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7 Abstract

8 Biochemical interactions between Schwann cells (SCs) and their substrate are crucial for the peripheral nervous systems (PNS). They are
9 among the major parameters used in the design of nerve grafts for nerve injuries treatment, yet with unsatisfactory success despite pressing
10 need worldwide. Mounting evidence demonstrates the fundamental physiological importance of mechanical cell–substrate interactions.
11 Substrate stiffness modulates cell differentiation, development, maintenance and regeneration. Mechanosensitivity may therefore be a key
12 parameter to advancing nerve graft research. However, very little is known about PNS mechanosensitivity. Here, we explore
13 mechanosensitivity of SCs and embryonic dorsal root ganglions (DRGs) under constant biochemical conditions but varying substrate
14 stiffness adjusted to their physiological–developmental nature. We found SC stiffness, morphology, adhesion, motility, and neurite
15 outgrowth from DRGs to be strongly substrate stiffness-dependent. These initial observations refine our knowledge of PNS physiology,
16 development and regeneration, and demonstrate promise for advancing nerve grafts.
17 © 2016 Published by Elsevier Inc.
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19

20 Peripheral nerve injuries have a high incidence worldwide.1,2

21 They may result from compression, stretch, inflammation, car
22 accidents, cancer, diabetes and combat among others.1 On the
23 one hand, the peripheral nervous system (PNS) has the intrinsic
24 ability to regenerate on its own after certain types of injuries. On
25 the other hand, regeneration is generally unsatisfactory and
26 functional recovery is almost never complete.1,3,4 Besides,
27 injuries frequently have severe consequences for the afflicted
28 individuals with devastating impact on their life quality.1

29 Surgical intervention then becomes the only step that may
30 alleviate the patients' suffering. In certain cases, the surgical
31 intervention may bring some relief. However, the general
32 outcome is far from being satisfactory with many individuals
33 acquiring a life-long disability.1,4 Hence, significant advance in
34 this field is worldwide a pressing medical need, which presents a

35particular clinical challenge.1,3 After a nerve is transected
36following a severe injury, the multi-step degeneration process,
37termed Wallerian degeneration,2,5,6 sets off eventually resulting
38in disintegration of the proximal and distal stumps of the nerve.
39Consequently, Schwann cells, the principal glial cells of the
40PNS, are recruited in an attempt to re-integrate the two ends of
41the nerve.2,4 Their recruitment is based on their profound
42importance. They produce an extracellular matrix, high levels of
43growth factors and myelin.7,8 Besides, they are capable of
44clearing the debris resulting from nerve degeneration.7,8 Surgical
45repair of transected nerves requires a reconnection of their
46proximal and distal ends and relies very strongly on the diverse
47physiological roles of Schwann cells in the PNS.1,4 The gold
48standard for surgical nerve repair is the autologous nerve
49grafting. However, its success remains far from satisfactory due
50to frequently disappointing outcome, formidable restrictions and
51serious drawbacks.1,4 These facts have evoked the development
52of artificial nerve grafts over the past years. Meantime, some
53advance has been made and a wide range of nerve graft strategies
54are available.1,4 However, like the autologous grafts the success
55of artificial grafts is not satisfactory.1–3 One common principle
56of artificial nerve grafts is to use Schwann cells as the main
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57 player to mediate nerve repair.1 Schwann cells are placed on the
58 inner surface of a bioengineered neural scaffold which may be
59 made of natural, artificial or diverse other materials.9–11 The
60 scaffold is basically a hollow tube meant to provide physical
61 guidance for growing axons. It typically contains cellular and
62 molecular components which should enable the regeneration
63 process.1,4 To date, the main concern was dedicated to the
64 biochemical properties of the neural scaffolds.1 Obviously, the
65 biochemical aspects must be complemented powerfully with
66 others in the design of neural scaffolds, and mechanical aspects
67 suggest themselves. Diverse cell types have been shown to be
68 highly sensitive to the mechanical cues, in particular stiffness, of
69 their surroundings.12 The evidence is overwhelming that
70 mechanosensitivity modulates physiological functions, develop-
71 ment, maintenance and regeneration of cells and tissues.13–18

72 Moreover, diverse diseases including cancer,19 fibrosis20 and
73 atherosclerosis21–23 are closely associated with changes in the
74 stiffness of cells and tissues.24 Hence, consideration of
75 mechanical aspects in the design of neural scaffolds alongside
76 the biochemical aspects holds the promise to advance the field
77 significantly. Unlike many other cell types, mechanosensitivity
78 of cells in the nervous system is just beginning to be explored.
79 Recent observations point out the relevance of substrate stiffness
80 for bioengineering of neural grafts.25,26 The present study
81 combines atomic force microscopy with confocal microscopy to
82 study the impact of substrate stiffness on Schwann cells'
83 mechanics, structure and function, as well as neurite outgrowth
84 from embryonic dorsal root ganglions.

85 Methods

86 Preparation of laminin-coated polyacrylamide substrates with
87 varying stiffness

88 Compliant polyacrylamide (PA) precursor gels were pro-
89 duced from 40% (w/v) acrylamide (Sigma-Aldrich, USA), 2%
90 (w/v) bis-acrylamide (Bio-Rad Laboratories) and 97% (w/v)
91 N-hydroxyethyl acrylamide (Sigma-Aldrich, USA) stock solu-
92 tions to generate three types of gels of different stiffnesses. The
93 final concentration of each component produced PA gels with
94 elastic moduli of 1 kP, 10 kPa and 20 kPa, which were
95 corroborated by indentation measurements using atomic force
96 microscopy. First, 25 mm glass coverslips were cleaned with
97 70% ethanol and treated with 0.1% sodium hydroxide (NaOH) to
98 make the surface hydrophobic. Then coverslips were incubated
99 for 3 min with (3-aminopropyl) trimethoxysilane (APTMS,
100 Sigma-Aldrich, USA) to functionalize the glass surface. Subse-
101 quently, pretreated coverslips were coated for 30 min with 0.5%
102 glutaraldehyde. PA precursor mix containing 500 μl 40%
103 acrylamide (Sigma-Aldrich, USA), 65μl 100% hydroxyacrylamide
104 (Sigma-Aldrich, USA) and 250 μl 2% bis-acrylamide (Bio-Rad)
105 was shortly degassed in vacuumdesiccator. Gel polymerizationwas
106 initiated by adding 0.1% w/v Ammonium-Persulfate (Sigma-
107 Aldrich, USA) and 0.1% w/v tetramethylethylenediamine
108 (TEMED, Bio-Rad Laboratories) to the PA precursor mix. A
109 drop of polymerizing PA mix was added to the 25 mm coverslips
110 and immediately covered with water-repellent solution RainX®
111 (RainX Co, USA) pre-treated (20 mm) glass coverslips in order to

112produce approximately 30 μm thick gel substrates (Supplementary
113Figure 2). After PA polymerization (approx. 30 min) the gels were
114placed in 6-well culture plate containing phosphate buffer solution
115(PBS) and the 20 mm coverslips were removed. Gels were rinsed
116with PBS several times to remove the non-polymerized acrylamide.
117PA gels sterilization was carried out exposing the gels to UV light
118for ~10min. Surface coating to promote Schwann cell adhesionwas
119induced incubating PA gels with poly-D-lysine (Sigma-Aldrich,
120USA) overnight at 4 °C. The next day gels were washed and
121incubated for 2 h at room temperature with 10 μg/ml laminin
122(Sigma-Aldrich, USA). PA gels were covered with cell culture
123medium and allowed to equilibrate inside incubator at 37 °C for 1 h
124before seeding the cells.

125Isolation and purification of primary Schwann cells

126Animal studies and procedures were conducted in accordance
127with the European Convention for Animal Care and Ethical Use
128of Laboratory Animals and have been approved by the local
129governmental authorities (State Office for Nature, Environment
130and Consumer Protection, North Rhine-Westphalia, Germany;
131File reference 84-02.05.20.12.146). Sprague–Dawley adult rats
132were euthanized by isofluoran overdose followed by guillotine
133decapitation. Both sciatic nerves were carefully dissected using
134sterilized surgical material and nerves were immediately
135immersed on ice-cold Dulbecco's modified Eagle's medium
136(Life technologies, Germany) containing 5% fetal bovine serum
137(FBS HyClone, GE Healthcare Life Sciences, USA), 100 μg/ml
138penicillin/streptomycin and 100 μg/ml glucose. Under binocular
139microscope the perineurium was completely removed in order to
140reduce contamination with fibroblasts. Nerves were cut into
141small pieces (3-4 mm) and transferred to a sterile culture dish
142containing culture medium and placed in the incubator at 37 °C
1435% CO2 for 7 days. Nerve tissue was dissociated by digestion
144with collagenase and dispase (Sigma-Aldrich, USA) followed by
145mechanical trituration and plating. After day 8 the nerve tissue
146was vigorouslymixed and cellswere centrifuged 3min at 250g and
147suspended in medium containing 10% FBS (HyClone), 2 μM
148Forskolin (Sigma-Aldrich, USA), 10 ng/ml Neuregulin (Pepro-
149tech, Hamburg Germany), 10 μg/ml bovine pituitary extract
150(Sigma-Aldrich, USA), and 100 μg/ml glucose. Schwann cells
151were plated on poly-L-lysine coated culture flasks and incubated at
15237 °C 5% CO2 for 48 h. At day 10, cells were harvested using
153trypsin and centrifuged 3 min at 250g and kept in culture flasks
154until reaching confluence. Schwann cells were separated from
155fibroblasts applying the cold-jet technique previously described by
156Jirsova et al.27 Cells used in the experiments were between
157passages 4 and 7.

158Isolation and culture of dorsal root ganglia explants

159Dorsal root ganglia explants were isolated from embryonic day
16012.5 (E12.5) to 13.5 C57BL6/J mouse pups and plated on PA gels
161previously coated with poly-D-lysine (Sigma-Aldrich, USA) and
16210 μg/ml laminin (Sigma-Aldrich, USA). The explants were
163maintained in Neurobasal medium (Invitrogen, USA) containing
16420 μl/ml B27 supplement 50X (Gibco), 10 μl/ml antibiotic–
165antimycotic, 2 mM Glutamax (Invitrogen, USA) and 0.01 μg/ml
166nerve growth factor (NGF, Invitrogen, USA). After 4 days in
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