 densities in 24 well plates in 

Neurobasal and Elliot’s B Solution to further investigate the effect of the extracellular 

solutions and ShC density on SCE outgrowth and viability. 

3.2 Schwann Cell Growth and Behavior in Extracellular Solution 

     Schwann cells were cultured in Dulbecco’s Modified Eagle Medium, Neurobasal, and 

Elliot’s B Solution. Their CSI and proliferation rate were compared across the three 

media at 24 hours. Differences in CSI were statistically insignificant across media types 

at zero and 24 hours. (Figure 9A). Proliferation was similar between Neurobasal and 

DMEM as shown by their similar percent increase over 24 hours, but Elliot’s B Solution 

increased by ~15% less than Neurobasal and DMEM over the same period. (Figure 9B) 

This is likely due to the presence of amino acids and vitamins present in Neurobasal and 

DMEM that Elliot’s B Solution lacks. These data show the S42’s are viable in all three 

media types. 
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3.3 Spinal Cord Explants and Schwann Cells in Modified Campenot Chambers with 

DMEM and Neurobasal 

     Embryonic day 17 SCE and ShC were co-cultured in the modified Campenot 

chambers in Neurobasal and DMEM. Five SCE were cultured per condition. By DIV 7, 

three of the SCE in Neurobasal produced extension while no SCE were found to 

produce extensions in DMEM. (Figure 10) 

      While some SCE did display outgrowth, only one had an observable level of 

translucence that could be considered very healthy (Figure 11A,B). This same explant 

had markedly greater outgrowth as compared to other explants with extensions. (eg 

Figure 11C,D) It is unclear what caused the difference in outgrowth between the SCE. 

Figure 9: Measures of Schwann cell behavior in DMEM, Neurobasal, and Elliot’s B 

Solution. (A) CSI measured at 0 and 24 hours. No statistical difference was seen between 

media types at each time point. (B) Schwann cells in Elliot’s B Solution proliferated by ~15% 

less than Neurobasal and DMEM over the same 24 hour period. 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%
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Percent Increase in Cell 
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     Based on the results of this experiment, and those from the comparison of media 

solutions on ShC growth, it was concluded that the Neurobasal formulation was the 

better choice for the hybrid SCE:ShC model. This is a logical choice as the SCE is the 

far more complex component of the system.  

 

3.4 Spinal Cord Explants and Schwann Cells in Modified Campenot Chambers with 

Neurobasal 

      Embryonic day 18 

SCE were co-cultured 

with Neurobasal in the 

modified Campenot 

chambers at 2 

densities, one on the 

lower order of 106 

cells/mL and one on 

Figure 11: SCE in Neurobasal. (A) 

The healthiest SCE with the most 

outgrowth in Neurobasal. (B) Inset of 

(A). (C) A less healthy SCE with 

extension in Neurobasal. Note that the 

shadow of the reservoir wall makes the 

explant darker in appearance. (D) Inset 

of (C). 

Figure 10: SCE with and without 

Extensions in Neurobasal (NB) and 

Dulbecco’s Modified Eagle Medium 

(DMEM). Three out of five SCE grown in 

Neurobasal produced some level of 

outgrowth while those in DMEM were not 

observed to produce any. 

Figure 12: SCE in the lower [ShC] with Neurobasal at DIV 8. 

(A) SCE with observable axon-like extensions along ventral 

portion. (B) SCE with more uniform outgrowth containing lower 

diameter extensions.  

(B) 

(D) 

(A) 

(B) 
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the upper order of 104 cells/mL. ShC were loaded 3 days prior to the loading of the SCE. 

Three SCE were loaded per [ShC] on DIV 1. While the SCE with a [ShC] on the order of 

106 showed poor or no outgrowth and viability by DIV 4, SCE in the lower density 

condition displayed outgrowth at the same time point. This could be due to the timing at 

which the SCE were exposed to different concentrations of the ShC as they proliferated 

which work from the Vazquez lab has previously shown in a primary cell in vitro model.40 

However, it is more likely that a microenvironment occlusion effect was caused by too 

great of a Schwann cell destiny that caused the SCE at the higher concentration to 

perform more poorly. The three SCE that were loaded to the low Schwann cell density 

exhibited different forms of outgrowth. (Figure 12) 

     There were additional problems with the modified Campenot chambers that made 

them less than ideally suited for these experiments. Loading and positioning the explants 

with the ventral portion facing the microarray at a relatively proximal distance was 

difficult due to the circulation of fluid flow within the chamber and reservoir. Shadows 

from the reservoir walls could make imaging all portions of the SCE and outgrowth 

difficult and positioning a SCE near the array necessitates a reservoir in the same 

vicinity. The outgrowth of the SCE was also not nearly as observable through the PDMS 

of the devices as were the portions exposed to the open reservoir top. These issues 

were addressed with the design of a novel device that would also facilitate observing 

and promote a better understanding of the interaction between the ShC and the SCE.  

3.5 Spinal Cord Explants and Schwann Cells in Modified Campenot Chambers with 

Neurobasal in SCORE with Neurobasal 

     The Spinal Cord Observation Ring Enclosure (SCORE) was designed with the 

purpose of creating a more controlled experimental environment that would maximize 

the ability to view SCE outgrowth while still being cultured on the same substrate 

surrounded by PDMS. (Figure 13) SCE were loaded to the SCORE with ShC at 
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densities of 2.8*106, 1.4*106, 6.9*105, and 0 

cells/mL, so that the concentration of 

Schwann cells would span down the from 

upper range of the previous experiment. All 

SCE co-cultured with ShC exhibited some 

level of outgrowth by DIV 2 while the SCE in 

the no ShC condition appeared far darker 

and did not exhibit outgrowth. (Figure 14) 

This supports the idea that the SCE in the 

higher density ShC condition were less viable due to a combined effect from the device 

and the density. Moreover, outgrowth began at earlier time points for densities on the 

same order as the prior Campenot chamber experiment which further points to a 

relationship between Schwann cell density and the culturing device on the time course of 

SCE development.  

      The most robust outgrowth came from a SCE with the highest ShC density (Figure 

14A,B), but a pattern between ShC and robustness of outgrowth could not be concluded. 

Density of extensions was also noted to thin between DIV 2 and 3 which could be a 

result of pruning or decreased viability. The SCORE device was successful in meeting 

the need of improving SCE loading and outgrowth observation, but there were problems 

Figure 13: A spinal cord explant in the 

SCORE. This design facilitated imaging of 

outgrowth while culturing the SCE in the 

same materials as typical PDMS 

microdevices. 

Figure 14: SCE inside SCORE with Neurobasal. (A) High [ShC] SCE DIV 2 that exhibited 
the most robust outgrowth. (B) The same SCE looking less viable on DIV 3. (C) A SCE 
without ShC with much darker appearance and no outgrowth on DIV 1. 

(A) (B) (C) 
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balancing media evaporation with height. Adding a sufficient volume of fluid to stop the 

devices from drying out likely led to too great of a diffusion length for the SCE. This 

makes determining the effect of Schwann cell density on SCE viability or potential 

pruning behavior inconclusive. 

3.6 Spinal Cord Explants and Schwann Cells in Modified Campenot Chambers with 

Neurobasal in 24 Well Plates in Elliot’s B Solution and Neurobasal 

     To further control the microfluidic environment, 24 well plates were used to determine 

what effect ShC density had on outgrowth. Four densities of Schwann cells with greater 

separation from each other were used: 7.16*106 cells/mL, 5.97*105 cells/mL, 9.94*104 

cells/mL, and 0 cells/mL. The high density ShC condition is greater than previous 

densities used and the lowest is on par with the lowest density used to this point. This 

shows how Schwann cell density can affect outgrowth over a greater range than the 

previous experiments. 

3.6.1 Rectangular Method 

Figure 15: SCE outgrowth in 24 well plates for all [ShC] as measured by the 

rectangular method in Neurobasal and Elliot’s B Solution at DIV 8. The figure shows 

box and whisker plots with median and outliers for each media type and [ShC]. [ShC] did 

not have a statistically significant effect on outgrowth within media types, but media type 

did have a statistically significant impact as per one-way ANOVA. 

Spinal Cord Explant Outgrowth on DIV 8  

per [ShC] in Neurobasal and Elliot’s B Solution 
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Figure 16: Average and standard deviation of SCE outgrowth in 24 well plates for all 

[ShC] as measured by the ellipse fit method in Neurobasal (black squares) and Elliot’s 

B Solution (green triangles) at DIV 8 for: (A) Area in millions of micrometers2. [ShC] did not 

have a statistically significant effect on outgrowth within media types, but media type did have 

a statistically significant impact as per one-way ANOVA. (B) Perimeter in micrometers. [ShC] 

did not have a statistically significant effect on outgrowth within media types, but media type 

did have a statistically significant impact as per one-way ANOVA. The similarity to (A) 

demonstrates ellipses were bing calculated similarly across SCE. (C) Elongation calculated 

as shown in equation 2. Note increase in maximum  elongation across middle [ShC]’s, but 

statistical significance was not shown as per one-way ANOVA (D) Area of outgrowth minus 

the area of SCE in millions of micrometers2. Note similarity of data to (A) showing the lack of 

initial SCE area on maximum outgrowth area. [ShC] did not have a statistically significant 

effect on outgrowth within media types, but media type did have a statistically significant 

impact as per one-way ANOVA. 

(A

) 

(B

) 

(D

) 
(C

) 

(x
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    Outgrowth was greater in Neurobasal than EBS as shown in Figures 15 and 16. This 

difference is not necessarily surprising as the Neurobasal formulation includes vitamins, 

amino acids, and B27. No observable trend was established with regards to [ShC] on 

outgrowth. (Figure 15) 

     The similarity in outgrowth of the high and no [ShC] condition and increased viability 

further suggest that there is an upper limit to the [ShC] that should be added in SCE co-

culture to the modified Campenot chambers. 

3.6.2 Ellipse Fit Method 

     SCE outgrowth was manually segmented and fitted to an ellipse using a method 

amended from Haines et al.44 that utilizes MATLAB code published by Fisher et al.45 An 

example of the output can be seen in Figure 8B. 

       The area and perimeter of outgrowth calculated from the fitted ellipse yielded similar 

results to the outgrowth results from the rectangular analysis with regards to the effect of 

[ShC]. However, the elongation of the SCE group at the 105 ShC/mL density in 

Neurobasal had a higher elongation than its counterparts. This elongation is suggestive 

of an optimal ShC density for producing outgrowth that may be more indicative of more 

mature SCE as outgrowth from the SCE is not uniform in vivo. SCE area also did not 

influence outgrowth area as shown by the similarity between outgrowth area (Figure 

16A) and SCE area subtracted from outgrowth area (Figure 16D). 

3.6.3.     Further Discussion of 24 Well Plate Results 

      Although the cell tracker fluorescence was a necessary component for obtaining the 

outgrowth results, it led to an additional problem. Cell tracker had to be removed to 

observe fluorescence over time, but this sometimes led to the unfortunate lift off of the 

SCE from their substrate. The problems with SCE lifting off may have been increased 

due to the change in substrate, glass to plastic. 
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     The similarity in outgrowth of the high and no [ShC] condition in this experiment, and 

the results from the SCORE, further suggest that there is an upper limit to the [ShC] that 

should be added to microfluidic devices if their growth cannot be met with the 

appropriate introduction of necessary molecules to survive.  

     While the neurobasal media led to superior results with regards to maximum 

outgrowth, Elliot’s B Solution still yielded viable SCE with outgrowth. This is not 

necessarily negative as some applications with EBS may preferentially limit SCE 

outgrowth, such as intrathecal lumbar injections for meningeal leukemia or lymphocytic 

lymphoma. Moreover, Elliot’s B Solution could play an important role for further in vitro 

work distinguishing differences between intrathecal and direct-to-site of injury injections. 

These results may be an effect of Schwann cell location relative to the SCE. Previous 

work from the Vazquez lab has shown increased cellular viability and extension of lower 

motor neurons when ShC were cultured across a microchannel array.37 This suggests 

that the signals the neurons receive from the ShC and how they are interpreted could be 

distance and context dependent. 

4. Conclusion 

     This work is an appropriate next step in advancing the in vitro microfluidic culture 

models that the Vazquez and Firestein labs have previously produced as a tripartite 

hybrid spinal cord explant, skeletal muscle, and Schwann cell model will enable the in 

vitro investigation of a more physiologically relevant cellular system. Although maximum 

outgrowth was lower in Elliot’s B solution than Neurobasal, this can be beneficial 

depending on whether outgrowth is desired for a given application as Elliot’s B solution 

is a diluent for cancer treatment and Neurobasal is made for optimal research culture 

conditions. 

     The knowledge that there is an upper limit to the ShC density that can be co-cultured 

with SCE in some devices will help guide future designs. The apparent time dependence 
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of SCE outgrowth from ShC addition further elucidates previous work from the Vazquez 

lab and should be considered in future studies. Although there is no effect on maximum 

outgrowth as a function of ShC density, there may be an effect on the morphology of 

outgrowth. This information will be used to develop controlled microfluidic models of the 

peripheral nervous system that will enable further investigation of this work. 

5. Future Directions 

      The enhanced understanding of the type of outgrowth we can expect from the SCE, 

how this outgrowth and ShC interact, and the problems to confront with the design of a 

microfluidic system for this model will enable future work to better investigate more 

specific questions with regards to the cellular model. Immunohistochemistry will be 

performed for Tau 46 to stain axons and S100B to stain Schwann cells. Additionally, 

stains for molecules of specific fiber types, such as for acetylcholine receptors of motor 

axons, will elucidate which neurological pathways in the spinal cord systems are 

exhibiting outgrowth.  

     We are much more prepared to move the experimental system back into microfluidic 

devices with channel arrays. Optimization of a microfluidic system will enhance further 

investigation of the effect of ShC::SCE co-culture and will enable the analysis of the time 

dependent addition of ShC in more controlled conditions. The addition of fluid flow to the 

system will facilitate more robust cultures. Fluid flow will empower research to 

investigate the introduction of controlled concentrations and volumes of damage and 

therapeutic molecular cues for specific injurious and degenerative peripheral nervous 

system models.  
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6. Appendix- Background of Schwann Cell Transdifferentiation and Regenerative 

Capabilities 

     Schwann cell (ShC) progenitors originate at the neural crest in embryonic 

development and form ShC precursors that give rise to melanocytes, endoneurial 

fibroblasts, parasympathetic neurons, and immature ShC.44 By embryonic day 18 in rat 

species, the organization of ShC and axon structures within peripheral nervous system 

fascicles mature away from an organization similar to that of the central nervous system 

and begin to exhibit blood vessels, collagen, extracellular matrix, early perineurium, 

myelinating ShC surrounding axon families (groups of axons prior to individual axon 

myelination), Schwann cell precursors (SCP) that have become immature ShC, and a 

change in the maturity of ShC molecular markers which demonstrates a transition to an 

organization that is much closer to that of adult nerves.45 In the following days before 

birth, Schwann cells balance proliferation and death to make a 1:1 ratio of ensheathing 

ShC to individual axons as axon families begin to radially sort.46 Immature ShC become 

several types of mature ShC such as myelinating Schwann cells, non-myelinating 

Remak Schwann cells, and terminal ShC that cap the neuromuscular junction (NMJ) 

depending on the axon fiber type they encounter in radial sorting.47,48 

     ShC that undergo denervation after transection are demyelinated, but they are not 

identical to the aforementioned ShC types.49 Denervated ShC are like immature 

Schwann cells in that they do not myelinate, but they upregulate adhesion molecules 

such as N-Cadherin and integrin α1β1.50 Moreover, Remak ShC do not express P0 while 

denervated and immature Schwann cells do.51 Axon ensheathing Schwann cells include 

myelinating ShC as well as non-myelinating Remak ShC which are critical in nerve and 

axon development, regeneration, maintenance, and metabolism.47  10-15% of non-

myelinating axons are ensheathed in rodents and nearly all of these fibers are 
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ensheathed in humans.51 Remak bundles of unmyelinated sensory C-fibers transmit pain 

signals to the central nervous system and their disruption can cause neuropathic pain 

even without injury. For example, loss of the gene Gabbr1 in Remak ShC leads to an 

increase in the number of these pain transmitting fibers which causes painful 

hypersensitivity to thermal and mechanical stimuli and impaired coordination of 

locomotion.47  Improper myelination of fibers seen in conditions like diabetes mellitus 

and Charcot-Marie-Tooth disease result in peripheral neuropathy which cause pain, 

sensory deficits, and degeneration and loss of axonal fibers.52,53 

     Myelinating Schwann cells are the most well-known and best studied type of 

Schwann cell. Myelination is a process balanced by separate transcriptional programs 

consisting of positive and negative regulators.51  Differences in molecules expressed and 

their levels, such as low levels of Neuregulin 1 (NRG1) in ensheathed axons and high 

levels in myelinated axons, help communicate the proper function ShC should adopt.54 

Low levels of NRG1 cause hypomyelination, and high levels cause hypermyelination of 

axons that should be myelinated.55 Mice deficient for NRG1 have sensory axons that are 

insufficiently myelinated, but viral transfection of the gene restores myelination showing 

NRG1 is essential for myelination.55 Interestingly, other evidence has shown NRG1 may 

also have a role in denervation and is not required for myelin maintenance suggesting 

that its function is dependent upon a variety of conditions. 51  Deficiencies of beta-site 

amyloid precursor protein-cleaving enzyme 1 result in unprocessed NRG1 which causes 

hypomyelination and dysregulation of radial axonal sorting due to dysfunction of 

myelination and not the sorting process itself.56 

     Proper timing of immature ShC myelination in development is mediated by 

transcription factors Oct-6 and Brn2. 51 Myelination additionally needs continuing 

signaling to be maintained. Krox-20 is a transcription factor that is necessary for myelin 

gene activation capable of forcing the abandonment of the cell cycle, prevention of 
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apoptosis, and the abolishment immature ShC marker expression. 51 The knockout of 

Krox-20 results in alterations of the 1:1 ShC:axon ratio of radial sorting in development 

as myelination is altered.57 Krox-20 stabilizes myelination by suppressing c-Jun in 

Schwann cells (a major repressor of myelination), decreasing ShC proliferation in 

response to NRG1, and blocking cell death from TGFβ.58 Cyclic adenosine 

monophosphate (cAMP) is involved in the activation of normal myelination and is 

mediated by the transcription factors NFκB and CREB.59 Steroid hormones including 

progesterone, glial derived neurotrophic factor (GDNF), and brain derived neurotrophic 

factor (BDNF), and insulin-like growth factor have also induce myelination. 51  

     The myelination state of the Schwann cell is also susceptible to destabilization. Notch 

is a transcription factor that represses myelin maintenance postnatally, mediates the 

transition of SCP to immature ShC, and is suppressed by Krox-20.51  Forced expression 

in ShC represses myelin production by cAMP and delays myelination postnatally; 

overexpression accelerates demyelination and dedifferentiation regardless of the 

presence of an injury.60,61 Neurotrophin 3 (NT3) decreases myelin, P0, and myelin 

associated glycoprotein (MAG) levels.51 Pax-3 is expressed and inhibited by cAMP 

signaling in immature and mature non-myelinating ShC, but forced expression down 

regulates cAMP itself as well as Krox-20 but not N-Cadherin or L1.62 Pax-3 expression 

by itself is capable of inhibiting apoptosis by TGFβ1, and it also has roles in ShC 

dedifferentiation, survival, and proliferation.63 P38 mitogen activated protein kinase 

(MAPK) mediates myelin degradation by NRG and FGF-2, and its inhibition stops 

demyelination and dedifferentiation.64 P38 MAPK forced expression can prevents cAMP 

and Krox-20 expression, causes dedifferentiation of ShC to an immature phenotype, and 

induces c-Jun.64 C-Jun is the primary suppressor of myelin expression by Krox-20 and 

cAMP, induces several of the aforementioned myelination inhibitors, and is rapidly 

expressed after nerve injury leading to ShC dedifferentiation.65  
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      Wallerian degeneration (WD) is the cascade of events including axonal loss, 

macrophage infiltration, phagocytosis of myelin sheathes, Schwann cell proliferation, 

and dedifferentiation in response to nerve injury.51  Successful WD is marked by 

expedient initaiton and termination as well as proper signaling between ShC, 

macrophages, fibroblasts, and endothelial cells.66 ShC are characterized by novel 

phenotypes that utilize many of the same signaling pathways but are ultimately unique in 

their overlap of implementation.46 The state of Schwann cell myelination exercises 

considerable control over the events in Wallerian degeneration and axonal regeneration. 

C-Jun holds powerful roles inducing trophic factors, altering adhesion molecules 

expression, myelin clearance, and activation of a reparative program in ShC.67,68 

Suppression of c-Jun in ShC impairs axon regeneration, increases neuronal death, 

decreases neurotrophic factor production, and results in dysfunctional repair and 

recovery.68 Sox-2 co regulation with c-Jun, Pax-3, and Notch also assist in the 

demyelination process. 51 

     ERK1/2 is up regulated after transection leading to macrophage recruitment by 

monocyte chemoattractant protein-1 (MCP-1) which is further enhanced by signaling 

from TNF-α and leukemia inhibitory factor (LIF) from ShC.51  ShC initiate myelin 

clearance displaying some phagocytotic activities similar to that of macrophages until 

macrophages have been sufficiently recruited to take over myelin debris removal.51,69 

ShC up regulate the expression of surface adhesion proteins including N-CAM, Ng-

CAM/L1, N-cadherin, and L2/HNK-1 and extracellular matrix molecules like laminin and 

fibronectin.70 Transection of the nerve also initiates Ephrin type-B receptor 2 (Eph2B) 

signaling between ShC and fibroblasts which manifests in cell sorting and collective 

migration from the distal stump across the injury gap; loss of Eph2B signaling leads to 

disorganized migration and misoriented axonal extension.71 The expression of 

neurotrophic factors such as BDNF, GDNF, and IGF-1 are increased which is 
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suppressed when ShC meet the proximal stump leading to the development of a 

gradient that decreases across the injury gap in a distal to proximal manner directing 

axonal growth along it.72 After the nerve is cut, axons do not always reach their targets 

depending on the lesion distance thought which is thought to be due the loss of the 

reparative ShC phenotype.73 This has been recapitulated and enhanced with GDNF 

transfected ShC seeded conduits in a rat sciatic nerve model.74 If an axon successfully 

bridges the lesion, it will take on the myelination state it possessed prior to injury 

demonstrating some form of transcriptional memory.75  

      There are further distinctions between motor and sensory axon fiber types. Schwann 

cells from sensory and motor nerves differentially express cell adhesion molecules that 

likely contributes to the proper guidance to their appropriate organs.72 Specifically, ShC 

that were connected to motor nerves preferentially express L2/HNK1 epitope while 

sensory neurons preferentially express NCAM.76,77 Though this expression is lost after 

transection, ShC may exhibit some preference to express the cellular adhesion molecule 

type they had previously produced.78,77 Denervated cutaneous nerves that were able to 

reinnervate their targets have been shown to preferentially express mRNA for the growth 

factors BDNF, NGF, VEGF, and IGF-1 while ventral root motor nerves express GDNF 

and pleiotrophin at greater amounts.79 

      Motor nerves present additional challenges in proper nerve regeneration and 

reinnervation. After a critical window of time post injury in a mouse model of sciatic nerve 

crush injury, motor axons that reached the skeletal muscle motor end plate at the NMJ 

did not reinnervate while sensory axons did.80 The same study showed human subjects 

with peripheral nerve injury who received decompression surgery sooner after injury 

exhibited return of sensation but motor improvement was limited.80 A rat sciatic nerve 

model of transection injury has shown somewhat contradictory results where increased 

duration of denervation prior to suture of the defect corresponded to lower numbers of 
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reinnervated motor units, but axons that did meet the NMJ reinnervated regardless of 

denervation duration.81 This raises the question of the extent of heterogeneity between 

the motor systems of different species. Evolutionary demands placed upon different 

species has led to differences in cellular and functional recovery capacity such as 

greater redundancy of motor pathways in rat allowing the rerouting of motor inputs and 

feedback, the increased size of primate motor tracts may limit plasticity in their motor 

system, and the ability of these fibers to reorganize based on these differences.82 

Post injury, terminal ShC concentrate acetyl choline receptors at motor end plate as 

increased density of the receptor increases signaling to axons to innervate the motor 

end plate, but this function of the reparative program is much shorter in duration in the 

mammalian nervous system than in frogs which coincides with enhanced recovery.83 

     The presence of terminal Schwann cells at NMJ is on of the biggest distinctions 

between sensory and motor fibers. NMJ changes after injury show latency depending on 

the distance from nerve transection, but  sign of WD begin to occur within a 24 hour 

period when ShC infiltrate the synapse to phagocytize debris whereas ShC proliferation 

and number at the NMJ occur later with increase of exposure to axonal NRG increase 

and NT3, respectively.83 Terminal ShC produce Stromal Derived Factor-1 in response to 

induction by α-latrotoxin after axon terminal insult which binds the CXCR4 receptor 

increases the restoration of synaptic signaling and the growth of motor axons from the 

ventral spinal cord.84 The ShC extend processes that link end plates and provide axons a 

path to extend upon, so, if one motor endplate forms a NMJ with an axon, the same 

axon is more likely to defasciculate and synapse with adjacent motor end plates.83 This 

causes axons to synapse with different muscle fibers and leave some dennervated 

which leads to axon sprouting along the substrate created by other terminal Schwann 

cells extending from other motor end plates, but terminal Schwann cells apoptose to 

conclude the clearance of debris from the synapses which reduces their number of ShC 
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that attract axons towards the motor end plate.83 Delays in reinnervation ultimately lead 

to impaired regeneration and recovery.73 Stable ShC are repelled from the synaptic cleft 

as to not interfere with acetylcholine release and diffusion across the cleft by laminin-β-2 

which is expressed in the basal lamina only at the synaptic cleft; its deletion leads to the 

invasion into the synaptic cleft and impaired synaptic transmission across the NMJ.83  

     The interplay of some of these dynamics can be seen in a study of rat spinal cord 

transection. Transection of spinal cord in rat caused a subset of NMJ in lower leg flexors 

to sprout nerve terminals and disassemble their synapse by week two which 

reassembled by month two with continued terminal sprouting.85 Another subset of NMJ 

in lower leg flexors maintained terminals without sprouting, but they exhibited decreasing 

concentrations of acetyl choline receptors.85 Yet another subset of flexors and most 

extensors of the lower leg had minimal alterations.85 Further interruption of afferent 

connections did not increase instability of the unstable subsets, but exercise decreased 

the number of unstable synapses showing that the vulnerability of a particular NMJ to 

disruption is based on the likelihood the muscle is inactive after injury.85 The study did 

not look at roles of ShC but could be important as they are an active partner in 

coordinating NMJ synaptic transmission. 

     Age then becomes a factor as rehabilitative measures are easier to implement in the 

younger portion of patient population. A study in mice has shown that the age of ShC in 

ShC-seeded nerve grafts was the determining factor in motor reinnervation regardless of 

ShC to host age mismatch providing further reason to consider age in regenerative 

therapies.86 This is a positive result in some sense, but it does raise the consideration 

that older patients would require allogeneic grafts (requiring human leukocyte antigen 

and innate immune system matching concerns) or if their ShC could be reprogrammed 

ex vivo to create grafts with greater ShC plasticity from their own tissue.  
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