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Abstract

Background: One potential treatment strategy to enhance axon regeneration is transplanting 

Schwann Cells (SCs) that overexpress glial cell line-derived neurotrophic factor (GDNF). 

Unfortunately, constitutive GDNF overexpression in vivo can result in failure of regenerating 

axons to extend beyond the GDNF source, a phenomenon termed the “candy-store” effect. Little is 

known about the mechanism of this axon entrapment in vivo.

New Method: We present a reproducible in vitro culture platform using a microfluidic device to 

model axon entrapment and investigate mechanisms by which GDNF causes axon entrapment. 

The device is comprised of three culture chambers connected by two sets of microchannels, which 

prevent cell soma from moving between chambers but allow neurites to grow between chambers. 

Neurons from dorsal root ganglia were seeded in one end chamber while the effect of different 

conditions in the other two chambers was used to study neurite entrapment.

Results: The results showed that GDNF-overexpressing SCs (G-SCs) can induce axon 

entrapment in vitro. We also found that while physiological levels of GDNF (100 ng/mL) 

promoted neurite extension, supra-physiological levels of GDNF (700 ng/mL) induced axon 

entrapment.

Comparison with Existing Method: All previous work related to the “candy-store” effect 

were done in vivo. Here, we report the first in vitro platform that can recapitulate the axonal 

entrapment and investigate the mechanism of the phenomenon.

Conclusions: This platform facilitates investigation of the “candy-store” effect and shows the 

effects of high GDNF concentrations on neurite outgrowth.
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Introduction

Severe peripheral nerve injury (PNI) can have a devastating impact on patients’ quality of 

life resulting in lifelong disabilities. Autologous nerve grafting has been the standard of care 

for PNI, despite its major disadvantage of donor site morbidity(Lundborg, 2000). Alternative 

methods, such as acellular nerve grafts, are ineffective for large gaps because of the lack of 

cells and regenerative factors within the graft(Fox et al., 2005). Even with proper surgical 

reconstruction, functional recovery can be incomplete(Moore et al., 2009). Although the 

peripheral nerve is capable of regeneration, the rate of axonal regeneration is slow at 1–2 

mm/day(Grinsell and Keating, 2014). Patients suffering from proximal injuries, such as 

brachial plexus injuries, which can involve regeneration distances of up to a meter, may 

require 2–3 years for axons to reach target muscles(Lundborg, 2000). However, chronic 

denervation can result in quiescence of Schwann cells (SCs), which leads to their precipitous 

decline in growth factor expression and a progressive failure to promote axonal regeneration 

over time(Fox et al., 2005). In addition, essentially irreversible changes to muscle occur by 

12–18 months(Kobayashi et al., 1997), at which point functional recovery is unlikely. To 

treat these patients, it is critical to devise strategies to enhance axonal growth and prevent 

chronic denervation of SCs to promote robust axon regeneration over long distances. One 

appealing strategy to improve recovery is to use exogenous growth factors and/or SCs with 

exogenous growth factor expression to enhance axonal regeneration.

Glial cell line-derived neurotrophic factor (GDNF) is one of these potent growth factors 

involved in the normal regenerative process after injury. GDNF has been shown to improve 

axonal regeneration in motor neurons(Scheib and Höke, 2013) and a subset of sensory 

neurons(Wu-Fienberg et al., 2014). In vitro studies have shown that GDNF forms a complex 

with GDNF family receptor alpha 1 (GFRα1) and acts as an axonal guidance signal during 

regeneration(Blits et al., 2004; Lundborg, 2003; Marquardt et al., 2015; Taylor et al., 2008). 

Although SCs intrinsically secrete GDNF following injury, they are unable to maintain this 

trophic support for neurons over long periods of time after injury(Höke et al., 2002). In 

rodents, injury-induced GDNF expression is insufficient to stimulate axonal regeneration 

after 2 months and decreases to baseline level by 6 months(Höke et al., 2002). Therefore, 

one viable strategy to increase the regeneration window is to develop effective delivery 

systems for GDNF over a long period of time.

Various methods of delivery have been developed including protein delivery systems, gene 

therapy, and cell therapy. In particular, the use of adeno-associated and lenti-viral vectors 

that encode GDNF have been used in many studies. Our lab and others have previously 

studied lentiviral mediated overexpression of GDNF from SCs (GDNF-overexpression SCs, 

or G-SCs)(Blits et al., 2004; Eggers et al., 2013; Marquardt et al., 2015; Wu-Fienberg et al., 

2014). However, excess GDNF production causes the “candy-store” effect, where axons do 

not extend beyond sources of GDNF expression and are entrapped at a site rich in growth 

factor(Blits et al., 2004; Eggers et al., 2013; Tannemaat et al., 2008) (Fig. 1). Axonal 

swirling and coils form at these GDNF sources and are composed of a large number of 

motor axons and densely packed SCs(Eggers et al., 2013; Tannemaat et al., 2008). Inside the 

axon coils, myelination is severely impaired as shown by a decrease in myelin basic protein 
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expression(Eggers et al., 2013). These negative side effects create a major barrier against 

using GDNF to promote axonal regeneration.

Understanding the “candy-store” effect is important for effectively using GDNF to promote 

axonal regeneration and reduce its negative impact. Studying the “candy-store” effect in vivo 
is challenging given the involvement of multiple cell types and the complex peripheral nerve 

environment. In contrast, in vitro investigation will enable us to conduct controlled studies 

of individual factors. However, standard in vitro culture platforms cannot spatially separate 

neurons from extending neurites for clear visualization. Alternatively, microfluidic devices 

have been extensively used to model nerve injury(Cohen et al., 2011; Marquardt and 

Sakiyama-Elbert, 2015; Park et al., 2006; Siddique and Thakor, 2014; Taylor et al., 2005), 

with the major advantage of easy fabrication of the topographical structures of the culture 

platform. Namely, microfluidic devices can have features on the micrometer scale, which is 

ideal for isolating neurite extensions from neuronal soma. Therefore, developing a 

microfluidic device for recapitulating axon entrapment will allow for investigating the 

mechanism of the “candy-store” effect.

In this study, we developed a microfluidic device to recapitulate the “candy-store” effect in 
vitro and examined the effects of G-SCs on neuronal axon entrapment. Neurite extension 

was quantified in neuron-SCs (normal SCs) and neuron-G-SCs (GDNF overexpressing) co-

cultures. We also investigated the effects of different GDNF concentrations on axon 

entrapment. G-SCs resulted in significantly greater trapping compared to normal SCs 

indicating that G-SCs can entrap neurites in vitro. In addition, high GDNF concentrations 

led to a similar decrease in neurite extension suggesting that high GDNF levels alone are 

sufficient to entrap axons.

Materials and Methods

Fabrication of Microfluidic Device Master Mold:

3-inch silicon wafers (Silicon Inc. ID, USA) were coated with SU-8 5 photoresists 

(MicroChem Corp, MA, USA) using a spin-coater. The wafers were then exposed under UV 

light under (or through) the first layer of photo mask that had the pattern for the 

microchannels (Fig. 2). After development, the wafers were coated with a layer of SU-8 

2050 and exposed under the second photo mask, which contained the pattern for the cell 

culture chambers. After development, the wafers were exposed to trichloro(1,1,2,2-

perfluorooctyl) silane (Millipore Sigma, MO, USA) under vacuum for 1 hour to form an 

antiadhesive layer.

Soft Lithography and Microfluidic Device:

Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, MI, USA) was poured onto the 

silicon master mold in a petri dish with 1:10 weight ratio of curing agent to base and put 

under vacuum to remove air bubbles (Fig. 2). The PDMS was cured at 60°C overnight. The 

device was then cut out and bonded to a glass slide using a plasma cleaner (Plasma Clean 

PDC-001, Harrick Plasma Inc., NY, USA). After 20 minutes of UV sterilization, the 
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completed device was coated with 0.01% poly-L-ornithine (PLO) for 1 hour at 37°C and 

laminin (1 mg/mL, Life Technologies, CA. USA) for 1 hour at 37°C.

FITC Conjugation and Protein Transport Quantifications:

Fluorescein isothiocyanate (FITC) conjugation was performed as directed by the 

manufacturer (Sigma). Porcine pepsin (35 kD, Sigma) was used as an alternative to GDNF 

(30.4 kD) for protein labeling because of their similar sizes. After completion of the 

conjugation, the FITC-labeled protein was in PBS solution with 1% bovine serum albumin 

(Sigma). Various volumes of FITC-labeled protein (1 μg/mL) in solution were then applied 

to the distal chamber with the expectation that higher volumes would increase protein 

transport to the somal chamber. After 24 hrs, the liquid from the somal chamber was 

collected and the fluorescence was measured at 488nm using a fluorescence 

spectrophotometer (SpectraMax M2e, Molecular Devices, CA, USA). The percent 

fluorescence was calculated as a percentage of somal chamber fluorescence intensity over 

distal chamber fluorescence intensity.

Isolation of Sensory Neurons and Culture Conditions:

Sensory neurons were harvested from White Leghorn chicken (Texas A&M University, 

Texas, USA) embryos at Day 7–9. Dorsal root ganglia were isolated from embryos and 

dissociated using 0.25% trypsin-EDTA (Invitrogen, CA, USA) for 20 minutes at 37°C. 

Dissociated neurons were seeded in the somal chamber at 85,000 cells/cm2 and cultured in 

neurobasal medium with 2% B27 supplement, 1% penicillin-streptomycin (Pen/Strep), and 

1% GlutaMAX (Invitrogen) (Fig. 3). Glial cell-line derived neurotrophic factor (GDNF, 

PeproTech, NJ, USA) was applied to the middle and/or distal chamber. Medium in the somal 

chamber was replaced with fresh medium every two days. Medium in the middle and distal 

chamber was also replaced every two days to maintain the GDNF level. By replacing media 

every two days in all chambers, the volumes of each chamber was maintained.

Schwann Cell Harvest and Culture:

SCs were harvested from sciatic nerves collected from adult male Lewis rats using 

previously described methods(Tao, 2013). To isolate the SCs, first nerve branches were 

placed in DMEM (Dulbecco’s Modified Eagle Medium) with sodium pyruvate (110 mg/L, 

Invitrogen), Collagenase (10 mg/mL, Thermo Fisher), and 0.25% trypsin for 30 min at 

37 °C. After triturating the branches, they were centrifuged for 10 min at 500×g, and the cell 

pellet was washed with SC medium containing DMEM plus 10% fetal bovine serum (FBS, 

Life Technologies) and 1% Pen/Strep. The cells were then plated into a 100 mm petri dish 

coated with 0.1% poly-L-lysine (Sigma) and laminin. Cytarabine (Ara-C, 10 μM, Sigma) 

was added to the plate along with fresh SC medium on Day 3 after plating. Then the plate 

was supplemented with 2 μM forskolin (BioGems, CA, USA) with fresh SC medium and 

cultured for 1–2 weeks before use. G-SCs were generated based on a protocol previously 

developed (Wu-Fienberg et al., 2014). Briefly, SC cultures were transduced with lentiviral 

particles containing GDNF transfer plasmid before passage 7. Cells were incubated with 2 

μg/mL of polybrene (Santa Cruz Biotechnology, TX, USA) in SC medium for 1 hour at 

37°C, after which the lentiviral vectors containing GDNF are introduced (MOI = 35). Cells 

are then incubated with 2 μg/mL polybrene and vector for 20 hours at 37°C. G-SCs were 
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tested using enzyme-linked immune-sorbent assay (ELISA, R&D Systems, MN, USA) for 

GDNF production according to previously published results (Wu-Fienberg et al., 2014). G-

SCs were seeded in the middle chamber at 100,000 cells/cm2. G-SCs produced 106.2±6.8 

ng/mL/day of GDNF in the middle chamber. Based on this GDNF production, 

approximately 744 ng/mL of GDNF was produced over 7 days. Therefore, we used 700 

ng/mL of GDNF as the supra-physiological level to be applied in the middle chamber.

Immunocytochemistry and Data Quantification:

Immunocytochemistry (ICC) was performed on Day 6 after the start of neuronal culture. 

Briefly, the cells in the device were fixed using 4% paraformaldehyde (Sigma) for 20 min. 

After washing 3 times with PBS, the cells were permeabilized with 0.01% Triton X-100 

(Sigma) for 20 min. The cells in the device were then blocked using 5% normal goat serum 

(NGS, Sigma) in PBS for 1 hr. Primary antibodies used included anti-neurofilament (1:200 

with 2% NGS in PBS, clone 3A10, Developmental Studies Hybridoma Bank, IA, USA) for 

neurites and anti-S100β (1:400 with 2% NGS in PBS, Polyclonal Rabbit Ant-S100, Dako, 

CA, USA) for SCs. After incubating with primary antibodies overnight, the device was 

washed 3 times with PBS and then secondary antibodies were applied for 2 hrs. Hoechst 

33342 was applied (1:1000 dilution) for 20 min after washing the device with PBS. The 

device was then imaged using a wide-field fluorescence microscope (Leica DMi8, Leica, IL, 

USA). After acquiring images of the middle chamber and microchannels, neurites were 

quantified as a percentage of axons crossing, namely, the number of neurites exiting the 

middle chamber was divided by the number of neurites entering the middle chamber (Fig. 

5). Overlapping neurites in one microchannel are accounted for by tracing them for a short 

distance after exiting the microchannel, at which point the neurites disperse (typically 3–4 

neurites, data not shown).

Statistical Analysis:

One-way ANOVA is performed on the sample groups using Minitab software. Scheffe’s 

post-hoc test with p<0.05 for significance was used. Data represented were shown as mean ± 

standard deviation. Data included N = 8 or more devices per condition; n=30–518 neurites 

measured per device.

Results

Microfluidic device development

One of the key features in the design of this microfluidic device was that it should enable 

cell signaling through exogenous growth factors and/or cell-cell interactions. Therefore, it 

was important to test protein transport from distal chamber to somal chamber in the 

microfluidic device to ensure that factors in the distal chamber could elicit a response in 

neurons separated by microchannels. We also sought to determine whether a growth factor 

in the distal chamber could provide axon guidance and/or promote survival of neurons 

seeded in the other chamber. We used pepsin (35 kDa), a similarly sized protein to GDNF 

(30.4 kDa), conjugated with fluorescein isothiocyanate (FITC) to examine the transport of 

proteins between the distal and somal chamber. FITC-pepsin was applied to the distal 

chamber and the fluorescence intensity in the somal chamber was measured over time. This 
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allowed an estimation for the amount of GDNF that will reach the somal chamber for 

neurons to detect, and thus was used to determine the initial GDNF concentration that 

should be applied to the distal chamber to obtain a physiologically relevant level in the 

somal chamber.

We tested whether protein transport can be controlled by modulating the volume in each 

chamber (and thus the pressure differential) such that fluid was only flowing unidirectionally 

from the distal to the somal chamber. Two different volume sets were applied to the device. 

The first set of conditions tested had 50 μL of liquid in the somal and the middle chamber, 

and 100 μL of liquid in the distal chamber (Fig. 4A, 50/50/100). After 24 hours, the 

fluorescence intensity in the somal chamber was 6.6±2.0% of the initial fluorescence 

intensity in the distal chamber. The second set of conditions had 110 μL of liquid in the 

middle chamber, and 170 μL in the distal chamber. The fluorescence intensity increased to 

13.8±3.0% (Fig. 4A, 50/110/170). This demonstrated that protein concentration in the somal 

chamber can be controlled by varying the volume applied to the other two chambers.

To test whether high GDNF concentrations can cause axon entrapment in vitro, we wanted 

to first establish a positive control that allows neurites to robustly cross the middle chamber. 

Table 1 shows the conditions applied to the middle and distal chambers. Either no GDNF, 

100ng/mL, or 700ng/mL of GDNF was added to the respective chambers. No growth factor 

addition resulted in low neurite outgrowth into the middle chamber (<30 neurites/device). 

Even though the percentage of axon crossing was low under this condition, it did not 

represent the axonal entrapment effect but likely a result of poor neurite extension in the first 

place. We found that with 100 ng/mL and 700 ng/mL of GDNF in the distal chamber and 0 

ng/mL in the middle and somal chamber, neurites were able to robustly grow across the 

middle chamber to reach the second set of microchannels (Fig. 4B). Both conditions showed 

at least 50% of axons crossing with an average of 261 neurites measured in each device. 

These two conditions were used positive controls to compare with potential axon trapping 

conditions.

GDNF-overexpressing Schwann cells show axon entrapment in the microfluidic device

To mimic the in vivo axon entrapment in the microfluidic device, we evaluated the effects of 

placing G-SCs in the middle chamber, on neurite outgrowth compared to normal Schwan 

cells (Table 1). Briefly, we seeded DRG neurons in the somal chamber and normal SCs or 

G-SCs in the middle chamber (Fig. 5). We found that seeding normal SCs in the middle 

chamber resulted in robust axon growth resulting 59.2% axons crossing (Fig. 6C, SC/-), 

comparable to 100 ng/mL of GDNF in the distal chamber (Fig. 4B). In contrast, seeding G-

SCs in the middle chamber significantly reduced the percentage of axons crossing to the 

distal chamber to 25.3% (Fig. 6C, G-SC/-). These results demonstrated that G-SCs can 

induce axon entrapment in vitro. It was also noted that neurites with G-SCs seeded in the 

middle chamber formed a dense network of fibers along the G-SCs (Fig. 6B), while neurites 

with normal SCs do not demonstrate this behavior (Fig. 6A). This resembled morphologies 

observed in previous in vivo studies where axons tend to form nerve coils at the sites of 

GDNF overexpression(Blits et al., 2004; Eggers et al., 2013).
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Effects of differential GDNF concentrations on neurite extensions

We wanted to examine the effects of different concentrations of GDNF in the middle and 

distal chambers (Table 1). Previous in vitro studies had shown that physiological levels of 

GDNF (100 ng/mL) improve neurite outgrowth(Marquardt and Sakiyama-Elbert, 2015). In 

addition, applying 100 ng/mL of GDNF to the distal chamber also promoted robust neurite 

outgrowth towards the distal chamber. Based on the GDNF production from G-SCs, 

approximately 744 ng/mL of GDNF was produced over 7 days. Therefore, we used 700 

ng/mL of GDNF as the supra-physiological level. GDNF uptake by neurons was 

qualitatively assessed by ICC staining of GDNF. Cell treated with 700ng/mL of GDNF 

showed greater levels of antibody staining compared to untreated cells and cell treated with 

100ng/mL of GDNF (Sup Fig.1). We found that supra-physiological levels of GDNF in the 

middle chamber significantly reduced the percentage of axons crossing the middle chamber 

(Fig. 7G). Applying 100 ng/mL of GDNF to the middle chamber with 700 ng/mL in the 

distal chamber did not reduce the percentage of axons crossing comparing to 100 ng/mL in 

the distal chamber and 0 ng/mL in the middle chamber (Fig. 7G, -/G100, G100/-). However, 

700 ng/mL of GDNF in the middle chamber and 0 ng/mL in the distal chamber significantly 

reduced the percentage of axons crossing to 14.0% (Fig. 7D & G, G700/-). This suggests 

supra-physiological levels of GDNF can induce axon trapping in vitro. Immunostaining for 

neurofilament showed that neurites tend to stay in the middle chamber; however, we did not 

observe the formation of dense fibers networks observed with G-SCs. We also examined the 

effects of GDNF at 250 ng/mL and 500 ng/mL applied in the middle chamber and 0 ng/mL 

in the distal chamber (G250/-, G500/-). G250/- showed axons crossing at 40.6%±12.4%; 

while G500/- showed axons crossing at 45.8%±15.3%. This indicates the threshold 

concentration for GDNF to induce axon entrapment appears to be between 500 ng/mL and 

700 ng/mL.

Next, we wanted to see whether adding GDNF to the distal chamber can overcome the axon 

trapping induced by applying high levels GDNF to the middle chamber (Fig. 7H). When 100 

ng/mL of GDNF was in both middle and distal chambers, 54.8% of axons were able to cross 

the middle chamber, similar the result observed with the same concentration of GDNF added 

to either just the distal or just the middle chamber (Fig. 7B, G100/G100). This suggests that 

axons were not trapped by a uniform distribution of GDNF at a physiological concentration. 

In contrast, applying supra-physiological levels of GDNF in the middle chamber and 

physiological GDNF levels to the distal chamber reduced the percentage of axons crossing 

to 24.3% (Fig. 7E & H, G700/G100). Therefore, physiological GDNF levels at a more distal 

site to the neurons cannot overcome axon trapping induced by high GDNF levels at a more 

proximal site. More importantly, when supra-physiological GDNF is applied to both the 

middle and distal chambers, only 14.1% of axons were able to cross the middle chamber 

(Fig. 7F & I, G700/G700), suggesting that high GDNF levels also cannot abolish axon 

trapping. Together, these data suggest that supra-physiological levels of GDNF have a direct 

effect on reducing neurite outgrowth.
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Discussion

A number of studies have focused on the use of exogenous growth factors for treating 

peripheral nerve injuries. Growth factors, such as GDNF, are released by SCs in response to 

nerve injury and aid neuronal survival and axon regeneration(Springer et al., 1995). Many 

studies have shown that GDNF also acts as a directional cue for guidance of regenerating 

axons (Batchelor, 2002; Lin et al., 2011). In addition to its direct benefits, GDNF also 

contributes to the ability of SCs to promote repair after injury. The presence of GDNF 

enhances the ability of SCs to myelinate axons by inducing differentiation of a myelinating 

phenotype(Höke et al., 2003; Iwase et al., 2005; Jesuraj et al., 2014). As a result of their 

growth promoting benefits, various methods for the delivery of growth factors have been 

examined including using lentiviral(Tannemaat et al., 2008, 2007) or adenoviral 

injections(Kells et al., 2004), microspheres(Garbayo et al., 2009; Wood et al., 2012), and 

scaffolds and conduits(Madduri et al., 2010). Yet, there still remains much to be understood 

about the effects of growth factors on axon regeneration.

Unlike other growth factors(Albers et al., 1996, 1994; Tolwani et al., 2004), GDNF when 

overexpressed can cause axon entrapment within the zone of GDNF expression, and is thus 

dubbed the “candy-store” effect(Blits et al., 2004; Ee et al., 2017; Eggers et al., 2013; 

Shakhbazau et al., 2013; Tannemaat et al., 2008). This behavior was first shown by Blits et 
al., where adenoviral-mediated overexpression of GDNF near the motoneuron pool 

promoted axon sprouting but prevented directional growth of axons at denervated 

motoneuron pool. We and others have also observed a similar phenomenon when 

overexpressing GDNF after sciatic nerve injury with either viral expression or transgenic 

expression in SCs(Eggers et al., 2013; Marquardt et al., 2015). In order to resolve this issue, 

Eggers et al. generated a GDNF gradient in vivo using lentiviral vectors and found that even 

the lowest concentration of GDNF still entrapped axons. We and others have used 

tetracycline-inducible systems to temporally control GDNF overexpression and identified a 

critical window of time at which GDNF overexpression should be shut off (Marquardt et al., 

2015; Shakhbazau et al., 2013). However, little is known about the mechanism of the 

“candy-store” effect and whether it acts directly on axons or indirectly via SCs. Evidence 

suggests SCs undergo phenotypic changes in the presence of high levels of GDNF that could 

affect axon growth(Eggers et al., 2013). A recent study also shows G-SCs affect fibroblasts, 

and this interaction results in significant ECM remodeling (Ee et al., 2017). However, all 

these studies have been done using in vivo models. The complexity of the in vivo 
environment presents a major challenge to eliciting the exact mechanism that underlies the 

“candy-store” effect. Here we developed a microfluidic device that enables us to conduct 

controlled studies of individual factors and provide spatial separation of neurons from 

extending neurites for clear visualization. This in vitro culture platform can help us 

understand why GDNF overexpression leads to the “candy-store” effect.

Previous studies have shown that G-SCs cause axon entrapment when transplanted in 

acellular nerve graft in sciatic nerve injury models(Marquardt et al., 2015). Similarly, our 

results show that G-SCs cause axon entrapment in the microfluidic device. This 

demonstrates that our in vitro platform is able to mimic the in vivo phenomenon. Previous 

studies have shown that GDNF overexpression causes SCs to undergo phenotypic changes 

Wang et al. Page 8

J Neurosci Methods. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



marked by a decrease in myelin basic protein and an increase in p75 receptor 

expression(Eggers et al., 2013). In this study, we observed that neurites form dense fiber 

networks along G-SCs, whereas these dense fibers were not observed in the presence of 

normal SCs (Fig. 6A & B). This dense accumulation of axons is strikingly similar to 

previous in vivo results where elevated GDNF expression from virally-induced cells resulted 

in thick fiber coils formed at GDNF overexpressing locations(Blits et al., 2004; Ee et al., 

2017; Eggers et al., 2013). Our recent study showed that GDNF overexpression during nerve 

regeneration in vivo caused extensive axonal sprouting (Ee et al., 2017). The evidence from 

these studies and our current studies suggests G-SCs play a major role in causing axon 

entrapment. Specifically, these cells can prevent neurites from extending beyond the region 

of elevated GDNF and induce the formation of fiber networks. GDNF gradients can guide 

axon regeneration from lower concentrations to higher concentrations and eventually lead to 

muscle cells as the final target in the peripheral nervous system. It has been shown that viral 

vector-induced GDNF expression in myoblasts improved motor neuron survival (Mohajeri et 

al., 1999). Making myoblast as a source of neurotrophic factor would be particularly useful 

when nerves were close enough to the muscles to create a gradient that the axons could 

sense. Therefore, it might also be valuable to explore using myoblast as the source of 

neurotrophic factor for future studies of regeneration near the muscle.

In addition to investigating G-SC’s effects on axon entrapment, we examined how 

exogenous GDNF affects neurite outgrowth in a microfluidic device. Previous studies have 

shown that GDNF applied at physiological levels (50 to 100 ng/mL) promoted axon growth 

(Jesuraj et al., 2014; Marquardt and Sakiyama-Elbert, 2015). In this study, our results 

indicated that GDNF applied at a supra-physiological level (700 ng/ml) decreased neurite 

outgrowth. This suggests that a high GDNF level may be sufficient to trap axons. It is 

interesting to note that high GDNF levels in the distal chamber did not make up for axon 

entrapment caused by high GDNF in the middle chamber, suggesting axon entrapment is 

activated when GDNF reaches a certain threshold concentration and cannot be overcome by 

similarly high levels downstream. We also observed that neurites treated with high GDNF 

protein levels did not show dense fiber network formation. Compared to trapping caused by 

G-SCs, this might suggest the important roles of G-SC and ECM remodeling in axon 

entrapment and that the “candy-store” effect constitutes two parts, where axon trapping is 

caused by GDNF directly while fiber networks form after ECM remodeling and may involve 

SCs.

Understanding both the benefits and negative impacts of using growth factors is critical 

developing safe therapeutics. Here, we have developed a microfluidic platform that allowed 

us to investigate a major negative side effect of overexpressing GDNF from SCs. We have 

shown that G-SCs can induce axon entrapment similar to what is seen in vivo. In addition, 

this system allowed us to examine the effect of exogenous GDNF on neurite outgrowth. We 

have shown that high levels of GDNF alone can significantly reduce neurite outgrowth due 

to entrapment. Overall, this platform may provide a valuable tool to further investigate the 

underlying molecular mechanisms of the “candy-store” effect. Together, these findings may 

prove valuable as they provide directions toward devising drug delivery methods that harness 

only the beneficial effects of GDNF to establish a robust treatment system for PNI in animal 
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models. Clinically, this project has the potential to lead to therapies that prolong the 

regeneration window for long gap PNI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Microfluidic device recapitulates the axon entrapment in the “candy-store” 

effect.

• GDNF-overexpressing SCs induce axon entrapment in the device as seen in 
vivo.

• High concentration of GDNF is sufficient to induce axon entrapment.
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Figure 1: Schematics of the Candy-Store Effect.
Axons normal grow past Schwann cells (SC) and reach towards target muscles (Top). When 

we constitutively overexpress GDNF in SCs (GDNF-SC), axons fail to extend beyond the 

GDNF source (Bottom), causing the Candy-store effect.
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Figure 2: Schematics of Microfludic Device Fabrication Process.
The master mold for the device consist of two layers of photoresist structures. The first layer 

defines the microchannels at 5 μm height. The second layer defines the culture chambers at 

100 μm height. Soft lithography is used to make PDMS device, which is then assembled 

with glass coverslip as bottom and coated with PLO-laminin. The three chambers are 

connected by two sets of microchannels. The middle chamber is accessed through the two 

circular reservoirs.
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Figure 3: Schematics of the microfluidic device.
A) Top and B) side views of the microfluidic device. Both Somal and Distal chambers have 

a surface of 10 mm×3 mm (schematics are not drawn to scale). Middle chamber reservoirs 

are 5mm in diameter and the chamber dimensions are 100 mm × 200 μm × 100 μm 

(L×W×H). The two sets of microchannels dimensions are 5 × 5 × 500 (L×W×H) μm. Side 

view shows different volumes applied to each chamber. The volume applied to the middle 

chamber is the volume applied to the two circular reservoirs.
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Figure 4: Microfluidic device shows controlled protein transport and robust axon crossing.
A) Varying the loading volume in each chamber changes the amount of protein transported. 

50/50/110 correspond to the volumes in somal/middle/distal chamber in μL. With a volume 

increase in the distal and middle chamber, the amount of fluorescence increased more than 

2-fold (6.6% to 13.8%). *: p<0.05 N=4. B) Quantification of axons crossing the middle 

chamber with different conditions. Both conditions showed robust axons crossing (-/G100 at 

64.6%±10.7%, -/G700 at 55.3%±15.2%). N = 8.
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Figure 5: Schematics of culturing conditions.
Neurons are seeded on Day 0 and stained on Day 7 using immunocytochemistry (ICC), at 

which point the percentage of axons crossing is quantified. Different Schwann cells or 

GDNF concentrations are applied to the middle chamber and distal chamber (Table 1).
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Figure 6: GDNF-Overexpressing Schwann Cells causes axonal trapping in vitro.
A-B) Normal Schwann Cells (A) and G-SCs (B) seeded in the middle chamber. C) 

Quantification of axons crossing. SC results in 59.2±12.3%. G-SC results in 25.3±9.9%. 

N=8. *: p<0.00005
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Figure 7: Effects of differential GDNF concentrations on neurite extensions.
A-C) Low (100ng/mL) GDNF applied to the middle chamber with varying concentrations in 

the distal chamber. A) G100/- at 50.9±14.0%; B) G100/G100 at 54.8±17.0%; C) G100/G700 

at 51.8±22.2%. D-F) High (700ng/mL) GDNF applied to the middle chamber with varying 

concentrations in the distal chamber. D) G700/- at 14.0±10.0%; E) G700/G100 at 

24.3±10.7%; F) G700/G700 at 14.1±8.1%. G-I) Quantification of axons crossing with 

varying concentrations of GDNF applied to the middle chamber and distal chamber. N=8. *: 

p<0.00005, **: p<0.05, ***: p<0.005.
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Table 1

List of conditions applied to the middle and distal chambers

Middle Chamber Distal Chamber

Schwaim Cells None

GDNF-Overexpressing Schwann Cells None

Control (No GDNF) None GDNF (100ng/mL) GDNF (700ng/mL)

GDNF (100 ng/ML) None GDNF (100ng/mL) GDNF (700ng/mL)

GDNF (700 ng/ML) None GDNF (100ng/mL) GDNF (700ng/mL)
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