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During the time of this thesis two separate projects were followed in the area of 

regenerative neuroscience. The first project focused on the development of an acellular nerve graft 

for peripheral nerve repair and replacement. During this project, protocols were established for 

the decellularization of pig nerves. Most research regarding the production of acellular nerve grafts 

is conducted using rodent models. However, due to size and modality mismatch of rodent and 

human peripheral nerves, a suitable large animal donor is required for clinical application. This 

project was enabled by the EUROSTAR grant to PD Dr. Srinivas Madduri, the Department of 

Biomedicine, University of Basel and the Department of Neurosurgery, University Hospital Basel.  

 

During the second part of this thesis, I focused on the impact of neuromodulation 

protocols on microglia activity and how to modulate their inflammatory response via targeted 

stimulation in-vitro. Neuromodulation therapies are investigated in various diseases and conditions, 

experimentally, such as in Alzheimer’s Disease but also clinically as in chronic pain. The beneficial 

outcomes of electric stimuli are mainly attributed to direct effect on neuronal cells. However, long 

lasting improvement following neuromodulation cannot be explained by immediate effects on 

neuronal excitability only. Newer developments indicate a direct impact of electric fields on glia 

cells. Therefore, the direct impact on glia activity was further investigated during this project. This 

project was enabled by the Gerbert Rüf Foundation grant to Dr. Bekim Osmani, the Department 

of Biomedicine, University of Basel and the Department of Neurosurgery, University Hospital 

Basel and Bottneuro AG. 

 

Even though these projects are of different origins, potential future combinations are 

possible. First, the in-vitro electrical stimulation device, developed during the second project can be 

used for mesenchymal stem cell differentiation into Schwann cell-like cells used for 

recellularization of acellular grafts as described in the review written during the first project1. 

 

Second,  a recent study has shown enhanced peripheral nerve regeneration by providing 

electric pulses to the regenerating nerves2. Optimal electrical stimulation parameters for axonal 

elongation and nerve regeneration can be established using the in-vitro electrical stimulation device 

developed during this thesis. Further, during this thesis a patent was filled for soft neuronal 

implants on cellulose basis3. By wrapping the developed acellular grafts with these neuronal 

implants, electrical stimulation protocols can be applied to enhance nerve regeneration even 

further. 



 

 

Third, to mimic the natural microenvironment present during neuroinflammation in-vivo, 

acellular grafts loaded with inflammatory molecules such as cytokines, growth factors and enzymes 

can be used as a model of neuroinflammation in-vitro. Using such a 3D system, the impact of 

electric fields on microglia activity can be analyzed in a system more closely resembling natural 

conditions without the potential paracrine effects of simultaneous stimulation of neural cells. An 

ongoing collaboration with Prof. Bert Müller from the department of Biomedical Engineering 

investigates microglia modulation in an artificial 3D scaffold made from electrospun cellulose 

scaffolds. 
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Abstract 

Following complete nerve transection, the gold standard for repair and regeneration is an 

autologous nerve transplant. However, this involves a second surgery at the donor-site followed 

by sensory loss and the risk of neuroma formation. Further requirements in length and diameter 

of the donor nerve limits the number of potential autografts, especially for large gap 

transplantations. Therefore, decellularized nerve allografts are of great interest for long gap 

peripheral nerve repair. In this work, different decellularization (DC) techniques are combined for 

removal of immunogenic material and to eliminate remaining cellular debris while preserving the 

extracellular matrix and the nerve ultrastructure which is essential for efficient axonal regeneration. 

An optimized DC protocol, based on different chemical detergents in combination with enzymatic 

treatment was developed for pig nerves. The use of pig nerves gives a constant source of nerves 

in all sizes suitable for human transplantation with low variability regarding, age, sex and health of 

the donor. However, functional benefit of such acellular nerve grafts decreases with increasing gap 

size. Therefore, combining optimized acellular grafts with cell-based therapies is a good strategy 

for longer nerve gap repair. Transplantation of Mesenchymal Stem cells (MSC) has shown 

enhanced peripheral nerve regeneration in animal models as well as in human trials. In this study 

we can show long term (>53 day) survival and engrafting of human adipose derived MSCs into 

the previously decellularized grafts. For satisfying clinical outcome following severe Peripheral 

Nerve Injuries (PNI), biological cues are required additionally to the provided scaffold. Schwann 

Cells (SC) transplantation into the peripheral nervous system (PNS) and central nervous system 

(CNS) were successful in promoting axonal elongation and functional recovery. Within this 

project, a systematic review was written describing the use of SCs and especially the induction of 

a SC-like phenotype from various cell types for clinical application in the PNS and CNS. 
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Introduction 

The Peripheral Nervous System and Peripheral Nerves 

The nervous system is divided into the CNS and the PNS. Whereas the brain and the spinal 

cord are part of the CNS, peripheral nerves and ganglia which are connecting the various organs 

and extremities to the CNS are part of the PNS. The peripheral nerves are responsible for 

transmitting impulses from the periphery to the CNS for processing information and transmission 

of the signal from the CNS to the periphery for inducing processes such as locomotion. Signal 

transmission depends on neuronal depolarization and subsequent repolarization. This process is 

crucial for physiological of the nervous system, thus the ionic gradients, solutes and 

macromolecules which can potentially influence neuronal de- an re-polarization needs to be tightly 

controlled7. The PNS is subdivided into the autonomic nervous system and the somatic nervous 

system. In brief, the autonomic nervous system regulates involuntary physiological processes such 

as the heart rate, respiration, and digestion. The somatic nervous system on the other hand is 

responsible for conscious, voluntary processes and controls the body movement via skeletal 

muscles8. Each nerve of the PNS such as the sciatic nerve, focus of this study, consists of multiple 

somatic and autonomic axons enclosed in a sheath of connective tissue. Peripheral nerves are 

organized in a multi-layered structure with an anastomosis of blood vessels providing each layer 

with required nutrients and oxygen. The innermost layer, the endoneurium consist of a thin layer 

of collagen surrounding each individual axon. The next outer layer, the perineurium bundles 

together several of nerve fibers in what is called fascicles. Several fascicles are embedded within 

the outermost layer, the epineurium, which covers the entire nerve9. Single nerve fibers, consisting 

of the axons and its surrounding endoneurium vary significantly in diameter which effect signal 

transmission velocity. However, the major factor influencing signal transmission speed is the 

myelin sheaths. Nerve fibers can either be myelinated, therefore fast transmitting or unmyelinated 

and slow transmitting10. SC are the specific cells for myelination in the PNS, whereas in the CNS 

oligodendrocytes are the myelinating cell type. There are two major phenotypes of SC. Myelinating 

SC, responsible for axonal myelination and non-myelinating SC, called remak SC responsible to 

bundle non-myelinated axons, including many sensory and autonomous axons in so called remak 

bundles1,11,12. Myelin sheaths are rich in laminin and their main role is electrical insulation of the 

axons to increase impulse propagation and signal conduction speed. SC are responsible for 

production of various factors such as proteoglycans, fibronectin and collagen forming the basal 
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lamina tube13. In case of PNS injuries, SC are critical responders and provide the required factors 

for mitigating the damage and inducing axonal regeneration14. 

Peripheral Nerve Injuries and current therapeutic strategies 

PNI are of clinical importance and are still a major social and economic burden. The 

estimation goes up to one million new incidences per year worldwide15. Lesions in the peripheral 

nerve result in partial or total loss of sensory, motor, and autonomic function in the affected part 

of the body. Due to missing contact with axonal-derived factors and invading macrophages into 

the injury site, SC distal to the injury site undergo significant changes in their signalling 

environment16. In brief, SC, distal to the injury site converse to a repair SC phenotype which 

provide the required factors for neuronal survival and axonal regeneration and to myelin 

clearance17. Further, SC undergo cellular elongation and branching to form cellular tracks, so-called 

bungner bands which are providing the axons with the required structural support for regeneration 

and target innervation18. Due to the missing structural support for the elongating axons, functional 

recovery is often rare and unsatisfying, especially after neurotmesis, a complete nerve transection. 

Although it was recognized more than a century ago that peripheral nerves are able to regenerate, 

clinical outcome of therapies are often unsatisfactory especially in severe injuries19. It can be shown 

that peripheral axons have the ability to regenerate when given a conduit or pathway to the target 

of reinnervation. For clinical satisfying recovery after neurotmesis, tension-free nerve 

reconstruction is required. Therefore, direct end-to end suturing of the proximal to the distal 

stump is promising for injuries without substantial tissue loss only which i.e. result from sharp 

cuts20,21. However, larger injuries including substantial loss of nerve tissue can lead to neuroma and 

scar tissue formation which inhibits nerve regeneration if no scaffold for axonal elongation is 

provided. Even though SC at the site of injury support axonal growth from the proximal to the 

distal stump, PNI remain clinically challenging. Nowadays, autologous nerve transplantation is the 

gold standard for large gap injuries although only around 50% of patients receiving autografts 

regain useful function22,23. Additionally, the autologous transplantation comes with significant 

limitations such as limited supply, donor-site morbidity, sensory loss, and an additional surgery 

needed to harvest donor nerve tissue which carries risks by itself. Therefore, there is a need to find 

new innovative therapies24,25. 

Decellularized nerve conduits 

Over decades of research, a wide variety of available transplants were developed from 

synthetic biocompatible conduits i.e., hollow fibers, hydrogels, chitosan, collagen conduits, to 
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autologous non-nervous tissue grafts such as vein or muscles to processed allografts and 

autografts20,26. While synthetic nerve conduits are successful in shorter gap injuries (<3cm) to 

provide a pathway, they fail in longer and larger diameter gaps due to the lack of a laminin scaffold 

and growth factors secreted by SC. For enhanced nerve regeneration, neurotrophic factors 

expressed by SC during regeneration are thought to play a crucial role27. Human cadaveric nerve 

allografts overcome some critical limitations like donor-site morbidity and supply limitations, 

however there are significant costs and complexity by transplanting such tissue which require the 

use of immunosuppressant drugs until the nerve graft is repopulated by host SC28,29. The 

requirement of the patient to receive systematic immunosuppression for up to 18 months may 

results in opportunistic infections or even tumour formation30,31. Therefore, processing nerve 

allografts to remove cellular material and reduce immunogenicity by simultaneous preservation of 

the regenerative capacity of the natural tissue is of great interest. Multiple methods were developed 

to prepare decellularized nerve grafts such as mechanical disruption like freeze-thawing, mainly at 

beginning of the process to disrupt cell membranes and lyse the cells. More recently, 

decellularization of peripheral nerves was accomplished using additional ultrasonication steps for 

improved debris removal; chemical detergents (ionic, non-ionic, zwitterionic), acid and alkaline 

treatments, hypo- and hypertonic solution and chelating agents to lyse cells and solubilize cellular 

proteins;  enzymatic degradation for specific removal of inhibiting factors and additional removal 

of cellular components and irradiation to disrupt proteins25,32–35. Various common decellularization 

methods and agents were reviewed by Gilpin and Yang in 201736. The common goals of all these 

techniques are first to reduce graft immunogenicity by removing host DNA, myelin and axons. 

Second, to preserve the extracellular matrix and basal lamina which support nerve regeneration37. 

Third, to remove inhibitory factors like myelin and proteoglycan present in the native nerve38,39. 

 

The Hudson method for peripheral nerves was shown to effectively and reliably remove 

myelin and cellular compartments37. The major difference to other decellularization protocols was 

the superior preservation of laminin and the basal lamina architecture. The Hudson method utilizes 

repeated washes in buffered solutions, anionic detergent Triton X-200, zwitterionic detergent 

sulfobetaine (SB)-10 and SC-16. The tube-like structure of the basal lamina that run the entire 

nerve is of great importance for peripheral nerve repair after injury37,40. The Hudson method was 

used commercially for producing human decellularized nerve segments for peripheral nerve repair 

since 200741. These conduits were clinically successful and reported meaningful recovery rates of 

75%-100% even in long gap repair of up to 50 mm42,43. Unfortunately, Triton X-200 a key detergent 

in the Hudson protocol is no longer manufactured and cannot be synthesized locally in sufficient 
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quantities. A suitable one to one replacement has not been found yet44. This highlights the need to 

identify and describe a range of decellularization detergents to develop protocols suitable for 

clinical application. 
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Aim of the project 

The goal of the present publication: ,,Optimized Decellularization Protocol for Large 

Peripheral Nerve Segments: Towards Personalized Nerve Bioengineering’’ was to address the 

drawbacks (i.e., donor-site morbidity, limited supply, second surgery and loss of sensory function) 

associated with the current gold standard in peripheral nerve repair. The project involves the 

production of an optimized acellular nerve graft (ANG). The ANG was analysed regarding the 

removal efficiency of myelin, DNA and axonal material. Further, the ANG was used as 3D 

scaffold for MSC culture to analyse its biocompatibility. The ultimate goal of this project was to 

develop a biologically functional nerve allograft for long-gap nerve repair in humans.  

The first aim of this project was to produce an acellular, non-immunogenic nerve allograft 

from a controllable source towards clinical settings. Most DC protocols were developed for 

rodents. However, decellularized rodent nerves are not suitable for human nerve repair due to size 

and modality mismatch. Therefore, a constant source, low in variability regarding axonal 

myelination, length and diameter is required to produce standardized nerve grafts for clinical 

application. Pigs were found to be a suitable source for nerve grafts. Constant supply with low 

variability regarding age, myelination and health status from the donor is possible compared to 

human donor post-mortem. Immunogenicity must be reduced while maintaining the extracellular 

matrix to provide an environment similar to autologous nerve transplants. By combining different 

approaches for decellularization by chemical detergents and enzymatic treatment, efficient removal 

of host myelin, axons and DNA was accomplished. Such processed scaffolds should be suitable 

for xenotransplantation without immunosuppressants. Due to optimization of incubation time 

and reducing concentration of certain chemicals, especially of Sodium Deoxycholate, the native 

structure of the nerve was well preserved. By including enzymatic treatment like Chondroitinase 

ABC and elastase, specific degradation of inhibitory factors was improved and removal of cellular 

debris was achieved.  

Second, the decellularized pig graft was used as a 3D scaffold for cell studies. Optimal 

conditions for long-term survival and proliferation of human mesenchymal Stem/stromal Cells 

(MSC) in these decellularized grafts were investigated for potential clinical translation. Namely, 

culture condition was changed to an animal serum free system to reduce potential harmful effect 

later in clinical settings. Therefore, Fetal Calf Serum (FCS) was replaced by human Platelet Lysate 

which could be produced patient specifically. It was shown that human MSC proliferation in the 

3D acellular graft was improved in media supplemented with human platelet lysate compared to 
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FCS supplements. And that this effect is specific to the 3D system provided by the developed 

grafts5. 

Results 

A paper including the results of this project was published in ,,Bioengineering’’ at the 24th 

of august 2022. The authors are Alois Hopf, Lina Al-Bayati, Dirk Schaefer, Daniel Kalbermatten, 

Raphael Guzman and Srinivas Madduri. The publication is included in the present thesis. 
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Abstract: Nerve injuries remain clinically challenging, and allografts showed great promise. Decellu-
larized nerve allografts possess excellent biocompatibility and biological activity. However, the vast
majority of decellularization protocols were established for small-size rodent nerves and are not suit-
able for clinical application. We aimed at developing a new method of decellularizing large-diameter
nerves suitable for human transplantation. Repeated rounds of optimization to remove immunogenic
material and preserve the extracellular structure were applied to the porcine sciatic nerve. Following
optimization, extensive in vitro analysis of the acellular grafts via immunocytochemistry, immuno-
histology, proteomics and cell transplantation studies were performed. Large segments (up to 8 cm)
of the porcine sciatic nerve were efficiently decellularized and histology, microscopy and proteomics
analysis showed sufficient preservation of the extracellular matrix, with simultaneous consistent
removal of immunogenic material such as myelin, DNA and axons, and axonal growth inhibitory
molecules. Cell studies also demonstrated the suitability of these acellular grafts for 3D cell culture
studies and translation to future large animal studies and clinical trials. By using non-human donors
for peripheral nerve transplantation, significant drawbacks associated with the gold standard can be
eliminated while simultaneously preserving the beneficial features of the extracellular matrix.

Keywords: decellularization; acellular allograft; large-gap repair; neurotmesis; peripheral nerve
injuries; porcine sciatic nerve

1. Introduction
Peripheral nerve injuries are of clinical importance, with an estimated global incidence

of one million cases each year [1]. Lesions in the peripheral nerve result in a decreased or
complete loss of sensory and motor functions. Although it was recognized more than a
century ago that peripheral nerves possess a regenerative capacity, clinical outcomes of
therapies are often unsatisfactory, especially in severe injuries [2]. Direct suturing is promis-
ing for small injuries, but only because satisfactory recovery requires tension-free nerve
reconstruction [3,4]. Following injuries with extensive damage, including a substantial loss
of nerve tissue, autologous nerve transplantation is the current gold standard [5]. However,
only around 50% of patients who receive autografts regain normal function [6] due to its
limitations, such as a limited supply, donor-site morbidity, and size-modality mismatch.
Thus, there is a need to find new innovative therapies [7,8]. Over decades of research,
a wide variety of available transplants have been developed and range from synthetic
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biocompatible conduits to autologous non-nervous tissue grafts, such as veins or muscles,
to processed allografts and autografts [3,9]. One promising alternative to the current gold
standard is processed allografts.

Allografts have the advantage of mitigating donor-site morbidity and are unlimited
in supply and size. Furthermore, based on their extracellular matrix (ECM) composition,
they are bioactive and biodegradable. By processing, allografts can be decellularized
and therefore the immunogenic material, such as cells, cellular components and other
regeneration inhibitors, can be removed from the tissue, with only the ECM scaffold
remaining, preferably in its native structure and composition. By this method, the bioactive
and mechanical properties of the scaffold remain, which was shown to induce cell adhesion,
migration, proliferation, differentiation and angiogenesis [10]. However, the optimal
balance between the structural integrity of the basal lamina and the ECM and the removal
of cellular components and inhibitors remains to be defined.

Multiple methods have been developed for preparing decellularized nerve grafts
such as mechanical disruption, e.g., freeze-thawing, mainly at the beginning of the process
in order to disrupt cell membranes and lyse the cells. More recently, decellularization
of nerve grafts was accomplished using additional ultrasonication steps for improved
debris removal, chemical detergents (ionic, non-ionic, zwitterionic), acid and alkaline
treatments, hypo- and hypertonic solutions and chelating agents to lyse cells and solubilize
cellular proteins, enzymatic degradation for the specific removal of inhibiting factors, and
additional removal of cellular components and irradiation to disrupt proteins [8,11–14].
Various common decellularization methods and agents were reviewed by Gilpin and Yang
in 2017 [15].

The ultimate goal of all these techniques is first to reduce graft immunogenicity by
removing host cells and cellular components, myelin and axons. Second, to preserve the
extracellular matrix and basal lamina, which support nerve regeneration [16]. Third, to re-
move inhibitory factors such as myelin and proteoglycan present in the native nerve [17,18].
However, most protocols were established for small-scale rat and mouse sciatic nerves and
are therefore not suitable for human-size nerve segments. Decellularization is generally
performed on a rolling shaker to expose the tissue to the decellularization agent with
uniform and consistent concentrations. Thus, the main mode of penetrating the tissue is
diffusion. As observed in this study, decellularization protocols established for rodent
sciatic nerves were not suitable for the decellularization of large-diameter pig nerves and
require several adjustments in detergents, concentrations and duration of exposure.

The goal of this study was to develop and investigate a new method of decellularizing
large-diameter nerves, which are suitable for human transplantation. By combining a
mild chemical disruption of cellular components with enzymatic degradation, a large
acellular nerve scaffold was produced that does not contain detectable amounts of myelin
or axons and has a preserved ECM structure. Injecting primary, human adipose-derived
MSC (hASC) and tracking their activity allowed us to conclude upon the biocompatibility
of these scaffolds (Figure 1).
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Figure 1. Experimental overview: (a) Illustration of the experimental setup. Sciatic and common
fibular nerves of adolescent pigs were isolated. Following isolation, the nerves were treated with
a series of various chemical and enzymatic detergents for decellularization. The resulting acellular
nerve grafts were analyzed and tested in different ways. (1) Cross-sections via microtome were made
from acellular graft and used for immunohistochemistry. (2) Proteomic analysis of the acellular graft
to detect the number of removed peptides and known inhibitors of axonal regeneration due to the
decellularization process. (3) Acellular grafts were used as 3D scaffolds for cell culture. Cells in the
3D scaffold were cultured for up to 45 days and cellular behavior was analyzed by measuring cellular
metabolism via resazurin. (4) Dorsal root ganglion (DRG) and Spinal cord segments (SCS) were
implanted in acellular grafts and cultured for 6 days prior to fixation, sectioning and histological
analysis; (b) Representative images of nerve isolation from adolescent pigs. Unprocessed sciatic
nerve with excessive fat and connective tissue and a reddish color, Decellularized sciatic nerve with
removed excessive tissue and white appearance.

2. Materials and Methods
2.1. Sciatic and Common Fibular Nerve Isolation

Nerve tissue was carefully isolated from domestic pigs (sus scrofa domesticus; Schweizer
Edelschwein), which were euthanized 2–4 h prior to isolation. Special attention was given
not to damage (pull and/or quench) the nerve and therefore not to disrupt the structure.
The isolated nerve was sectioned in length from 0.5 cm to 8 cm for decellularization and
subsequent analysis and testing. Tissue was collected in Phosphate-Buffered saline without
Ca2+ and Mg2+ (PBS�/�) (Sigma-Aldrich, Buchs, Switzerland, Cat. No. D8537) on ice and
delivered to the laboratory for experimentation. Unprocessed control tissue was placed
immediately after isolation in 4% paraformaldehyde (PFA) (Carl Roth, Cat. No. 0335.2) in



 20 

 

Bioengineering 2022, 9, 412 4 of 18

PBS�/� and placed on ice for delivery to the laboratory where it was placed at 4 �C for the
remaining 24 h of tissue fixation.

No animals were raised or euthanized for the sole purpose of this study. For this
study, biological waste was reused. Nerve tissue was isolated from 11 pigs post-mortem
at the Center for Surgical Research & Central Biological Laboratory, University of Zurich.
Animals were euthanized either by 100 mg/kg potassium chloride or by bleeding out
under full anaesthesia. The animal housing and experimental protocols were approved by
the Cantonal Veterinary Office, Zurich, Switzerland, under License ZH 115/2018, 084/2017,
ZH 047/2020, ZH 052/2020, ZH 132/2017, ZH 213/2019 and ZH 219/2016.

2.2. Decellularization
Decellularization (DC) protocols were optimized based on previously published proto-

cols for the decellularization of rodent nerves [7,16,19,20]. Protocol 1 was initially optimized
for the decellularization of Sprague-Dawley rat sciatic nerves and subsequently applied
to the nerves isolated from domestic pigs of 30 to 110 kg. Quantification experiments
were performed using nerve segments of 4 cm and 8 cm, respectively. For cell transplanta-
tion studies, decellularization was performed on about 8 cm-long common fibular nerves,
which were segmented in a size range of 4 mm after decellularization. All decellularization
steps were performed at room temperature (RT) on an rs-tr05 roller mixer (Carl Roth,
Karlsruhe, Germany) at 20 RPM unless otherwise stated. Segments were submerged in
an excessive volume of detergents unless otherwise stated. After decellularization, each
segment was washed 3 times to remove residual detergents in PBS�/�, each for 5 min. For
the decellularization process, osmotic pressure, chemical disruption, solubilization and
enzymatic degradation were applied for the removal of cells, cell debris, DNA, lipids, other
immunogenic material and growth inhibitory molecules as described in more detail in
the Section 4.

In brief, the initial protocol (protocol 1) was as follows: nerve segments were placed
in ddH2O for 7 h, followed by 1 M NaCl (Sigma-Aldrich, Cat. No. S7653) for 15 h. After
rinsing nerve segments with ddH2O, segments were placed in 2.5 mM of non-ionic Span20
(Sigma-Aldrich, Cat. No. S6635) in PBS�/� for 24 h. Span20 removal was performed by
washing the segments in PBS�/� for 15 min. Segments were then placed in ddH2O for 7 h,
followed by 1 M NaCl for 15 h, and then rinsed in ddH20. Next, segments were placed in
100 mM of zwitterionic CHAPS (Sigma-Aldrich, Cat. No. C3023) in PBS�/� for 24 h.

Protocol 2 followed the same procedure as protocol 1. However, at the end, nerve
segments were placed in 1 mL/cm of segment length of 0.2 U/mL chondroitinase ABC
(Merck, Tomeguro, Tokyo, Cat. No. C2905) in chondroitinase buffer (50 mM TRIS, 60 mM
sodium acetate pH 8, 0.02% bovine serum albumin [BSA] (Sigma-Aldrich, Cat. No. A3294))
at 37 �C for 24 h. Segments were then rinsed in PBS�/� and placed in 0.0 5 U/mL elastase
(Merck, Cat. No. E7885) in PBS �/� for a further 24 h.

Protocol 3 was based on protocol 2, but incubation times for non-ionic Span20 and
zwitterionic CHAPS were doubled from 24 h to 48 h. All other incubation times remained
the same and detergents and their order of applications were unchanged.

Protocol 4 was based on protocol 3. However, after initial decellularization steps in
ddH20 for 7 h and 1 M NaCl for 15 h, segments were placed in 4% sodium deoxycholate
(Sigma-Aldrich, Cat. No. D6750) in ddH2O for 24 h.

Protocol 5, which was further used in the detailed analysis, was based on protocol
4, with the difference that sodium deoxycholate concentrations were reduced from 4%
to 0.001%.

2.3. Neurospecimen Preparation
Decellularization protocol optimization was performed on 1 cm-long segments of

sciatic nerves. Quantification of remaining myelin, DNA, axonal debris and laminin was
performed on 4 cm and 8 cm-long segments of decellularized sciatic nerve tissue. hASC
were transplanted in 4 mm-long segments of decellularized common fibular nerves. Dorsal
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root ganglion (DRG) and spinal cord segment (SCS) were transplanted into 8 mm-long
segments of decellularized sciatic nerves. Following decellularization, acellular grafts were
either fixed immediately or stored at 4 �C in PBS�/� overnight for cell transplantation.
For proteomics studies, unprocessed tissue was stored at 4 �C in PBS�/� for 11 days until
the decellularization procedure of the experimental condition was completed. For the
structural analysis, samples were fixed in 4% PFA at 4 �C for 24 h. The fixed segments were
sequentially dehydrated in increasing EtOH concentrations and xylene and embedded in
paraffin using a TPC 15 DUO (MEDITE GmbH, Dietikon, Switzerland). The 5 µm-thin
cross- and longitudinal sections were made by a rotary microtome (Microm HM 340E;
Thermo Fisher Scientific, Waltham, MA, USA).

2.4. Immunohistochemistry
Antigen retrieval by proteinase K (Sigma-Aldrich, Cat. No. 03115836001) for 10 min

at 37 �C was performed prior to immunohistochemistry for polyclonal laminin staining.
Sections were blocked for 1 h at RT in a blocking buffer consisting of 1% BSA and 0.1%
TritonX-100 in PBS�/�. Primary antibodies, namely laminin (Merck, Cat. No. L9393),
myelin basic protein (MBP) (Bio-Rad, Hercules, CA, USA: Cat. No. MCA409S) and
�-tubulin III (Abcam, Chuo-ku, Tokyo, Cat. No. ab18207), were incubated overnight at
4 �C in the blocking buffer. Sections were then washed in PBS�/� 3 times for 10 min before
the addition of secondary antibodies (goat anti-rabbit IgG-a488; Thermo Fisher Scientific,
Cat. No. A-11008; goat anti-rat IgG-a647; Thermo Fisher Scientific, Cat. No. A-21247)
and 40,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, Cat. No. 32670) in blocking
buffer for 1 h at RT in the dark. After washing 3 times for 10 min with PBS�/�, the slides
were covered with mounting media and coverslips. For a general evaluation of successful
decellularization, longitudinal and cross-sections were further dyed using standard Gill’s
hematoxylin and eosin protocol, staining acidic structures purple and basic structures
pink. To verify cellular and myelin removal, segments were dyed using a standard Luxol
fast blue assay with Cresyl violet counterstain. In brief, after deparaffination in Xylenes
(Sigma-Aldrich, Cat. No. 247642) for 3 ⇥ 2 min, sections were rinsed in 96% ethanol and
incubated in 0.1% Luxol Fast Blue solution (CliniSciences, Cat. No. 26056–10) at 56 �C
for 20 h. After washing with 96% ethanol samples were differentiated in 0.05% lithium
carbonate (Sigma-Aldrich, Cat. No. 62470) and stained with 0.1% cresyl violet acetate
solution (Sigma-Aldrich, Cat. No. C5042) for 4 min. The samples were dehydrated and
mounted with mounting media [21].

2.5. Decellularization Efficiency Analysis
Decellularized tissue was analyzed using immunohistochemistry images. Cross-

sections were imaged and the most promising protocols were selected qualitatively. In
the following experiments, the decellularization efficiency of selected protocols was con-
firmed and further optimized. Changes in the decellularization protocols which affected
decellularization efficiency negatively were not repeated. However, improvements in the
decellularization protocols were repeated and confirmed in the following experiments on
nerve tissue from different pigs. This process was repeated for several rounds until one
protocol was found that removed immunogenic material and preserved ECM structures.
Images were taken using a Nikon Ti2 Eclipse microscope (Nikon, Chiyoda, Tokio, Japan)
and CFI Plan Apo Lambda objectives. Fluorescence images were acquired by a photomet-
rics Prime95B camera using a 5-bandpass light filter. Color images were acquired by a
Nikon DS-Ri2 camera.

2.6. Quantification of Cellular Components
The decellularization efficiency of the qualitatively selected optimized protocol was

quantified. Regions of Interest (ROI) were defined via manual segmentation of fascicles
using the NIS-elements software. All subsequent steps were based on the ROI. Autofluo-
rescence of the tissue was subtracted using non-stained negative controls. The remaining
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MBP, �-tubulin III and DAPI signal after decellularization were then plotted in relation to
the signal of unprocessed tissue segments. Images were taken using a Nikon Ti2 Eclipse
microscope (Nikon, Chiyoda, Tokio, Japan) and CFI Plan Apo Lambda objectives. Fluores-
cence images were acquired by a photometrics Prime95B camera using a 5-bandpass light
filter. Color images were acquired by a Nikon DS-Ri2 camera.

2.7. Mass Spectrometry-Based Proteome Analysis
2.7.1. Sample Preparation

Three milligrams of sample were lysed in 150 µL of lysis buffer (5% sodium dodecyl
sulfate [SDS], 100 mM TEAB, pH = 8) using a PIXUL (Active Motif) sonication device (50 N
Pulse, 1 kHz PRF, 20 Hz burst rate). Lysates were centrifuged at 15,000 RCF for 15 min and
the protein concentration of the supernatant was assessed using a BCA assay (Thermo Fisher
Scientific); 10 µg of protein per sample were reduced by tris (2-carboxyethyl)phosphine
at 95 �C for 10 min. Proteins were alkylated using 15 mM iodacetamide at RT in the
dark for 30 min and further processed using S-TRAP (Protify) microcartridges, according
to the manufacturer’s specifications. For digestion, trypsin was used (1/25 w/w, ratio
trypsin/protein; Promega, Madison, WI, USA) at 47 �C for 1 h. After drying the samples
under vacuum, peptides were stored at �20 �C and dissolved in 0.1% aqueous formic acid
solution at a concentration of 0.5 mg/mL upon use.

2.7.2. Mass Spectrometry-Based Analysis
For each sample, 0.25 µg total peptides including 5 fmol/µg iRT peptides (Biognosys

AG, Schlieren, Switzerland) were subjected to liquid chromatography-mass spectrometry
analysis using an Exploris 480 mass spectrometer equipped with a nanoelectrospray ion
source (both Thermo Fisher Scientific). Peptide separation was carried out using an Ultimate
3000 System (Thermo Fisher Scientific) equipped with a reverse phase-high performance
liquid chromatography column (75 µm ⇥ 30 cm) packed in-house with C18 resin (ReproSil-
Pur C18-AQ, 1.9 µm resin; Dr. Maisch GmbH, Ammerbuch, Germany) and a custom-made
column heater (60 �C). Peptides were separated using a linear gradient from 95% solvent A
(0.1% formic acid, 99.9% water) and 5% solvent B (80% acetonitrile, 0.1% formic acid, 19.9%
water) to 35% solvent B over 45 min, and further to 50% solvent B over 10 min at a flow
rate of 300 nL/min.

For data-independent acquisition (DIA) analysis, each MS1 scan (120k resolution)
covering 350 m/z to 1400 m/z was followed by high collision dissociation (HCD) scans
(15k resolution, 22 ms injection time, 8 m/z isolation windows with 1 m/z overlap, 28 HCD
collision energy, 300% automatic gain control) covering the mass range of 400 m/z to
900 m/z.

2.7.3. DIA Data Analysis
DIA data was analyzed using Spectronaut (V15.5). A sus scrofa (pig) FASTA was

downloaded on 14 October 2021 (unreviewed, one entry per gene). Trypsin/P was set
as enzymatic specificity and two missed cleavages were allowed. Oxidation and protein
N-terminal acetylation were set as variable modifications, whereas carbamidomethylation
(C) was set as a fixed modification. The protein Q value filter was set to 1% for global
filtering and to 5% for runwise filtering. Q value filtering was activated, leading to an
incomplete protein abundance matrix.

2.7.4. Data Availability
Raw Data of mass spectrometry experiments are accessible via MassIVE: ftp://MSV00009

0072@massive.ucsd.edu (accessed on 1 August 2022), username: “MSV000090072_reviewer”,
password; “Decellularized”.
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2.8. hASC Isolation, Characterization, Transplantation and Activity Measures
hASC were isolated and characterized as previously described [22]. Adipose tissue

was obtained from healthy human donors undergoing elective liposuction. Informed
consent was obtained from the patient prior to liposuction, in addition to approval by the
institutional ethics committee of the Basel University Hospital.

In brief, to obtain hASC isolation, fat tissue was cleared from erythrocytes by rinsing
with PBS and centrifugation, followed by enzymatic digestion using 0.1% (w/v) type I
collagenase for 3 h at 37 �C and centrifugation at 4 �C for 5 min at 250 g. The resulting cell
pellet was resuspended in growth medium (GM) containing Dulbecco’s Modified Eagle’s
Medium (DMEM, Gibco-Fisher Scientific, Cat. No. 4196503), 10% fetal bovine serum (FBS),
1% penicillin/streptomycin and 5 ng/mL basic fibroblast growth factor (Peprotech, Rocky
Hill, NJ, USA, Cat. No. 100–18B). Cells were cultured for 14 days at 5% CO2 and 37 �C.
GM was changed every 72 h and cells subdivided at 90% confluency using 0.25% trypsin-
EDTA. For cell characterization via flow cytometry, the following fluorophore-conjugated
antibodies were used: CD29+-PE (Biolegend, Cat. No. 303003), CD73+-APC (Biolegend,
Bunkyo Ward, Tokyo, Cat. No. 344005), CD90+-PE/Cy7 (Biolegend, Cat. No. 328123) and
CD105+-a488 (Biolegend, San Diego, CA, USA, Cat. No. 323209). Gates were set based on
fluorophore-conjugated IgG1 isotype control, namely IgG1-PE (Biolegend, Cat. No. 400111),
IgG1-APC (Biolegend, Cat. No. 400119), IgG1-PE/Cy7 (Biolegend, Cat. No. 400125), and
IgG1-a488 (Biolegend, Cat. No. 400132). In total, 386,902 CD29+CD73+CD90+CD105+ cells
were analyzed using a BD FACSAria III (BD Bioscience, Franklin Lakes, NJ, USA). Charac-
terization via Immunocytochemistry was performed as follows. Cells were fixed with 4%
PFA for 10 min, then washed with PBS�/�. Membrane permeabilization was performed by
0.3% Triton X-100 in PBS�/� for 20 min. Permeabilization solution was washed twice with
PBS�/�. After 1 h of blocking by 1% protease-free BSA in PBS�/� primary antibodies were
added in blocking buffer. Primary antibodies, namely CD105 (Abcam, Cat. No. ab44967),
CD44 (Abcam, Cat. No. ab6124), CD90 (Abcam, Cat. No. ab23894) and CD29 (Abcam,
Cat. No. ab134179) were incubated overnight at 4 �C in blocking buffer. The remaining
primary antibodies were washed away by rinsing cells three times with PBS�/� each time
for 10 min. Secondary antibodies (goat anti-rabbit IgG-a546 (Thermo Fisher Scientific, Cat.
No. A-11010) and goat anti-mouse IgG-a488 (Thermo Fisher Scientific, Cat. No. A-11029))
and DAPI were added in blocking buffer for 1 h at RT in the dark. Cells were rinsed with
PBS�/� and immediately imaged using a Nikon Ti2 Eclipse microscope as previously
described (Figure S1).

Decellularized common fibular nerves were cut into 5 mm-long segments and 250k
hASC were injected into the grafts using a 30G syringe in a total volume of 50 µL media.
Grafts were submerged in GM for a constant supply of nutrients and placed in a 5% CO2
incubator at 37 �C. GM contained either 10% FBS as previously described or 5% human
platelet lysate (HPL) and 2 U/mL of heparin sodium salt as serum supplement. GM was
changed every 48 h. Cell activity was measured by the reduction in resazurin whereby
living cells turned from an oxidized blue dye to a pink resorufin product. Cell activity was
measured on predefined days 1, 4, 7, 11, 14, 16, 18, 21, 23, 25, 31, 35, 39, 42, 46, 49 and day
53 by a microplate reader, Synergy H1 Hybrid Reader (BioTek, Winooski, VT, USA). Cell
activity on day 1 was used for normalization.

2.9. Isolation of Embryonic Chicken DRG and SCS
Fertilized chicken eggs were purchased from Gepro Geflügelzucht AG (Flawil, Switzer-

land). The eggs were incubated for 10 days at 37.8 �C and 100% relative humidity (E10).
Embryo collection and dissection were conducted under aseptic conditions in the laminar
flow hood with sterile equipment and solutions. For the embryo dissection, a stereomi-
croscope was utilized. Dissection was performed using previously published protocols
for DRG isolation [23,24]. Following DRG isolation, the spinal cord was isolated and
segmented into 200 µm-long segments.
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2.10. Transplantation of DRG and SCS into Acellular Graft
For cell implantation, all the decellularization steps were performed in a sterile envi-

ronment and the decellularized tissue was treated with 100 U/mL of penicillin, 100 U/mL
of streptomycin and 0.25 µg/mL of Gibco amphotericin B for at least 48 h to prevent
bacterial and fungal contamination.

Small incisions at the middle of 8 mm-long segments of acellular graft were made
using a sterile scalpel. DRG or SCS was implanted into the acellular graft using forceps
and held in place using a carrier fibrin hydrogel [22]. The acellular grafts were then placed
in a petri dish containing GM as previously described for the hASC culture. GM was
replaced every other day. After 6 days, the acellular graft was fixed for 24 h with 4% PFA
before embedding in paraffin. Embedded tissue was sectioned in 5 µm thin cross-sections.
Implantation of SCS and DRG into the acellular graft was analyzed by staining for �-tubulin
III (Figure S2).

3. Results
3.1. Stepwise Removal of Immunogenic Material from Large-Diameter Pig Nerves

Optimization of the decellularization protocol was performed on 1 cm long sciatic
nerve segments. Protocol 1 was previously established for the decellularization of small-
diameter rat nerves (data not shown). Applying it to large-diameter sciatic pig nerves
resulted in no substantial removal of immunogenic material, such as myelin, axons and
DNA. However, also no disruption of the endoneurial tubes was detected after treatment
(Figure 2, column 2). Additional enzymatic degradation steps by elastase and chrondroiti-
nase ABC in protocol 2 removed axonal debris and DNA substantially, while preserving
the extracellular structure as observed by laminin staining (Figure 2, column 3). Com-
plete removal of axonal debris was achieved by doubling the incubation time of non-ionic
Span20 and zwitter-ionic CHAPS from 24 h to 48 h (Figure 2, column 4), but no myelin
removal was observed. An additional processing step comprising of the addition of 4%
sodium deoxycholate completely removed myelin and any remaining debris. However, the
ECM structure was highly disrupted (Figure 2, column 5). Reducing the applied sodium
deoxycholate by a factor of 4000⇥ led to the efficient removal of myelin, axons, and DNA,
while the ECM structure remained mainly intact and only a minor disruption of the laminin
structure was observed (Figure 2, column 6).

3.2. Optimized Decellularization Protocol Removes Immunogenic Material in Therapeutically
Relevant Nerve Length While Preserving Extracellular Structure

Sciatic nerves of therapeutically relevant lengths of 4 cm and 8 cm were decellularized
using the previously developed protocol 5. As shown in Figure 3a (upper row), immuno-
genic material can be removed throughout 8 cm-long segments and the intact endoneurial
tubes show that the extracellular structure can be well preserved (Figure 3a, lower row). The
quantification of the removal of immunogenic material in 4 cm- and 8 cm-long segments
also showed a highly significant (adjusted p-values < 0.0001) removal of immunogenic
material. In addition, no significant removal of laminin was observed (Figure 3b,c). For
4 cm-long segments, after 1 cm only 0.28 ± 0.37% of DAPI, 9.51 ± 5.89% of �-tubulin III
and 2.89 ± 2.36% of MBP remained. After 2 cm, in the middle of the 4 cm-long segments,
2.53 ± 0.61% of DAPI, 26.07 ± 2.67% of �-tubulin III and 9.96 ± 1.41% of MBP remained
(Figure 3b [left column],c). For 8 cm-long segments, after 1 cm only 1.5 ± 0.67% of DAPI,
4.01 ± 1.18% of �-tubulin III and 11.19 ± 6.12% of MBP remained. After 2 cm, 2.82 ± 1.13%
of DAPI, 7.73 ± 1.69% of �-tubulin III and 13.88 ± 5.47% of MBP remained. After 3 cm,
4.56 ± 1.08% of DAPI, 6.07 ± 2.18% of �-tubulin III and 8.39 ± 2.76% of MBP remained.
After 4 cm (middle of the 8 cm-long segments), 3.01 ± 1.13% of DAPI, 5.4 ± 3.03% of
�-tubulin III and 13.76 ± 4.83% of MBP remained (Figure 3b [right column],c).
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Figure 2. Removal of immunogenic material and ECM preservation by optimized protocols from
large diameter pig nerves. First row: scale bar 200 µm, representative images of remaining axonal
�-tubulin III, MBP and DAPI. Second row: scale bar 100 µm, zoomed-in representative images of
remaining axonal �-tubulin III, MBP and DAPI. Third row: scale bar 200 µm, representative images of
remaining ECM laminin structure and DAPI. Fourth row: scale bar 100 µm, zoomed-in representative
images of remaining ECM laminin structure and DAPI. Each column shows a further optimization
step towards protocol 5, an acellular graft with removed axonal �-tubulin III, MBP, DAPI and a
conserved laminin structure signal. Protocol 5 was used for further analysis.
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Figure 3. Quantification of remaining cellular components in longer nerve segments. (a) The
remaining immunogenic material and laminin structure were analyzed every 1 cm up to the middle
of an 8 cm-long pig sciatic nerve segment decellularized by protocol 5. Representative images:
the remaining ECM laminin structure and DAPI are shown in the upper row, together with the
remaining axonal �-tubulin III, MBP and DAPI signals in the bottom row (scale: 200 µm). (b) Graphic
documentation: the remaining axonal �-tubulin III, MBP, DAPI and laminin signals were quantified.
Fascicles were manually segmented and the remaining signals were normalized to signal unprocessed
tissue. For statistical analysis, a one-way ANOVA was performed. Adjusted p-value: < 0.0001 = ****.
ns: no significant differences. (c) Numerical documentation: percentage of the remaining axonal
�-tubulin III, MBP, DAPI and laminin signals for 4 cm and 8 cm-long segments every 1 cm until
the middle.

3.3. Decellularization Protocol 5 Leads to Preservation of ECM While Removing Lipids and
Cellular Content

Efficient removal of lipids was confirmed by Luxol fast blue staining of the acellular
grafts and showed that dark blue myelin structures within the fascicles were removed
completely. Furthermore, it can be observed that the removal of myelin was consistent
across the whole diameter and length of the decellularized tissue and no patches of re-
maining myelin were found. Consistent cell removal was confirmed by the removal of the
Cresyl violet stain (purple) (Figure 4, top rows). Preservation of the ECM was shown by
hematoxylin and eosin stain (Figure 4, bottom rows). The overall structure of the ECM
was well preserved. Although an analysis of higher magnified images indicates a partial
disruption of the endoneurial tubes, the ECM matrix was consistently present within the
fascicles, but some ring-like structures could still be seen in higher magnified cross-section
images of the acellular grafts. In longitudinal sections of hematoxylin and eosin-stained
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slices, a fibrous structure can be observed in the acellular graft as in unprocessed ones, thus
indicating a good cross- and longitudinal preservation of the ECM.

Hematoxylin
& 

Eosin

Fast Luxol
Blue &
Cresyl
Violet

1mm 200µm 50µm1mm 200µm 50µm

unprocessed acellular

cross-section

longitudinal
section

cross-section

longitudinal
section

Figure 4. Histological analysis of the ECM and the remaining myelin structure of protocol 5. Luxol
fast blue and Cresyl violet stain: myelin (blue) and nuclei (purple) (top). Hematoxylin and eosin stain:
ECM (pink) and nuclei (purple) (bottom). The 5 µm thick cross-sections and longitudinal sections
zoomed into framed segments. Scale: 1 mm, 200 µm, 50 µm.

3.4. Preservation of the Overall ECM Structure with Minor Disruption of the Endoneurial Tubes
Sciatic nerves of a therapeutically relevant length of 4 cm and 8 cm were decellularized

using the newly developed protocol. Immunogenic material could be removed, and the
laminin structure was well preserved throughout the large segments as shown previously
(Figure 3). However, a minor disruption of the endoneurial tubes could be detected as seen
best by hematoxylin and eosin stainings. The ring-like structure of the endoneurial tubes
was clearly observable in the magnified hematoxylin and eosin images of the unprocessed
tissue, whereas disruption and collapsing of this ring-like structure can be seen in the
processed tissue. Additionally, some shrinkage of the tissue and cracks in formation can be
observed in processed, but also in unprocessed, segments (Figure 4).

3.5. Decellularization Process Consistently Removes a Significant Proportion of Proteins
Using mass spectrometry, an average 4046 ± 10 proteins could be detected in unpro-

cessed tissue, whereas in decellularized tissue, an average of 2424 ± 292 proteins were
detected (Figure 5b). In total, 1078 proteins were no longer detectable in any of the acellular
samples. This list of proteins no longer detectable after decellularization contain known
inhibitors to axonal regeneration such as reticulon, also known as Nogo, and chondroitin
sulfate proteoglycan 4, which was specifically enzymatically removed using chondroitinase
ABC during the decellularization process (Table S1). By categorizing detected peptides
into subcategories, it can be seen that several peptides from all chosen subcategories are no
longer detectable in acellular grafts. Cytoskeleton-associated peptides were significantly
reduced from 454 ± 2.7 in unprocessed grafts to 289 ± 28.7 in acellular grafts. The number
of peptides associated with axons was significantly reduced from 93 ± 0.4 peptides in
unprocessed grafts to 60.8 ± 8.3 in acellular grafts. The 4 ± 0 axon regeneration-associated
peptides were detected in unprocessed grafts versus 2.5 ± 0.5 in acellular grafts. Regu-
lation of neuron projection development-associated peptides were significantly reduced
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from 68.3 ± 0.4 to 37 ± 5.1. ECM-associated peptides were significantly reduced from
117.8 ± 0.4 to 85.5 ± 6.3. Collagen-containing ECM-associated peptides were significantly
reduced from 88.8 ± 0.4 to 69 ± 5.6. Finally, 16 ± 0 peptides associated with the myelin
sheath were above the detection limit in unprocessed grafts whereas 14.5 ± 0.5 were
detectable after decellularization (Figure 5c).

Figure 5. Peptide removal in acellular grafts. Each column represents the protein abundance of one
replicate. Ctrl 1–4 are unprocessed samples. DC 1–4 are decellularized samples. (a) Heatmap. In total,
4054 proteins were measured. Each line represents one UniProt ID identifying one protein. green:
high abundance of protein in the sample. White: low abundancy of protein in the sample. (b) Total
number of proteins above detection limit. (c) Number of peptides per subcategory. Subcategories
defined by AmiGO2 GO class for sus scrofa and UniPort as contributor. The bar plot shows the
number of detectable peptides in all replicates in chosen subcategories (cytoskeleton, axon-, axon
regeneration, regulation of neuron projection development-, ECM-, collagen-containing ECM, myelin
sheath associated peptides). For statistical analysis, Two-way ANOVA was performed. Adjusted
p-value: <0.0001 = ****, p < 0.001 = ***, p < 0.01 = **, p < 0.05 = * ns: no significant differences.

3.6. Decellularized Porcine Sciatic Nerves Suitable for Human Cell Transplantation
Isolated hASC were analyzed using flow cytometry; 81% of cells were CD29+CD73+CD90+

CD105+ (Figure S1a). These findings were confirmed via immunocytochemistry. Addition-
ally, expression of the MSC marker CD44 was shown via immunocytochemistry stainings
(Figure S1b). hASC were injected into decellularized porcine sciatic nerves either in fe-
tal calf serum (FCS) or HPL-supplemented GM. Heparin was added in the latter case to
avoid clocking. Cell activity increased within the first 11 days in standard 2D culture and
remained constantly high, regardless of the used media. An increase in cellular activity
could be observed along 14 days post-transplantation into the graft using HPL-containing
media only. In media containing FCS, cellular activity remained constant over the course
of the experiment and did not increase or vanish, thus indicating cell survival, but lack of
proliferation. The absolute cellular activity of cells cultured in the nerve scaffolds remained
below the cellular activity of 2D-cultured cells, regardless of the chosen media (Figure 6a).
However, comparing cell activity in 2D- vs. A 3D culture is error-prone due to different
growth area/volumes in which cells can grow. Comparing the effect of FCS- versus HPL-
containing media did not show any relative difference when cells were cultured in a 2D
system. However, when comparing HPL- to FCS-containing media in the nerve scaffolds,
a 2.2-fold increase in relative cell activity could be observed within the first 14 days and
remained constant until termination of the experiment at day 53 (Figure 6b). Further,
acellular grafts can be used as a 3D culture system for embryonic chicken tissue explants as
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seen by DRGs and SCS which were cultured for up to 6 days in the acellular grafts. DRGs
and SCS can be detected over a distance up to 500 µm by axonal staining (Figure S2).
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Figure 6. Decellularized nerve as 3D-scaffold for hASC culture. (a) 250k hASC were injected per 3D
acellular graft (dots), 10k hASC seeded in 2D-culture well as a control (triangles). Cellular activity
was analyzed using resazurin every 3–5 days in media supplemented by 10% FCS (green) or 5% HPL
and 2 U/mL heparin (orange). Cell activity normalized to cell activity at day 1 post-transplantation.
Triangles represent cell activity in 2D-culture plates and dots represent cell activity in 3D-culture.
(b) cell activity regarding FCS- and HPL-supplemented media. Relative cellular activity of hASC
cultured in HPL-supplemented media normalized to relative cellular activity of hASC cultured in
FCS-supplemented media. Black triangles represent normalized cell activity in 2D culture and blue
dots represent normalized cell activity in 3D.

4. Discussion
The objective of this study was to develop and establish a protocol for the efficient

removal of immunogenic material from large diameter/longer peripheral nerve segments
with only a simultaneous minimal impact on the ECM structure of the nerve. For potential
future clinical applications, domestic pigs were chosen as the donor source due to their
comparable size to humans. Our study shows that these objectives were achieved by
combining various zwitterionic, non-ionic and ionic detergents together with enzymatic
treatments. Furthermore, it could be demonstrated that after the decellularization process,
the grafts did not show cytotoxicity as demonstrated by human cell studies.

Adapting the protocol previously used for the decellularization of rat sciatic nerve,
i.e., 24 h of zwitterionic CHAPS treatment as described by Hudson in 2004, followed by
24 h of treatment using the non-ionic surfactant Span20 required several optimization steps
as shown in Figure 2 [16]. Due to the large size and increased amount of connective tissue
of porcine sciatic nerves compared to adult rat sciatic nerves, the previous protocol was
not efficient in removing immunogenic material such as DNA, axons and myelin (Figure 2,
protocol 1). As previously described by Hundepool et al. in 2017, adding enzymatic
treatment, such as elastase, helped to remove axons and Schwann cells while preserving
the ECM structure [20]. In addition, to improve nerve regeneration, chondroitin sulfate
proteoglycans, which inhibit axonal regeneration, were enzymatically degraded using
chondroitinase ABC as described by Im et al. in 2019 [25]. Chondroitin sulfate proteoglycan
4 is the only detectable chondroitin sulfate proteoglycan in the unprocessed samples and
is completely removed in all four DC samples (Table S1). These enzymatic treatments
allowed us to remove the vast majority of axonal debris and DNA without disrupting
the ECM structure (Figure 2, protocol 2). To remove the last parts of axonal debris and
DNA, the incubation times for CHAPS and Span20 were doubled from 24 h to 48 h to allow
the detergents to disperse throughout the several-fold larger segments of pig nerve. By
this, axons and DNA were removed entirely from the tissue, but myelin removal was not
accomplished with this protocol (Figure 2, protocol 3).
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As described in 1983 [26], sodium deoxycholate can be used for the solubilization and
extraction of myelin from nerve tissue. As recently reported, sodium deoxycholate has also
been used in decellularization [27]. Nevertheless, due to the relatively large size of the tissue
and to allow complete perfusion of the detergents, we did not want to reduce treatment
duration. With a concentration described previously for the solubilization of myelin and
decellularization, myelin removal was highly efficient, and it was no longer detectable
after 24 h of treatment. However, the protein denaturing capacities of the anionic sodium
deoxycholate disrupted the extracellular structure as indicated by disruption of the laminin
structure. After treatment with 4% sodium deoxycholate, the laminin structure found in
unprocessed tissue of the endo- pero- and epi-neurium was highly segmented (Figure 2,
protocol 4). To reduce the impact on the extracellular structure while maintaining efficient
myelin removal, sodium deoxycholate was titrated down from an initial concentration of
40 g/L to a final concentration of 10 mg/L. In this way, myelin removal was still achieved,
and undesired ECM damage was significantly reduced (Figure 2, protocol 5).

Thus, the goal of this study was to develop a decellularization protocol for a clinically
relevant size of nerve segments. Once an efficient decellularization protocol was estab-
lished for 1 cm-long segments of the porcine sciatic nerve without any disruption of the
ECM structure; further, longer segments of 4 cm and 8 cm were decellularized. It was
assumed that given the increased size of the tissue, the active agents would need more
time to penetrate the tissue and wash out debris. However, we were able to show that the
efficient removal of immunogenic material was successful throughout longer segments.
Following signal quantification, we observed residual signal of axonal and myelin signals,
but little for DNA (Figure 3). We concluded that the consequence of the further removal
of immunogenic material would result in a major disruption of the ECM structure. To
confirm our findings, we analyzed the tissue by immunohistochemistry. A previous anal-
ysis conducted using antibody staining led to uncertainty. If no positive signal can be
detected any longer, we cannot be certain if the extensive decellularization process has
led to a removal of the whole protein as targeted or to a disruption of the epitope only.
Therefore, by using immunohistochemistry, namely hematoxylin and eosin, as well as
Luxol fast blue and Creysl violet staining, we were able to confirm what we observed using
immunocytochemistry (Figure 4). Additionally, by the broad staining of the histological
stains, we can exclude that the newly developed decellularization protocol acts on single
proteins only and that an overall removal of cytoplasmic proteins, nuclei and lipids can
be achieved, as well as a preservation of the overall ECM structure and not only laminin.
However, it can be observed by laminin staining of the processed tissue that the multilay-
ered perineurium structure is loosened. We hypothesize that this effect is the result of the
enzymatic degradation of the elastin within the perineurium by elastase, which is necessary
to achieve efficient axonal removal (Figure 3). As tissue shrinkage and crack formation was
observed in processed and in unprocessed tissue, we conclude that this arises due to the
standard dehydration steps required for paraffin embedding of the tissue and not due to the
decellularization process itself (Figure 4). In general, we conclude that the remaining nerve
structure should be sufficiently well preserved to act as a guiding structure for elongating
axons, blood vessels and cell distribution across the grafts as it resembles the native ECM
structure in much greater detail than any of the artificial biological and non-biological
nerve guiding conduits used for nerve regeneration applications [28–32].

Peptide removal among repeated decellularization experiments was consistent as evi-
denced by proteomics analysis (Figure 5). In our optimized protocol, around 1500 proteins
were reduced below the detection limit. Categorizing them into clusters of interest showed
that peptide removal was not specific to certain categories. Peptides were considered as
removed when each of the four decellularized replicates was below the technical detection
limit. Proteins that are strongly removed, but still detectable, were not listed as removed
(Table S1). Quantitative conclusions about the amount of remaining protein are limited
due to the lack of appropriate controls for tissue loss during the decellularization process.
The strong impact of the decellularization process on protein content renders impossible a
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normalization approach to directly compare the number of single proteins to each other in
unprocessed and acellular grafts (Figure 5). For proteomics analysis, only 3 mg of tissue
was used per sample. To lower the variability among the samples, complete acellular
grafts should be homogenized. By this, artifacts in sample collection could be reduced and
variability lowered.

As expected, proteomics analysis revealed partial removal of ECM-associated peptides.
However, IHC images confirm the preservation of the overall ECM structure as previously
discussed which is crucial as a guiding structure for regenerating axons. Using IHC, laminin
was analyzed specifically due to its biological relevance. It has been shown that laminin is
crucial for nerve regeneration and remyelination by Schwann cells [33]. Therefore, it is of
greatest importance to preserve the laminin structure during decellularization as shown by
IHC. Even though direct proof of successful nerve regeneration using our acellular conduits
is lacking, efficient nerve reinnervation due to the observed in vitro results can be expected.

Based on previous studies, it could be shown that HPL-supplemented media signifi-
cantly improved the neurotrophic potency of hASC as shown by robust axonal outgrowth
in vitro [34]. Interestingly we could show that serum supplements have a different impact
on cells being cultured in 2D culture or in 3D acellular nerve scaffolds. Whereas cellular
activity increased in a comparable manner in 2D culture, regardless of the chosen media
composition, HPL-supplemented media had a positive impact on cellular activity in 3D
nerve scaffolds, whereas FCS-supplemented media did not induce a rise in cellular activity.
We conclude that the experimental design is not sensitive enough at beginning of the
experiments for the 2D culture system. Based on the literature, we expected a positive
effect of HPL on cell activity in a 2D culture system as well [35]. To increase experimental
sensitivity, the starting cell density has to be lowered and cell activity measured more
regularly. Combining these findings with the improved neurotrophic potency of hASC by
HPL-supplemented media gives us a viable system for future studies of axonal outgrowth
and nerve regeneration both in vitro, as well as in vivo. Additionally, the first proof of
biocompatibility was shown by the implantation of human tissue-derived mesenchymal
stem cells. Therefore, we can conclude that potentially harmful factors of the decellulariza-
tion process were sufficiently removed and that the graft could be used for in vivo nerve
regeneration studies (Figure 6). According to the 3R principle of animal experimentation,
we were able to show that by extensive in vitro analysis of the remaining factors and struc-
tural integrity by immunocytochemistry, immunohistochemistry, proteomics analysis, and
biocompatibility by primary human cell implantation, new functional decellularization
protocols can be established without the need of animal studies.

During this study, primary experiments were conducted for the implantation of DRG
and SCS of chicken embryos to study axonal outgrowth in the acellular graft and to
examine the usability of the grafts as a 3D culture system. For this, transplants were placed
in a small incision in the graft and held in place by a fibrin hydrogel carrier. Following
incubation, fixation, paraffin embedding and sectioning, immunocytochemistry images
were taken as described previously in the methods. Based on that, it was expected to
detect axonal elongation and compare the axonal elongation rate as an in vitro model of
axonal regeneration. DAPI and �-tubulin III signaling was clearly detectable at the place
of implantation. However, the achieved resolution and the uncertainty of the exact graft
implantation site did not allow any conclusion about the axonal signal outside the implant
or about axonal elongation. Therefore, no conclusion about the axonal elongation rate can
be made (Figure S2). Nevertheless, we can conclude that DRG and SCS implantation can
be performed using this experimental setup and that they can survive for several days
within the acellular grafts. Of note, quantification of the amount of axonal elongation and
an improved analysis adapted to a 3D system is necessary. By this, we expect that the
acellular 3D grafts can be used to study axonal outgrowth as previously shown in a 2D
in vitro setup [34].

We are aware that the lack of in vivo animal studies is a limitation of our work and
would allow a more direct conclusion about biocompatibility, particularly axonal outgrowth
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and the regain of motor and sensory function and behavior outcome. However, the need for
large animals required for large nerve gap studies with human nerve-sized implants and
the resulting costs and ethical concerns makes it even more important for newly developed
decellularization protocols to be improved and tested extensively in vitro before translating
to in vivo studies.

5. Conclusions
Our study reports a protocol for efficient decellularization of larger segments of

porcine peripheral nerves. It was shown that DC protocols established in a rodent model
require substantial adaptions for being efficient in large segments of porcine nerves. Based
on extended in vitro optimization and testing, a protocol was developed which allows
immunogenic material removal while preserving the overall nerve structure. Proteomic
analysis and cell culture experiments indicate biocompatibility of the acellular graft and
suitability for application in transplantation studies. Furthermore, recellularization of
acellular porcine nerve grafts with autologous hASC and autologous HPL may open a new
option for in vitro generation of a functional, non-immunogenic personalized nerve graft
circumventing the major drawbacks associated with autologous nerve grafting.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bioengineering9090412/s1, Figure S1: hASC characterization;
Figure S2: chicken Spinal Cord Segment and Dorsal Root Ganglion transplantation; Table S1: proteins
removed below detection limit by decellularization in all replicates.
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Outlook 

As previously described, clinical success of peripheral nerve repair and replacement 

depends on various factors such as a biological active conduit and the availability of growth factors 

secreted by SCs. During this project, an acellular nerve graft was developed which supports cell 

engrafting and long-term survival and is expected to support axonal regeneration in clinical 

settings. The used decellularization steps were all previously tested and established in various 

decellularization protocols. Based on the previously described Hudson method we used several 

steps of anionic, zwitterionic, hypertonic and hypotonic solutions. The Hudson method became 

state of the art as first used in clinical settings. However, further improvements were developed 

over time. Using hypertonic and hypotonic solutions to disrupt cellular structures by osmotic 

pressure are described as less ECM disruptive but still efficient decellularization detergents45. 

Further, the addition of enzymatic degradation steps was successful in targeted elimination of 

certain proteins and molecules which resulted in improved removal of cellular compartments and 

improved nerve regeneration. The addition of elastase improved axonal removal and reduced 

immunogenicity46. Addition of chondroitinase ABC improved axonal elongation in subsequent 

transplantations47. This study demonstrated that the combination of less invasive detergents, 

targeted enzymatic degradation over an extended period of time removed cellular compartments, 

reduced immunogenicity and was overall beneficial for cell engrafting and survival. Compared to 

the Hudson method, myelin removal was even more efficient and the preservation of the basal 

lamina comparable. One of the main components of the cellular membrane facing basal lamina is 

laminin48. The preservation of the basal lamina is necessary to support SC and direct axonal 

sprouting49. Further it could be shown that without laminin, SC cannot differentiate into a 

myelinating phenotype50. Fragmentation of the basal lamina can be directly correlated to reduced 

reinnervation51. Therefore, it is of greatest importance to preserve the laminin structure during 

decellularization as shown in this study. Even though we lack direct prove of successful nerve 

regeneration using our acellular conduits we do expect efficient nerve reinnervation due to 

observed in-vitro results. However, final immunogenicity examination and axonal regeneration 

efficiency must be investigated in-vivo, preferably in farm animal suitable for large gap neurectomy 

and conduit transplantation. 

 However, the current gold standard for nerve replacement, the autograft still holds one 

great advantage. This is the presence of SCs which are crucial for efficient axonal elongation and 

reinnervation over larger distances by providing necessary growth factors. Therefore, there is a 

great interest of seeding SCs into acellular graft. It has been shown that murine SC transplantation 
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into acellular nerve graft could improve functional recovery after peripheral nerve defects in mice52. 

Autologous SC injection in human spinal cord injuries led to increased recovery in patients motor, 

sensory and autonomic measures53. However, despite the evidence of therapeutic potential of SCs 

transplantation regarding promoting of axonal regeneration and myelination in the peripheral and 

the central nervous system, the harvest of SCs holds almost the same limitations as the use of 

autografts, i.e. the required sacrifice of an healthy nerve and the following functional impairment54. 

Additionally, the isolation, culture and purification of primary human SCs is challenging due to 

their limited in-vitro proliferation capacity and the frequent contamination by fast expanding 

fibroblasts16,55,56. However, SC-like cells which have comparable nerve regeneration potential can 

be differentiated from various other cell types such as pluripotent cells, namely induced pluripotent 

stem cells and embryonic stem cells and adult stem cells such as MSCs, neural crest stem cells and 

skin-derived precursory cells which can be isolated and expanded facing smaller challenges.  

Therefore, as part of this project a systemic review was written: ,,Schwann Cell-Like Cells: Origin 

and Usability for Repair and Regeneration of the Peripheral and Central Nervous System’’ which 

summarize different sources and methods of SC-like cells differentiation which potentially 

overcome the limitations of primary human SC and describes the state of research regarding 

clinical application1. For clinical application of nerve allografts recellularized by SC-like cells, the 

cells need to distribute and engraft homogenously throughout the tissue. The most common 

recellularization technique for acellular nerve grafts, by direct microinjection leads to cell 

aggregation, poor engraftment and insufficient distribution throughout the scaffold as shown in 

acellular lungs, liver and heart valves57. Seeding by perfusion within a bioreactor leads to better 

distribution among the scaffold and enhanced cell engraftment58. However, which recellularization 

technique is the most favourable depends on the organ and the seeded cell types.  

Recellularization of pig derived acellular nerve grafts with human derived SC-like cells has 

not yet been investigated, thus, this is a crucial future step of this project to proceed to clinical 

application. 
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Abstract: Functional recovery after neurotmesis, a complete transection of the nerve fiber, is often
poor and requires a surgical procedure. Especially for longer gaps (>3 mm), end-to-end suturing of
the proximal to the distal part is not possible, thus requiring nerve graft implantation. Artificial nerve
grafts, i.e., hollow fibers, hydrogels, chitosan, collagen conduits, and decellularized sca↵olds hold
promise provided that these structures are populated with Schwann cells (SC) that are widely accepted
to promote peripheral and spinal cord regeneration. However, these cells must be collected from the
healthy peripheral nerves, resulting in significant time delay for treatment and undesired morbidities
for the donors. Therefore, there is a clear need to explore the viable source of cells with a regenerative
potential similar to SC. For this, we analyzed the literature for the generation of Schwann cell-like
cells (SCLC) from stem cells of di↵erent origins (i.e., mesenchymal stem cells, pluripotent stem cells,
and genetically programmed somatic cells) and compared their biological performance to promote
axonal regeneration. Thus, the present review accounts for current developments in the field of
SCLC di↵erentiation, their applications in peripheral and central nervous system injury, and provides
insights for future strategies.

Keywords: Schwann cells; Schwann cell-like cells; human adipose stem cells; neurotrophic factors;
peripheral nerve injuries; spinal injuries; brain injuries; axonal regeneration; myelin regeneration

1. Introduction

Every year about 1 million people su↵er from peripheral nerve injuries (PNI) worldwide [1,2].
In the case of simple nerve transection, end-to-end suturing is su�cient. However, long-gap nerve
injuries that are not amenable with end-to-end suturing result in a significant clinical challenge. For this,
autologous nerve transplantation is the current clinical gold standard [1,2], where the regenerating
axons are supported optimally by endogenous physical and biological guiding sca↵old. However,
autologous nerve grafts are associated with several drawbacks, such as limited donor sites, modality
mismatch, and co-morbidities, i.e., neuroma formation [3–5]. Within this context, bio-engineered nerve
grafts combining physical guidance structures with neurotrophic cells, guidance cues, and signaling
molecules provide an innovative and viable option for treating PNI [6]. There is growing evidence
for the therapeutic potential of Schwann cells (SC) transplantation for promoting axonal regeneration
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and myelination in the peripheral and central nervous system (CNS) following injury [7,8]. In spite of
the promising outcome, the harvest of autologous SC represents almost the same limitations that are
associated with autologous nerve grafting, i.e., healthy nerve surgical harvest and related functional
impairment [9]. Further isolation, culture, and purification has been shown to be challenging due
to the limited expansion potential of SCs and frequent contamination with rapidly proliferating
fibroblasts [10–13]. Therefore, a viable option would be to generate Schwann cell-like cells (SCLCs)
from di↵erent sources with reduced limitations [10]. Thus, the need for stem cell-derived SCLC has
evolved. For this, cells with self-renewal capacity, multi-lineage potential, and low immunogenicity
are highly suitable. Additionally, cells that are easily accessible with abundant quantities become
furthermore attractive. Thus, there is a great need for developing new strategies for the generation of
therapeutic SCLC using stem cells of di↵erent origins (Figure 1 and Table 1).

1.1. Schwann Cell Development and Homeostasis

SCs are the glial cells of the peripheral nervous system (PNS), named after Theodor Schwann,
one of the founders of the cell theory. Ramon y Cajal in 1928 concluded, among others like Ranvier and
Waller, that axonal recovery in the PNS is a result of axo-glial bidirectional interaction [14]. Nowadays,
SCs are recognized as one of the largest, ultra-structurally most complex cells in the body. However,
they are still capable of rapid transformation in development and injury [15]. SCs originate from
migrating neural crest cells. In vivo di↵erentiation of neural crest into the SC lineage has not been
fully elucidated. However, it is known that the transcription factor SRY-Box Transcription Factor 10
(SOX10) is an essential master regulator for generating the earliest cells in the SC lineage, as reviewed
by Mirsky in 2008 [16]. During the development, SCs are associated with a bundle of axons and release
a variety of neurotrophic factors, such as nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), glial cell line-derived neurotrophic factor (GDNF), and neurotrophin 3 (NT3), which
are involved in axonal growth and pathfinding. By proliferation and extensive extension of SC
structures, axons are segregated into smaller bundles in a process called radial sorting. Most of
the small-diameter axons, including many sensory and autonomous axons, remain in such bundle
associated with non-myelinating Remak SCs. In contrast to the CNS, single Remak SC wraps a single
axon in PNS. Remak SCs remain proliferative throughout life and express several markers typically
found in developing SCs, such as neural cell adhesion molecule (NCAM), p75 neurotrophin receptor
(p75NTR), and glial fibrillary acid protein (GFAP) [17,18]. Radial sorting of large-diameter axons,
including some sensory and many motor axons, proceeds until one SC surrounds one axon. Such SCs
wrap myelin structures around the axons, resulting in the formation of mature myelin sheath [19].
Di↵erentiation of myelinating SCs is controlled by the Krox20 transcription factor (Egr2), as evidenced
by the inability of Krox20 deficient mice to form myelin sheaths in vitro and In vivo [15,20,21].

1.2. PNS Injury

SCs distal to the injury site lose their contact with axons following injury and undergo
significant changes in their signaling environment due to missing contact with axonal-derived
factors. Macrophages invade the injury site in large quantities and release a wide range of cytokines
that will further influence the SC [10]. The hypoxic environment within the damaged nerve induces
vascular endothelial growth factor A (VEGF-A) secretion by macrophages, resulting in the polarized
vascularization, which, in turn, guides the SCs to bridge the nerve gap [22]. Following these changes
within the injury microenvironment, the fully di↵erentiated non-myelinating Remak SC as well as
the myelinating SC converse to a repair SC phenotype [23]. Thus, the SC phenotype transition
activates cellular mechanisms resembling developmental molecular sequences, such as up-regulation
of neurotrophic factors (NTF), i.e., NGF, BDNF, ciliary neurotrophic factor (CNTF), NT3, extracellular
matrix (ECM) proteins (laminin 1 and 2, and fibronectin), and NCAM, for regulating neuronal survival
and axonal regeneration [24–27]. Further, SCs regulate self-renewal and survival by autocrine signaling,
e.g., insulin-like growth factor 2 (IGF-2), platelet-derived growth factor (PDGF-BB), neurotrophin-2
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(NT2), and leukemia inhibitory factor (LIF) [28]. By cellular elongation and branching, SCs form
so-called bands of Büngner, “cellular tracks” in which axons can regenerate. This transition is
further required for myelin autophagy and to secrete cytokines that attract the macrophages for later
stages of myelin clearance [29]. These repaired SCs navigate the regenerating axons and remain
functioning for a long time, often for months or even years in humans due to the slow axonal growth
(i.e., <3 mm/day) [21]. Further, several studies have demonstrated that SC transplantation support
functional axonal outgrowth in vitro and In vivo following injury [30–32].

1.3. CNS Injury

Myelin debris, astrocytes, and oligodendrocytes (OC) collectively become strong inhibitors
of axonal regeneration in the CNS following injuries [33]. Myelin in the CNS is produced by
OCs in contrast to PNS and contains inhibitory molecules, such as Nogo, OC-myelin glycoprotein,
and myelin-associated glycoprotein (MAG). These molecules bind to Nogo receptors on the distal tip
of regenerating axons to transmit inhibitory signals [34]. In contrast to SCs in the PNS, OCs in the
CNS depend on an axonal-derived signal for survival. Therefore, OCs undergo apoptosis or enter a
quiescent state after injury [35], resulting in reduced myelin clearance in the CNS. Remaining myelin
can be found up to 22 months post-injury in a rat optic nerve injury model [36]. In addition to the
uncleared myelin and associated inhibitory molecules, astrocytes start proliferating and extend their
processes, resulting in the formation of astroglial scar that inhibits axonal regeneration physically and
chemically [37,38]. One of those, monocyte chemotactic protein-1 (MCP-1), promotes the recruitment
of proinflammatory macrophages, releasing tumor necrosis factor ↵ (TNF-↵) and inducible nitric acid
synthase (iNOS) [39]. TNF-↵ increases local expression of caspases, leading to apoptosis, and iNOS
promotes the apoptosis of the damaged neuron. This process becomes inhibitory for the axonal
regrowth over a prolonged period [40,41]. However, spontaneous regeneration of myelin sheaths often
occurs following CNS demyelination, mainly by the di↵erentiation of oligodendrocyte precursor cells
(OPC) into myelinating OCs or SCs. Normally SCs are neither present in CNS nor migrate into the CNS
due to mutual exclusivity of SCs and astrocytes [42,43]. Based on the earlier findings revealing the SCs
presence and their myelin regeneration within the niche of spinal cord injury (SCI) of rodents as well
as humans, it was concluded that SCs migrate into SCI niche from the periphery after the disruption of
the astrocyte-SC exclusivity [42,44–47]. However, recent findings suggest that SCs from the PNS rarely
enter the remyelinating spinal cord, but the vast majority of the SCs are derived from endogenous
OPC [48,49]. The signals instructing the OPC di↵erentiation into myelinating OC or myelinating SC are
released by reactive astrocytes. Within this context, the inhibition of astrocyte activation has resulted
in enhanced SC-myelination in contrast to OC-myelination [50]. Following demyelination, activated
OPC and endothelial cells release ligands for bone morphogenetic protein (BMP) and Wnt signaling
pathways, whereas reactive astrocytes release the BMP/Wnt antagonist Socstdc1. The BMP/Wnt
signaling balance instructs OPC fate decisions shortly after activation. In the absence of Socstc1, OPCs
di↵erentiation into SCs is favored within the astrocyte-free zone [51].

Chronic stage SCI in humans often results in schwannosis, which is an aberrant growth of SCs
and nerve fibers in the CNS. Schwannosis impedes e↵ective axonal outgrowth and promotes aberrant
axonal growth, leading to pain, spasticity, and other abnormal responses in the patients su↵ering
from chronic SCI [52]. In more than 80% of cases, patients with chronic SCI (i.e., >4 months) exhibit
schwannosis in contrast to acute SCI [53]. Therefore, gaining a better understanding of endogenous
SCs regulation may help developing new treatment strategies.

1.4. SC Transplantation

1.4.1. SC Transplantation in the PNS

Seddon first described autologous peripheral nerve grafting in 1947. He was the first to use
autologous sensory nerve grafts for bridging the gaps in the peripheral nervous system [1], although
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this procedure is associated with important drawbacks, such as sensory loss at the donor site, neuroma
formation, and lack of su�cient graft material. Nonetheless, autologous nerve grafting has become the
gold standard to treat long gap peripheral nerve injuries. There is a growing interest in the field for
developing a viable alternative, as evidenced by 11 Food and Drug Administration (FDA)-approved
nerve conduit devices and several in further development [2]. Although nerve conduits appear
to enhance nerve regeneration in short gaps, it is increasingly di�cult for supporting long-gap
nerve injuries [3]. Therefore, functionalizing the nerve conduits with a variety of growth-promoting
substrates has been widely considered for enhancing their biological function [4]. Within this context,
the first successful SC transplantation in a rat model was demonstrated back in 1992 by Guenard et al.
Transplantation of in vitro expanded SCs results in the axonal regeneration and myelin formation in
a sciatic nerve injury model [5]. Further, the nerve conduit seeded with human SCs supports repair
and regeneration of a 5 mm nerve gap injury in mice. Interestingly, transplanted human SCs survive
for at least 6 weeks and form myelin around the regenerating axons [6]. Since then, several studies
have demonstrated the benefits of SC transplantation for peripheral nerve regeneration in the variety
of animal models. Applications of SCs and nerve conduits for treating nerve injuries was recently
reviewed by Han et al., in 2019 [7]. Furthermore, successful autologous SC transplantation in humans
was reported for the first time in 2016. Human SCs are isolated from the sural nerve as well as from the
injured sciatic nerve stump and combined with a sural nerve graft to repair a 7.5 cm long sciatic nerve.
For this, the cells are expanded in vitro for 7 days and incorporated into an autologous sural nerve
graft for implantation. Patients treated with SCs-enriched nerve grafts restore significant sensory and
motor functions, indicating the safety and feasibility of SCs clinical translation [4].

1.4.2. SC Transplantation in the CNS

An attractive option for CNS regeneration is to adopt and acquire the favorable properties of
peripheral nerves, i.e., grafting of SC to revert scar formation and to promote axonal regeneration.
Back in 1928, Ramon y Cajal, for the first time, demonstrated the potential of peripheral nerve
transplantation to regenerate spinal axons. Further, he suggested that SCs could be used to overcome
the non-permissive environment and to enable axonal regeneration [14]. In 1975, when techniques
for glial cell isolation and purification were developed, Richard Bunge suggested the use of purified
SC for the repair of the central nervous system. Richardson et al. in 1980 demonstrated the spinal
axonal ingrowth into the transplanted peripheral nerve graft using an adult rat SCI model [54].
Since then, the beneficial e↵ects of SC transplantation have been demonstrated by several studies for
the repair and regeneration of axons in the CNS [55–57]. Transplanted SCs are capable of promoting
remyelination and functional restoration [45,58]. As described previously, SCs express a multitude
of factors, such as NGF, NT3, BDNF, fibroblast growth factor (FGF), GDNF, and CNTF, as well as
ECM proteins—laminin and fibronectin, which are crucial for axonal growth and elongation [59,60].
In contrast to OCs in the CNS, SCs produce myelin sheaths, which is unlikely to be the target of
an autoimmune reaction underlying autoimmune disease, such as multiple sclerosis (MS). In 2001,
a phase 1 clinical trial was initiated at Yale University for treating five MS patients with SCs. However,
the trial was terminated after the third patient due to the lack of evidence for the therapeutic benefits
(myelination) of transplanted SCs [61]. Moreover, the inability of post-natal SC to migrate through
normal white matter or astrocytes rich areas, such as glial scars, further limits the SCs therapy for
MS patients [62]. Within this context, embryonic SC precursor cells exhibit enhanced migration to
demyelinated lesion sites in a rat model and improve myelin regeneration [63]. In an alternative
approach, genetic modification of adult SCs’ adhesion properties results in e↵ective migration, which,
in turn, improves myelin regeneration and functional restoration in rats with SCI [64,65]. Thereby,
modified SCs hold the potential for demyelinating diseases [42]. Even though there is growing
evidence for the therapeutic potential of SCs for treating CNS, their clinical transition is still challenging.
As described by Bunge in 2016, the need for combinatorial strategies has emerged for treating SCI due to
the secondary tissue damage, cell death, inflammation, scar formation, inhibitory factors, and silenced
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axons [66]. Within this context, various co-treatment strategies were developed in the Bunge lab in an
attempt to increase the therapeutic e�cacy of SC for CNS repair. Those include steroids, neurotrophins,
enzymes, cyclic AMP, and olfactory ensheathing cells [67–71]. Furthermore, genetically modified
SCs for their neurotrophic potency have resulted in increased neurotrophin release and enhanced
functional axonal regeneration [72–74]. Thus, the combinatorial treatment approaches have positively
increased the quality and quantity of axonal regeneration, remyelination, and functional recovery, i.e.,
loco-motor outcome of paralyzed rats [66]. These topics were reviewed in great detail by Fortun et al.,
in 2009, Tetzla↵ et al., in 2011, and Gri�n et al., in 2020 [75–77].

1.5. Biomaterial/Sca↵olds

E↵ective regeneration of severed nerves largely depends on the injury size. The end-to end
suturing is feasible for small gap injuries. However, there exists a critical nerve gap length, allowing
neither spontaneous regeneration nor end-to-end suturing. End-to-end suturing of large nerve gaps
(>3 mm) leads to tension between the nerve segments and is often associated with poor outcomes [78].
Implantation of nerve auto or allograft can bridge such large gap injuries. However, these are
coming with the aforementioned drawbacks, such as donor site morbidity, functional impairment,
and immunological complications in the latter case. Therefore, there is an increased research focus on
developing artificial nerve conduits. An ideal nerve conduit incorporates several attributes, such as
biocompatibility, biodegradable, flexibility, stability, and bio-inspired functional design. Sarker et al.
recently reviewed advancements in the field of artificial nerve conduits. In this review, varying
structures from simple hollow tubes to complex conduits incorporating cells and bioactive molecules
mimicking the autologous nerve were detailed and discussed. Shortly, it concludes that cell loaded
nerve conduits possess superior biological performance over hollow structures, and SCs outperform
among a wide variety of cells that are under investigation for nerve regeneration [79].

1.6. Immunosuppression Following PNI and SCI

Considerable evidence has been shown for the therapeutic potential of SC and stem cell transplantation
in PNI and SCI. However, the downside of using non-autologous cells is immune rejection. Therefore,
the efficiency of non-autologous cell transplantation relies on effective immune-suppressive drugs.
Several studies have evaluated tacrolimus (FK506) and cyclosporine (cyclosporine A or CsA) as main
adjuvants for stem cell transplantation. Tacrolimus is commercially available and is widely used for
transplantation procedures. Its mode of action relies primarily on inhibition of T-lymphocyte proliferation.
Similar to tacrolimus, cyclosporine inhibits T-cell activation. It has been shown that systematic cyclosporine,
as well as tacrolimus administration, significantly reduces T-cell infiltration into allografts, resulting in the
enhanced therapeutic efficacy of transplanted cells in PNI and SCI [80]. Furthermore, it has been shown
that tacrolimus induces SC proliferation, which, in return, triggers axonal regeneration [81]. Sosa et al.
reviewed the neuroprotective effects and functional recovery after PNI and SCI in response to cyclosporine
and tacrolimus, in 2005 [82]. Numerous preclinical studies have investigated the use of tacrolimus and
cyclosporine in an allogeneic stem cell transplantation for treating SCI, as reviewed by Antonios et al. in
2019 [41].

2. Origin and Therapeutic E↵ects of Schwann Cell-Like Cells (SCLC)

2.1. Mesenchymal Stem/Stromal Cells

Human mesenchymal stem/stromal cells (MSCs) are defined by the International Society for
Cellular Therapy by three minimal criteria: (1) adherence to plastic; (2) >95% of cells must be CD105+,
CD73+, or CD90+, as well as <2% CD45+, CD34+, CD14+, CD19+, major histocompatibility complex II
(MHC II) positive; (3) multipotent di↵erentiation potential [83]. MSCs with self-renewal capacity, high
proliferation ability, multilineage potential, and neurotrophic potency hold promise for the clinical
treatment of nerve injuries. For the first time, MSCs were discovered in the bone marrow (BM), which
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is still the most studied MSC source. Later on, MSCs were isolated from the variety of tissues, including
adipose tissue, umbilical cord tissue, Wharton’s-jelly, hair follicles, and skin. Preferably, these cells
should be easily accessible in abundant quantities for clinical applications. Nowadays, next to BM,
the most preferred MSC source is adipose tissue due to their abundance per gram tissue and easy
accessibility [84]. However, umbilical cord tissues, such as cord blood and Wharton’s Jelly, enable
non-invasive isolation procedures, thus making them an attractive source for MSCs (Figure 1). A wide
range of MSCs is currently under clinical trials with a major focus on implantation techniques, safety,
and e�cacy. Even though preclinical studies encourage the use of MSCs for treating human SCI,
the outcome of clinical trials remain controversial, as described by Soria-Zavala et al. in 2020 [85].

2.1.1. Biological/Chemical Induction

Dezawa et al. described the di↵erentiation of rat MSCs into SCLC in vitro for the first time
in 2001 [86]. This original protocol by Dezawa was developed for the di↵erentiation of rat bone
marrow-derived MSC (BM-MSC) into SCLCs. Shortly, sub-confluent MSCs are incubated in alpha-MEM
containing 1 mm beta-mercaptoethanol (BME) for 24 h. BME is a reducing agent and is known to induce
neurite-like processes in MSC culture, previously used to induce neuronal di↵erentiation [87]. Then,
the media is removed, and the cells are washed with phosphate-bu↵ered-saline (PBS), followed by 72 h
of incubation in alpha-MEM media supplemented with 10% FBS and 35 ng/mL all-trans-retinoic acid
(RA). RA regulates the expression of various transcription factors during early neuronal di↵erentiation
and increases the responsiveness to neurotrophins [88]. After a PBS wash, MSCs are transferred
to alpha-MEM supplemented with 10% FBS, 5 µM forskolin (FSK), 10� ng/mL recombinant human
basic-fibroblast growth factor (bFGF), 5 ng/mL recombinant human platelet-derived growth factor-AA
(PDGF-AA), and 200 ng/mL recombinant human heregulin-beta1 (HRG) for 7 days. PDGF-AA, bFGF,
and HRG are neurotrophins involved in the di↵erentiation and proliferation of glial cells (SC). Further,
bFGF and PDGF-AA are potent mitogens for MSCs. In the meantime, HRG is found to induce
neural crest cells selectively into SC [89,90]. FSK increases the level of intracellular cyclic adenosine
monophosphate (cAMP) [91]. Further, the cAMP elevation is known to increase responsiveness to
neurotrophic factors. Thus, the induction process is a result of the potential synergistic e↵ect of
bFGF, PDGF-AA, HRG, and FSK [86,92]. Based on the protocol by Dezawa, several derivatives are
developed over time using MSCs of di↵erent origins. Improved di↵erentiation of MSCs is achieved by
adding the glial growth factor (GGF-2), which is a potent SC mitogen that stimulates peripheral nerve
regeneration and restricts neural crest stem cell (NCSC) di↵erentiation to the glial lineage [93–96].
Further, co-cultures of BM-MSC and adipose-derived MSC (Ad-MSC) in the presence of primary SCs
result in the di↵erentiation and expression of the SC markers—peripheral myelin protein 22 (PMP-22)
and S100—for up to 12 days (Figure 1 and Table 1) [97].

2.1.2. Physical-Electrical Induction

Another approach, which was mainly studied for the di↵erentiation of neural stem cells
(NSC) into neurons, is electrical stimulation for the di↵erentiation of MSCs into SCLCs [98–100].
Electrical stimulation only is successful in inducing MSCs into SCLCs using a flexible, highly conductive
(sheet resistance < 1 kW/sq) inkjet-printed graphene interdigitated electrode circuit. Following electrical
stimulation, the expression of the growth factors, i.e., NGF, GDNF, and BDNF, is up-regulated in
comparison to chemical induction method. Further, electrically-induced MSCs show a high level of
phenotypic markers specific for SC, i.e., p75, S100, and S100�, compared to chemically-induced and
naïve MSCs. The possible mechanism of di↵erentiation by electrical stimulation is assumed to be
associated with altering the cellular membrane potential through hyperpolarization and depolarization,
modifying ion channel density, receptor distribution, and calcium channel activation [101]. Further,
it has been shown that various signaling pathways, i.e., mitogen-activated protein kinase (MAPK),
Phosphoinositide 3-kinases (PI3K), and Rho-associated protein kinase (ROCK) pathways, regulating
MSC’s proliferation and di↵erentiation, are activated in response to electrical fields [102–104].
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Another approach involving biomechanical forces or micro-nano patterned topographical surfaces
has demonstrated the feasibility of controlling the fate of the stem cells. MSC cultured on imprinted
SC topographies results in the direct di↵erentiation into SCLC [105]. On the other hand, combining
a micro-patterned substrate with chemical induction does not improve the di↵erentiation process.
Although the micro-pattern has a significant e↵ect on cell alignment and elongation of the di↵erentiated
cells, the percentage of SCLC is not a↵ected [106]. However, it is predicted that biophysical forces and
mechanotransduction play a fundamental role in instructing the cell fate. It has been demonstrated
that physical cues play an important role in embryonic stem cell (ESC) di↵erentiation in vitro [103].
For example, shear stress is linked with ESC di↵erentiation towards vascular endothelial cells, and the
stretching of MSCs results in the up-regulation of smooth muscle cell markers [107,108]. Thus,
the physical cues and structural features have gained increasing focus in the field, highlighting their
important role in cell di↵erentiation and transplantation (Figure 1 and Table 1) [105,109].
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Figure 1. Mesenchymal stem cell (MSC) of di↵erent origin, current developments in the di↵erentiation
of MSC into Schwann cell-like cells (SCLC) and potential applications of SCLC.

2.1.3. Bone Marrow-Derived MSC

In Vitro Characterization

MSCs were isolated for the first time from BM, and these cells were extensively studied for various
applications, as recently reviewed by Gomez-Salazar et al. in 2020 [110]. As shown for rat BM-MSCs,
human BM-MSCs have the potential to di↵erentiate into the glial lineage and express typical glial
markers like S100B, GFAP, p75, and erbB3. Early morphological changes are observable within 4 to
5 days in the presence of di↵erentiation media supplemented with GGF-2. BM-MSC morphology
changes from flat, fibroblastic phenotype to a bipolar, elongated spindle-shaped, which is an SC’s
characteristic phenotype [111]. Human BM-MSCs-derived SCLCs promote neurite sprouting from
rat dorsal root ganglion (DRG) neurons in vitro [111]. Further, BM-MSCs-derived SCLCs render
the microenvironment more favorable for tissue repair by releasing various growth factors, such as
VEGF-A and hepatocyte growth factor (HGF) (Figure 1 and Table 1) [112].
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Application in the PNS

A crucial function of SCs in PNI regeneration is their ability to remyelinate the regenerating axons.
Even if the axons would reach their target, proper myelination is crucial for normal neuronal function
and conduction speed [109,113]. Therefore, Dezawa et al. transplanted BM-MSCs-derived SCLCs with
a GFP marker within a 15 mm hollow conduit (Amicon, Beverly, MA, USA) using a nerve gap-injury
model. Within 3 weeks, successful nerve regeneration, along with newly formed myelin structures,
is visualized by GFP expressing cells [83]. Significant improvement in functional and behavioral
recovery (gait analysis) is observed after 6 months [114,115]. In another study, transplantation of
10 mm hollow conduits (Amicon, Beverly, MA, USA) seeded with human BM-MSCs-derived SCLCs
and tacrolimus co-treatment results in the recovery of sciatic nerve function, as measured by walking
track analysis in rats within 3 weeks [116].

Application in the CNS

Rat BM-MSCs-derived SCLCs promote locomotor and sensory function when grafted into SCI
through 3 mm atelocollagen honeycomb (Koken Inc., Tokyo, Japan) sca↵old in comparison to cell-free
sca↵olds [117]. Follow up studies have further revealed the improvement in anatomical and functional
features of regenerated spinal cord tissue in response to BM-MSCs and BM-MSCs-derived SCLCs.
However, undi↵erentiated BM-MSCs better support axonal regeneration, while BM-MSCs-derived
SCLCs promote significant remyelination. Therefore, the authors suggest that a combination of SCLCs
and BM-MSCs may become e↵ective in treating SCI [118]. The application of human-MSC-derived
SCLCs in SCI is still lacking. However, it has been shown that human-MSC-derived SCLC supports
axonal outgrowth in an ex-vivo SCI model by secreting HGF and VEGF [112].

Limitations

To overcome the shortfall in terms of phenotypical stability of SCLCs, neuroectodermal progenitors
from human BM-MSCs are selectively expanded and induced into SCLCs via an intermediate
neurosphere. For this, a sphere-forming protocol used for skin precursor cells (SKPs) is adapted
by Dezawa et al. in 2001 to foster the expansion of neuroglial progenitors within the BM-MSCs
population [86,119,120]. Resulting SCLCs promote axonal outgrowth and myelination in vitro.
Implantation into a rat PNI model involving 16 mm long chitosan conduit reveals the formation of
human myelin basic protein (MBP) and compact myelin sheath after 8-weeks. The rats are co-treated
with cyclosporine A [121]. However, BM-MSCs possess important limitations for their clinical transition.
Firstly, the isolation of BM-MSCs is an invasive and painful procedure. Secondly, the ratio of MSCs in
the bone marrow is relatively low (<1/100,000), and lastly, the quantity of bone marrow that can be
harvested from patients is strictly limited [122]. Thus, there is a need for an alternative viable source
of cells.

2.1.4. Adipose Tissue-Derived MSC

In Vitro Characterization

Compared to BM-MSCs, Ad-MSCs are easily accessible from patients in abundant quantities (i.e.,
500 times higher cell count). Further, it has been shown that Ad-MSCs possess rapid proliferation
capacity and immune-privileged [123–125]. Kingham et al., using rat cells, reported the first successful
di↵erentiation of Ad-MSCs into SCLCs. For this, they used the previously established Dezawa’s
protocol with a slight modification of increasing induction time and concentration of FSK and
GGF-2 [126]. Rat Ad-MSCs-derived SCLCs are well studied for their expression of a neuroglial
marker, neurotrophic factors, neurotransmitter, and related receptors. Their potential to promote
axonal regeneration and myelin formation has been demonstrated by several studies in vitro and
in vivo [127–132]. Di↵erentiation of human Ad-MSCs into SCLCs results in the change of morphology
from flat, fibroblast-like structure to elongated, spindle-shape, resembling the primary human SC.



 45 

Cells 2020, 9, 1990 9 of 31

The secretion of GDNF, NGF, BDNF, VEGF-A, and angiopoietin-1 proteins is found to increase in the
di↵erentiated Ad-MSCs in vitro [133,134]. Ad-MSCs-derived SCLCs enhance neurite outgrowth from
DRG neurons in vitro (Figure 1 and Table 1) [133].

Application in the PNS

Self-aligned rat Ad-MSCs-derived SCLCs in a collagen matrix support the axonal regeneration in
a 15 mm rat PNI model. After 8 weeks, a 3.5-fold greater amount of axons is observed in conduits with
SCLC than in cell-free conduits [135]. Further, rats treated with SCLC-seeded fibrin or silicon conduits
following gap-injury exhibit improved nerve regeneration and functional outcome postoperatively at
2 weeks [128], 16 weeks [136], and 6 months [137]. Transplantation of human SCLCs into a rat tibial nerve
crush injury supports the axonal regeneration and enriches the distal nerve with regenerating axons
and MBP-positive myelin structures after 8 weeks of implantation [134]. Tubular fibrin conduit loaded
with human Ad-MSCs-derived SCLCs results in enhanced angiogenesis and early nerve regeneration
within 2 weeks in a rat 10 mm sciatic nerve injury model that is co-treated with cyclosporine A [133].

Application in the CNS

Collagen scaffolds loaded with Ad-MSC-derived SCLCs significantly enhance locomotor and sensory
scores in rats with 3 mm hemisection SCI in comparison to cell-free implants. Further, a comparison
of functional outcomes between BM-MSC-derived SCLCs and Ad-MSC-derived SCLCs reveals no
significant difference, suggesting their comparable therapeutic performance [138]. In a 3 mm deep brain
contusion, it has been shown that Ad-MSC-derived SCLCs improve behavioral performance after 30 days
of implantation [139]. These results prove the ability of Ad-MSC-derived SCLCs to survive and exert
their therapeutic function, i.e., neuronal survival, axonal regeneration, and remyelination within the
microenvironment of CNS injury.

Limitations

Withdrawal of di↵erentiation media from human SCLCs results in the rapid reversal of the SCLCs
phenotype to stem cell-like characteristics [140]. These observations suggest that the di↵erentiation
process is reversible, and the long-term stability of SCLC is subjective to the constant availability
of di↵erentiation factors. GGF-2 is a key axonal-derived factor for SC maintenance In vivo, while
SCs release BDNF and GDNF for neuronal maintenance [26,141]. Stimulation of Ad-MSCs with
di↵erentiation media containing a high concentration of GGF-2 mimics paracrine signaling and
eventually results in BDNF and GDNF expression. However, the increased expression of GDNF
and BDNF and the reduced NT-3 expression in response to GGF-2 stimulation may not indicate true
di↵erentiation. In an attempt to improve the quality of the di↵erentiation process for human Ad-MSCs
(stability and functional characteristics), the protocol by Dezawa et al. is modified and additional
factors, i.e., progesterone (Prog), hydrocortisone, and insulin-transferrin-selenium, are added [142,143].
SCLCs, resulting from the modified protocol, exhibit enhanced performance in vitro and In vivo.
Collagen sponge loaded with human SCLCs is implanted into a 10 mm sciatic nerve gap, and the
outcome analysis reveals the enhanced stability (long-term survival), proliferation, myelination,
and improved motor function within 4 months. Experimental rats are immunosuppressed by
cyclosporine A [143]. However, the heterogeneity of stromal-vascular fraction (SVF)-derived Ad-MSCs
represents the important limitation for their therapeutic e�ciency. For e↵ective clinical applications
and reproducibility, it would be crucial to identify specific subpopulations within the SVF Ad-MSC pool.
Furthermore, it is worth comparing the therapeutic performance of the cells resulting from the following
two di↵erent strategies; 1) High purity Ad-MSC-derived SCLCs and 2) In vivo transdi↵erentiation of
Ad-MSC into SCLCs in response to the localized release of growth factors.
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2.1.5. Umbilical Cord-Derived MSC

MSCs can be isolated from various tissues that are generated during childbirth, i.e., umbilical
cord blood, placenta, perivascular tissue, amniotic fluid, and Wharton’s jelly (tissue surrounding the
umbilical cord vessels). The isolation from these tissues is easier, non-invasive, and economical than
bone marrow aspirate or adipose tissue [144]. Therefore, these tissues represent a potential alternative
to Ad-MSCs and BM-MSCs involving invasive procedures. MSCs from the umbilical cord can be
harvested without risk for either mother or child and cryopreserved [145]. Interestingly, Umbilical
cord derived MSCs (UC-MSCs) are currently subject of dozens of clinical trials for various diseases,
including spinal cord injuries. However, in-vitro UC-MSCs-derived SCLCs are not yet a subject of a
clinical trial. But the usage of naive UC-MSCs shows safety, survival, and integration capabilities in
human patients, as reviewed by Couto et al. in 2019 (Figure 1 and Table 1) [146].

Umbilical Cord Blood-Derived MSC

In Vitro Characterization

Human umbilical cord blood-derived MSCs (UCB-MSCs) di↵erentiation into SCLCs consists of a
two-step process. First, UCB-MSCs are induced into free-floating neurospheres that are positive for
nestin while being negative for GFAP and S100. Further di↵erentiation of neurospheres into SCLCs
is achieved by treating with RA, FSK, bFGF, PDGF-AA, and HRG, as described by Dezewa et al.
Resulting cells do express the SC markers—S100 and GFAP—and support neuronal di↵erentiation and
axonal outgrowth in vitro. However, UCB-MSCs-derived SCLCs begin to revert to a flat morphology
after passage three, indicating the need for the continuous support of the di↵erentiation factors [147].
On the other hand, direct di↵erentiation of UCB-MSCs into SCLCs is achieved by the previously
established protocol by Dezawa et al. For this, pretreatment with BME and bFGF is followed by
RA treatment and di↵erentiation process involving FSK, bFGF, PDGF-BB, NGF, and HRG. Notably,
the composition of the di↵erentiation media is adapted to the new cell origin by including PDGF-BB
in the place of PDGF-AA [148]. In contrast to PDGF-AA, PDGF-BB plays an important role in actin
reorganization [149]. Furthermore, NGF is also added to the media, which is shown to promote neural
precursor cell di↵erentiation into mature neurons and glial cells in vitro [148,150].

In Vivo Application

The biological performance of UCB-MSCs-derived SCLCs still remains to be elusive for treating
PNI or SCI. However, undi↵erentiated UCB-MSC transplantation into a sciatic nerve crush model results
in enhanced BDNF and TrkB expression and improved functional recovery [151]. Transplantation
following a spinal cord contusion injury by weight drop reveals the survival and di↵erentiation of human
UCB-MSCs into neurons, OCs, and astrocytes, resulting in the enhanced functional recovery [152,153].
Therefore, we hypothesize that in vitro di↵erentiated UCB-MSCs may have a beneficial e↵ect on
neuronal survival, axonal regrowth, remyelination, and functional restoration in PNS and CNS.

Limitations

The vast abundance, availability of donors, and reliability of sample collection make UCB-MSCs
be highly promising cell source. However, the clinical applicability of UCB-MSC-derived SCLCs
is limited due to the long two-step di↵erentiation process and lack of studies demonstrating their
therapeutic capacity In vivo. In addition, functional and phenotype stability of transplanted cells are
considered to be crucial for maintaining the safety and e�cacy. Moreover, UCB-MSCs are isolated
from the umbilical cord; therefore, their application as an allograft for many sections of the patients is
obvious, and thus, it is inevitable to follow immune suppression procedure. However, UCB-MSCs are
less mature than other types of adult stem cells, indicating their low-immunogenicity [154].
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Wharton’s-Jelly-Derived MSC

In Vitro Characterization

Human Wharton’s-Jelly-derived MSCs (WJ-MSCs) can be di↵erentiated into SCLCs using the
protocol established by Dezawa et al., with minor modifications. Within eight days, WJ-MSCs change
to an SC-like morphology. From large and flat WJ-MSC morphology, they change to a bi-polar
spindle-shaped morphology and exhibit continuous proliferation, resulting in high density than
undi↵erentiated WJ-MSCs. Resulting WJ-MSC-derived SCLSs express typical SC markers, i.e., GFAP,
p75, S100�, and MBP. Further, these di↵erentiated cells well support the axonal outgrowth in vitro
from DRG neurons (Figure 1 and Table 1) [155].

Application in the PNS

Human WJ-MSC-derived SCLCs are seeded on to hollow fibers (Amicon, Beverly, MA, USA)
and transplanted into an 8 mm PNI rat model that is co-treated with tacrolimus. Interestingly, SCLCs
maintain their phenotype In vivo and contribute to myelin tissue formation around regenerative axons.
Furthermore, the motor function of the animals treated with WJ-MSC-derived SCLCs is found to be
significantly higher than undi↵erentiated WJ-MSCs and comparable to human SCs [156].

Application in the CNS

WJ-MSC-derived SCLCs still remain to be evaluated in animals for treating PNI/SCI. However,
the beneficial e↵ects of undi↵erentiated WJ-MSC transplantation in SCI are demonstrated by several
studies [157,158]. Clinical studies using WJ-MSC transplantation show the positive impact on motor
function, self-care ability, and muscular tension of patients with thoracolumbar SCI grade A [159].
The regenerative e↵ects of WJ-MSCs are mainly associated with their paracrine signals [160]. Within
this context, we hypothesize that WJ-MSC-derived SCLCs with improved neurotrophic potency may
hold the improved capacity for treating SCI lesions.

Limitations

UCB-MSCs and WJ-MSCs are isolated from the umbilical cord, and therefore, a large section of the
patients who failed to bank their umbilical cord depend on the allograft source. International standards
and quality management are required for long-term cell banking of these potential MSCs [161].
However, further evaluation of the WJ-MSC-derived SCLCs for treating PNI and SCI is required in
complete detail.

2.2. Hair Follicle/Skin-Derived Stem Cells

Cellular homeostasis and regeneration of the mammalian epidermis rely on the variety of precursor
cells, which can be found in the epidermis and in the hair follicle epithelium [162]. Hair follicles possess
abundant stem cells with easy accessibility. The hair bulge is a well-characterized niche for adult stem
cells, i.e., epithelial stem cells, melanocyte stem cells, and neural crest stem cells (NCSCs) [163–167].
The mesenchymal compartment of the hair follicle harbors dermal sheath, dermal papilla, and dermal
precursors. These unique populations of epidermal and dermal cells within the hair follicles possess
high di↵erentiation potential (Figure 1 and Table 1).

2.2.1. Neural Crest Stem Cells

In Vitro Characterization

Hair follicle-derived NCSCs (Hf-NCSCs) are of high interest for regenerative medicine, given their
multi-lineage capacity and wider availability [168]. Similar to endogenous SCs, Hf-NCSCs originate
from the embryonic neural crest. Thus, Hf-NCSCs are of great choice for generating SCLCs in vitro.
Hf-NCSCs are readily accessible in the bulge of hair follicles and can be isolated with high purity for
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further expansion [169]. Briefly, hair follicles are dissected, and the bulge sections are placed in adherent
culture. Due to their migratory ability, Hf-NCSCs emigrate from the bulge explants. These migratory
Hf-NCSCs can be expanded and cryopreserved [170]. Di↵erentiation of rat and human Hf-NCSCs
can be achieved in vitro using media supplemented with GGF-2, which is known to suppress neural
di↵erentiation while promoting glial di↵erentiation [96]. Within 4 weeks, human Hf-NCSCs become
S100- and GFAP-positive [168]. Alternatively, a faster di↵erentiation can be achieved when human
Hf-NCSCs are treated with BME and RA, followed by manipulation of the WNT, sonic hedgehog,
and transforming growth factor � (TGF-�) signaling pathways and further exposure to bFGF, PDGF-BB,
FSK, and GGF-2. Within 4 days after induction, Hf-NCSCs change to a more slender and elongated
morphology, representing the characteristic feature of SCs. Further, Hf-NCSC-derived SCLCs show
enhanced expression of SOX10, KROX20, p75, MBP, and S100� and become mature within 2 weeks
of di↵erentiation. Hf-NCSC-derived SCLCs interact with axons and co-localize with myelin in vitro
(Figure 1 and Table 1) [169].

Application in the PNS

Multiple studies have demonstrated enhanced axonal regeneration and functional restoration
when NCSCs are transplanted into the niche of PNI [171–173]. Hf-NCSCs transplanted into a 2 mm PNI
mouse model become GFAP-positive SCLCs and support the axonal regeneration and innervation [174].
Hf-NCSCs also regulate the neuroinflammatory responses, and Stratton et al. in 2017 showed myelin
regeneration by Hf-NCSCs. However, studies demonstrating the e↵ect of Hf-NCSC-derived SCLCs on
PNI are still missing.

Application in the CNS

When transplanted into an SCI mouse model, murine Hf-NCSCs di↵erentiate into
GFAP/CNPase-positive SCLCs, leading to myelin regeneration and improved motor and sensory
function [175–177]. However, In vivo applications of Hf-NCSC-derived SCLCs are still missing.
Given the potential of Hf-NCSCs to di↵erentiate into SCLCs in vitro as well as In vivo, we hypothesize
that Hf-NCSC-derived SCLCs may possess high stability and enhanced neurotrophic potency, leading
to better performance.

Limitations

An extended or prolonged di↵erentiation process involving several weeks and complex procedure
is certainly a major drawback. Further, the lack of In vivo studies showing the therapeutic ability
of Hf-NCSC-derived SCLCs is the main limitation. However, the high regeneration potential of
Hf-NCSCs, as evidenced by enhanced axonal regeneration, myelin, and functional recovery following
PNI and SCI, may circumvent extended time required for in vitro di↵erentiation.

2.2.2. Skin-Derived Precursory Cells

In Vitro Characterization

Similar to Hf-NCSCs, SKPs can be harvested from skin and hair follicles. Resulting SKPs can
be di↵erentiated in vitro into SCLCs [178–181]. Briefly, single-cell suspension of skin tissue will be
achieved by enzymatic, i.e., collagenase digestion, followed by mechanical dissociation and filtration.
These cells are then cultured with epidermal growth factor (EGF) and FGF-2. Within 3–7 days,
the floating spheres of SKPs are formed. Further expansion can be achieved by the dissociation of these
spheres into single cells and by further subculture. SKPs do express the neural marker nestin; however,
they lack the expression of the NCSC markers—p75NTR and PSA-NCAM. Further, it has been shown
that SKPs could reconstitute the dermis and induce hair follicle morphogenesis. Thus, it is clear that
SKPs originate from embryonic mesenchymal precursors [181]. Di↵erentiation of human and rodent
SKPs is achieved by culturing dissociated SKP spheres on poly-D-lysine and laminin-coated plates in



 49 

Cells 2020, 9, 1990 13 of 31

the presence of FSK and HRG. Within 10 days, the cells become bipolar and express the SC markers,
such as S100�, MBP, PMP22, GFAP, and P75NTR. Further, DRG co-cultures reveal the myelination
capability of SKP-derived SCLCs in vitro (Figure 1 and Table 1) [178,182].

Application in the PNS

SKP-derived SCLC transplantation into the distal segment of a crushed sciatic nerve reveals the
association of transplanted cells with regenerating axons and the expression of MBP and PMP22 after
2 weeks. Interestingly, naive SKP transplant shows a similar expression of myelin proteins; however,
expression levels appear to be lower than the SKP-derived SCLCs. Interestingly, a subpopulation of
SKP-derived SCLCs expresses GFAP but not MBP while aligning with axons, suggesting that these
cells may belong to non-myelinating SCLCs [178]. The 12 mm decellularized nerve graft seeded
with SKP-derived SCLCs promotes significant loco-motor function when implanted into a 10 mm
sciatic nerve gap injury. Seventeen weeks post-operatively, SKP-derived SCLCs accelerate functional
regeneration that can be comparable to Sham control groups, as evidenced by the tapered beam task in
contrast to other groups receiving isografts, nerve-derived SC, or media alone. Further, the amount of
axons, action potential amplitudes, and muscle weights are found to be significantly higher for the
animals treated with SKP-derived SCLCs [183].

Application in the CNS

SKPs, when transplanted into the brains of newborn shiverer mice, di↵erentiate into myelinating
cells, presumably a response to axonal-derived factors within the niche of developing brain. The CNS
of shiverer mice is characterized by extensive demyelination. Compact myelin formation is observed
following SKP transplantation, further confirming the myelination potential of in vivo di↵erentiated
SKPs [178,184]. In ex vivo studies, it has been shown that in vitro SKP-derived SCLCs express MBP and
S100� within the cerebellar white matter in cerebellar slice cultures [178]. Immediate injection of rodent
SKP-derived SCLCs into the lesion site of an SCI crush model promotes repair and functional recovery
within 6 weeks. SKP-derived SCLCs implantation results in increased usage of the injury-a↵ected
forelimb, enhanced axonal density in the rubrospinal tract rostral to the lesion, and significant EMG
thresholds that are comparable to uninjured animals. Further, no significant di↵erences between
nerve-derived SCs and SKP-derived SCLCs are found in several measures, such as motor function,
electrophysiological properties, graft survival, neuroprotection, myelination, and integration into
the host parenchyma [185]. Transplantation of SKP-derived SCLCs into a rat chronic SCI model
reflects a more clinically relevant approach than acute injury. Therefore, SKP-derived SCLCs are
transplanted into chronic SCI of rats, i.e., 8 weeks after injury. Subsequent analysis reveals the survival
of transplanted SCLCs for 5 months, their integration into host tissue, neural protection, axonal
regeneration, and myelination. Further, the functional analysis reveals improved locomotion after
8 weeks of SCLCs transplantation [186].

Limitations

Human SKPs display varied gene expression profiles that are subjective to the anatomical region
of cell isolation [187,188]. Such heterogeneity is a potential risk factor for their clinical transition.
Moreover, there are no markers to distinguish purified human SKPs from the rest of the cells originating
from hair follicles [189]. However, by sequential passaging of SKP-derived SCLCs, the purity of
the cells could be raised over 95% [178]. Subsequently, it is crucial to study the utility of human
SKP-derived SCLCs in order to assess their suitability for clinical applications.

2.3. Pluripotent Stem Cells

Pluripotent stem cells, i.e., ESCs, as well as induced pluripotent stem cells (iPSCs), are of great
interest for the generation of SCLCs. iPSCs are highly similar to ESCs in terms of gene signature,
epigenetic status, and di↵erentiation potential [190,191]. Therefore, iPSCs are attractive autologous cells,
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represent a viable alternative to ESCs, which are accessible from the inner cell mass of pre-implantation
blastocysts only [192,193].

2.3.1. In Vitro Characterization

SCLCs generation from pluripotent progenitors generally relies on an intermediate stage called
NCSCs. These NCSCs can be either derived from neural rosettes formed on an MS-5 stromal feeder cell
layer or from non-adherent neurospheres that are induced by PA6 stromal cells [194,195]. ESC-derived
NCSCs can be further di↵erentiated into neural crest derivatives like sensory and sympathetic neurons,
smooth muscle cells, and SCs [196,197]. ESC-derived NCSC di↵erentiation towards SCs can be
achieved by various combinations of factors, such as HRG, BDNF, GNF, NGF, FSK, bFGF, and cAMP.
Further, myelin formation can be induced by ascorbic acid [198]. Human ESC-derived SCLCs wrap and
myelinate rat DRG neurons in vitro [199–201]. ESC di↵erentiation into SCLCs involving an intermediate
step is a time-consuming process, requiring several weeks to months. Direct di↵erentiation, involving
no NCSC stage, can be achieved by inducing ESCs or iPSCs into SC precursors (SCP). First, neural
rosettes from human pluripotent stem cells can be derived by modulating the Glycogen synthase
kinase 3 (GSK-3) and TGF-� pathways using inhibitors in the absence of feeder cells [202,203]. Next,
neuregulin1 (NRG1) induces neural rosettes di↵erentiation towards self-renewing SOX10-positive
SCP, which can be further di↵erentiated into immature SCLCs using NRG1, RA, PDGF-BB, and FSK.
Resulting cells express trophic factors, such as BDNF, GDNF, NGF, and NT-3, and promote axonal
regeneration from rat DRG neurons and deposit the myelin around the axons.

2.3.2. In Vivo Application

ESC-derived SCLCs support the anatomical regeneration and enhanced motor function within
8 weeks after matrigel-assisted transplantation into PNI [204]. Further structural analysis reveals the
co-localization of MBP with S100-positive ESC-derived SCLSs, indicating their myelination potential.
These observations are further strengthened by accelerated sciatic functional recovery assessed by
walking track analysis [204].

2.3.3. Limitations

The therapeutic use of ESCs in clinics is associated with ethical, safety, and regulatory considerations.
Within this context, autologous-derived iPSC holds better chances for the clinical transition than ESCs.
However, iPSC-based applications are limited due to the increased safety risks associated with the genetic
reprograms involving genome-integrating viruses and proto-oncogenes, i.e., c-Myc used for the induction
of pluripotency can lead to genomic instability and tumorigenesis [190,205]. Moreover, teratoma formation
is reported to be another major risk linked to iPSCs’ clinical applications. Low numbers of undifferentiated
ESCs or iPSCs can result in teratoma formation after implantation [30,206]. Thus, there is a need to explore
more effective yet safe strategies for the differentiation of ESC/iPSC into SCLCs.

2.4. Fibroblasts

Recent studies in the field of cellular reprogramming have demonstrated the feasibility of somatic
cell direct conversion into target cell type without passing through a pluripotent intermediate state.
Thus, the resulting cells with complete pre-di↵erentiation would be suitable for transplantation
therapies without being tumorigenic (Figure 1 and Table 1) [207–209].
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2.4.1. In Vitro Characterization

Human fibroblasts can be genetically reprogrammed using lentiviral vectors. Postnatal rat
and human skin fibroblasts can be trans-di↵erentiated into S100/O4-positive induced SCs (iSCs) by
Sox10 and Krox20 reprogramming [203,206]. Prior to transduction, fibroblasts are placed in the
media supplemented with FSK and HRG. The depletion of FSK and HRG in iSCs’ media results in
significant cell death, indicating their beneficial e↵ects for the post-transduction survival of iSCs.
Transcriptional profiling of resulting cells confirms that iSCs are positive for the SC markers, i.e., MBP,
ERBB2, MAG, ERG2, SOX10, myelin protein zero (MPZ), GFAP, and MBP, while being negative for the
oligodendrocyte-specific transcription factors and markers, i.e., Myelin oligodendrocyte glycoprotein
(MOG), Oligodendrocyte transcription factor 1 & 2 (OLIG1, OLIG2), Neuron-glial antigen 2 (NG2),
and NKX2-2. Strong activation and subsequent maintenance of distinct SC factors following transgene
transduction clearly indicate the e↵ective reprogramming. Resulting iSCs show potential for myelin
formation, as demonstrated by DRG neuronal co-culture experiments. In response to bFGF-stimulation,
iSCs exhibit three-fold potency for remyelination, which is closely matching with somatic SCs [210].

2.4.2. In Vivo Characterization

Human iSCs accelerate nerve regeneration and promote motor function within 12 weeks after
gelatin hydrogel-assisted transplantation of iSCs into a 5 mm sciatic nerve gap injury in mice [207].

2.4.3. Limitations

The major drawback of genetically modified cells by lentiviral vectors is a random integration of
the therapeutic genes that can potentially modify the activity of neighboring genes in close proximity
and even inactivates genes completely by integrating into them [211]. Further limitations include
ethical and regulatory constraints associated with genetically modified cells.

3. Conclusions

PNS and, particularly, CNS regeneration is highly challenging. SC transplantation enables
overcoming the hurdles and reversal of the inhibitory microenvironment into a permissive niche.
Due to the significant problems associated with SC harvest and culture, the need for stem cell
therapy has emerged. Within this context, cells with the following traits, i.e., safety, homogeneity,
non-immunogenicity (autologous), wider availability, functional stability, and therapeutic e�cacy,
are of great interest. ESCs, iPSCs, and genetically modified cells will remain controversial and away
from the clinical transition due to ethical, technical, and regulatory constraints. However, the methods
to generate SCLCs using ESCs/iPSCs are of great importance for studying gliogenesis and peripheral
neuropathies. All other cell types, particularly Ad-MSCs, UCB-MSCs, WJ-MSCs, Hf-NCSCs, and SKPs,
hold promise for the clinical transition if provided the possibility of direct and fast di↵erentiation with
long-term functional stability and safety. In the clinical settings, the time window between donor
cell isolation and patient implantation is of great importance. Following neurotmesis, it becomes
absolutely crucial to minimize the time gap for immediate therapy in order to protect the patients from
chronic denervation, secondary damage, and comorbidities. Indeed, delayed treatment often results
in progressive muscle degeneration and function [13,212]. To overcome these problems, a highly
e�cient one-step di↵erentiation without intermediate cell stage and extensive cell sorting would be
highly desirable. In vitro generation of SCLCs allows vigorous characterization of transplantable cells
but requires long-di↵erentiation time. Therefore, the transplantation of progenitor cells, followed
by In vivo di↵erentiation, may become attractive and e↵ective in terms of time. Within this context,
undi↵erentiated MSCs hold better chances for the clinical transition in comparison to the di↵erentiated
cells that are linked with technical and regulatory hurdles. On the other hand, the development of safe
and e↵ective di↵erentiation methods may foster the clinical transition of the di↵erentiated SCLCs with
improved therapeutic e�cacy.
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So far, there are no clinical trials registered using the SCLCs. However, the safety of autologous,
in vitro expanded SC transplantation was demonstrated by the Miami clinical trial project in 2017 [29].
Furthermore, there are several studies reporting the therapeutic benefits of MSCs for SCI and other
neurological diseases. Intravenous infusion of autologous Ad-MSCs exhibits no serious adverse events.
Most importantly, no carcinogenic incidents are reported [60]. In another phase 1 clinical trial, the local
injection of autologous BM-MSCs in patients with chronic SCI results in various improvements of
tactile sensitivity in all patients. Some patients further gain lower limb motor function [213]. However,
in phase 3 clinical trials, the injection of autologous BM-MSCs into chronic SCI only shows improved
neurological outcomes in 2 out of 16 patients [214]. Thus, these results remain controversial and do
not replicate previous pre-clinical studies. Therefore, the extended pre-clinical studies with clinically
relevant models are highly required prior to the clinical studies, and the same is true for SCLCs.

Thus, preclinical studies involving chronic nerve injury models are extremely important in order
to mirror the actual clinical scenario. For instance, studying the ways of rejuvenating the niche of
chronically denervated distal segments. As shown in Table 1, currently, the studies using human
SCLC for treating chronic PNI and SCI are largely missing. Furthermore, the homogeneity of the
di↵erentiated SCLCs and the e�ciency of their reprogramming procedures are crucial for the success
of preclinical and clinical studies.
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Abstract 

Chronic neuroinflammation is prevalent in various neurodegenerative diseases and chronic 

health conditions such as Alzheimer’s Disease (AD) and chronic pain. Neuromodulation therapies 

has been successful in treating neuroinflammation by supressing microglia activity using defined 

stimulation parameters in-vivo. The benefits of neuromodulation are mainly attributed to direct 

effects on neuronal excitability or modulation of neuronal networks followed by indirect effects 

on glia cells only. However, recent developments indicate a direct effect of electric fields on 

microglia activity. During this project an in-vitro neuromodulation device was developed to 

electrically stimulate microglia directly in a controlled cell culture environment. Using this newly 

developed device microglia activity was modulated. Applying alternate current (AC) at 40 Hz 

supressed microglia activity and reduced secretion of pro-inflammatory cytokines. This effect is 

specific to the stimulation protocol and cannot be replicated using direct current (DC) stimulation. 

Based on the demonstrated impact on microglia activity, we expect that the progression of 

neuroinflammation can be supressed by 40 Hz  AC stimulation which brings lasting benefits to 

patients suffering from conditions related to chronic neuroinflammation. Therefore, Bottneuro, a 

Spin-Off company from the University of Basel was founded. Bottneuro focuses on non-invasive 

brain stimulation targeting microglia to reduce their inflammatory activity and supress the release 

of neurotoxic compounds in AD patients. 
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Introduction 

Microglia  

Microglia are the primary immune cells of the CNS. Depending on the anatomical region, 

they account for up to 15% of the cells in the mammalian CNS59,60. The key roles of microglia are 

immune surveillance, pathogen clearance and neuronal and glial maintenance. Different to other 

glia cells in the CNS, namely astrocytes and oligodendrocytes which are derived from the 

neuroectoderm, microglia are tissue-resident macrophages which are derived from the mesoderm 

during embryonic development61. Tissue macrophage haematopoiesis occurs in two waves during 

rodent embryonic development. First, primitive haematopoiesis in the extraembryonic yolk sac as 

first source of hematopoietic progenitor cells before establishing of blood circulation. This 

primitive haematopoiesis provides erythromyeloid precursors (EMP) which seed the developing 

CNS62,63. Second, definitive haematopoiesis where the fetal liver provides the bulk of tissue 

macrophage precursors and hematopoietic stem/progenitor cells which will then give rise to all 

mature blood and immune cells62,64. Microglia arise solely from EMP from the first wave of 

primitive haematopoiesis and is dependent on the transcription factors PU.1, IRF8 and SALL165,66. 

Whereas peripheral monocytes, macrophages and hematopoietic stem cell development is Myb 

dependent65. Adult microglia are long lived cells with a relatively low proliferation capacity under 

homeostatic conditions. However, during neurodegeneration induced by certain CNS insults, 

microglia can self-renew and undergo clonal expansion67,68. Microglia as innate immune cells in the 

CNS play an important role in CNS homeostasis. Distinct phenotypic subpopulations with distinct 

biological functions in response to environmental cues have been defined in in-vitro settings. 

Microglia are classically activated into M1 state in response to Lipopolysaccharide (LPS) and 

Interferon (IFN)-γ exposure. This shift from a quiescent to an activated state leads to the release 

of a wide range of pro-inflammatory mediators such as interleukin (IL)-1β, Tumour Necrosis 

Factors (TNF), IL-6 and reactive oxygen species (ROS) contributing to chronic 

neuroinflammation69. Exposure to interleukin (IL)-4 leads to alternative activation of M2 microglia 

which release cytokines and mediators such as IL-4, IL-13, IL-10 related to resolving inflammation, 

phagocytosis of harmful substances and wound healing70. Traditionally, the M1 pro-inflammatory 

and M2 anti-inflammatory phenotypes are considered extreme activation states of microglia in 

response to environmental cues. Although useful for certain applications, this simplistic M1/M2 

microglia activation model is considered outdated nowadays71–73. Recent transcriptomic analyses 

extend the current M1/M2 model to a spectrum model with at least nine distinct 

macrophage/microglia activation patterns displaying distinct biological functions72. Microglia 
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phagocytosis is described in a three-step model of the initial ‘’find-me’’, the subsequent ‘’eat-me’’ 

and the final ‘’digest-me’’ step74. Damaged and dead cells release chemoattractant molecules which 

act as ‘’find-me’’ signals under physiological conditions. These signals initiate chemotactic motility 

of microglia. Subsequently, an engulfment synapse is formed which internalizes the harmful 

particles and substances. Finally, the engulfed particles are degraded in phagolysosomes, which are 

formed by fusion of lysosomes and phagosomes75. In addition to phagocytosis, proliferation and 

migration, microglia are important for synaptic plasticity, development of neural circuits, immune 

response and vascular development76–81. 

Microglia and Chronic Pain 

Chronic pain is defined by the International Association for the study of pain as persistent 

pain for more than 3 months82. Chronic pain is a major health concern affecting up to 30% of the 

world’s population resulting in a significant economic burden83. Acute pain, often due to acute 

inflammation has a biological relevance, namely to protect wounded tissue, remove harmful 

stimuli, initiate healing process and to restore tissue integrity. In contrast, chronic pain brings no 

biological benefit and results from a biological maladaptation. The persistency of pain, even after 

healing and resolving the initial source of pain indicates that chronic pain results from pathological 

changes of the nervous system functions84. Chronic pain is characterized by spontaneous pain, 

evoked pain sensation as response to noxious (hyperalgesia) and non-noxious (allodynia) stimuli. 

Chronic pain is, at least partially maintained by central sensitization driven by neuroinflammation 

which leads to the described phenomena85. Activity dependent release of glial activators like 

neurotransmitters, chemokines, proteases and WNT ligands by the central terminals of primary 

afferent neurons lead to neuroinflammation. The release of these activators results in microglia 

activation and proliferation which contributes to increased production and secretion of pro-

inflammatory cytokines and chemokines in the dorsal root ganglia86. In addition, microglia are 

involved in synaptic pruning especially of inhibitory synapses which results in an imbalance 

between excitation and inhibition87. Thus, the induction of chronic pain after the initial pain source 

is healed can be explained by microgliosis and its impact on neuroplasticity and synaptogenesis. 

Further, the pro-inflammatory cytokines TNF, IL-1b and IL-6 can modulate both excitatory and 

inhibitory signal transmission which leads to prolonged, even permanent central sensitization and 

chronic pain86,88. The release of IL-1b by activated microglia in the spinal dorsal horn influences 

central sensitization by enhancing glutamate release from the central terminalis of dorsal root 

ganglion neurons. TNF not only modulates neuronal excitability but also binds to its receptor on 

microglia and astrocytes themselves, resulting in a microglial activation loop89,90. The main role of 
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IL-6 is activation of the JAK/STAT pathway on spinal cord microglia. The JAK/STAT pathway 

is essential in development and function of the innate and adaptive immune response and altered 

activation can be found in chronic neuroinflammation. Inhibition of the JAK/STAT pathway 

attenuates both mechanical allodynia and thermal hypersensitivity91,92. Pharmacological 

suppression of microglia activation in the spinal cord was shown to significantly alleviate 

mechanical hypersensitivity93,94. 

Microglia modulation in chronic pain 

Spinal Cord Stimulation (SCS) in chronic pain can reduce or even stop the need for opioid 

medication and is more cost-effective than pharmacological treatments95,96. Spinal cord implants 

enter the epidural space and deliver mild electric currents, causing a hyperpolarization of the 

neurons and therefore masking the pain signal from reaching the brain. The mechanism is based 

on the gate control theory as described by Wall and Melzack in 1965. In brief, it states that 

stimulation of large diameter afferent nerve fibers can inhibit pain transmission of second-order 

neurons through gating at the substantia gelatinosa in the dorsal root ganglion of the spinal cord. 

By this, noxious signal transmission to the thalamus and cerebral cortex is suppressed97. However, 

as previously described, microglia and astrocyte induced neuroinflammation is a key mechanism 

underlying chronic pain85,90,98,99. Interestingly, the analgesic effect of SCS persists over the 

stimulation duration which indicates a different mode of action than masking nociceptive signal 

transmission solely100,101.  An explanation is given by the observed reduction of microglia (CD11b) 

and astrocytes (GFAP) activity marker in the spinal cord and the release of inhibitory 

neurotransmitter (GABA, serotonin, opioids) in the spinal dorsal horn100,102,103. These inhibitory 

neurotransmitters can directly inhibit glia activity via GABAergic, serotonergic and opioidergic 

receptors expressed by microglia and astrocytes104,105. Additionally, excitatory neurotransmitter 

such as glutamate can directly induce microglia activity and trigger the secretion of even more 

excitatory neurotransmitter by microglia which can result in perpetuation of the nociceptive 

response. In this case, inhibitory neurotransmitters reduce microglia activity indirectly by reducing 

neuronal release of excitatory neurotransmitters. The underlying mechanism explaining the lasting 

analgesic effect over the duration of the SCS therapy itself is expected to be a combination of the 

increased inhibitory neurotransmitter secretion leading to reduced microglia activity and the 

subsequent reduced central excitability100. 
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Microglia and Alzheimer’s Disease 

Life expectancy has increased dramatically in industrialized countries, making us more 

vulnerable to many age-related diseases such as AD or Parkinson’s disease. AD is characterized by 

cognitive decline due to two pathological hallmarks. First, the extracellular accumulation of 

amyloid-β (Aβ) forming dense plaques and second, intracellular neurofibrillary tangles composed 

of hyperphosphorylated tau protein bound to microtubuli106. These pathological hallmarks result 

in proliferation and activation of microglia and reactive gliosis which leads to neurotoxicity and 

neuronal loss107,108. Extracellular Aβ is produced by cleavage of the membrane-bound amyloid 

precursor protein in neurons by intracellular α- or β-secretase, and cleavage within the 

transmembrane domain by γ-secretase. Following cleavage, soluble Aβ accumulates in the 

extracellular space and eventually leads to insoluble aggregation and dense core plaques. This 

aggregation is β-secretase dependent. Soluble and insoluble Aβ is potentially cleared by microglia 

via different mechanisms. Soluble Aβ is cleared via macropinocytosis in microglia. Following 

uptake by microglia, soluble Aβ is targeted for intracellular proteolytic degredation109,110. Proteolytic 

degradation is can be enhanced by the lipidation status of ApoE high-density lipoproteins111. It 

was shown that therapeutic enhancement of ApoE production leads to beneficial outcomes in 

AD110. Clearance of insoluble Aβ depends on a microglia surface receptors complex and the 

delivery of insoluble Aβ to lysosomes112. It could be shown that the presence of anti-inflammatory 

cytokines and mediators such as IL-4 leads to moderate microglia activation which have a 

neuroprotective effect by phagocytosis of insoluble Aβ, especially in early stages of AD113,114. In 

early stages of AD, scavenger’s receptor (SR) activation on microglia promotes Aβ clearance and 

hinder disease progression115.  However, microglia phagocytosis of Aβ clearance does not occur 

rapidly enough and therefore leads to extracellular accumulation of Aβ over time116. The persistent 

activation of CD36 receptor, FC receptors, toll-like receptors (TLR) and complement receptors 

advanced glycation end products (RAGE) increase insoluble Aβ production and decreases Aβ 

clearance112,117,118. Microglia envelopment of Aβ plaques and therefore continuing activation stimuli 

induce the secretion of pro-inflammatory cytokines TNF, IL-6, IL-1β which blocks Aβ 

phagocytosis in microglia and leads to chronic neuroinflammation108,119 (Figure 1). Additionally, 

the microglia dependent release of the pro-inflammatory cytokines IL-6, TNF and complement 

protein C1q induces the conversion of quiescent astrocytes into reactive, neurotoxic astrocytes120. 

Further, C1q facilitate synapse and neurons removal by microglia during developmental and 

homeostasis121. Therefore, Aβ-induced upregulation of C1q exacerbate AD pathology by inducing 

synapse elimination and neurodegeneration122. Even though, microglia become less efficient in Aβ 

phagocytosis over time, they maintain contact with the plaques and form a barrier around them123. 
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This barrier limits newly formed soluble Aβ to binding to existing insoluble Aβ and reduces 

damage induced by direct contact of healthy neurites to the plaques124. 

Microglia modulation in AD 

It was shown that induced neuronal activity at 40 Hz, but no other frequencies, leads to a 

reduction of soluble and insoluble Aβ in 5xFAD amyloidosis mice. The observed reduction of Aβ 

was accompanied by morphological adaption of microglia surrounding Aβ plaques. Microglia 

morphology changed upon 40 Hz stimulation into a more phagocytic ameboid phenotype. Co-

localization of microglia and Aβ indicates Aβ phagocytosis. Further it was shown that by induced 

neuronal oscillations at 40 Hz the number and the size of remaining Aβ plaques were reduced. In 

conclusion, gamma rhythm stimulation at 40 Hz can induce a microglia response which attenuates 

AD-associated-pathology125. Follow up studies have shown that by 40 Hz stimulation not only a 

Figure 1: possible mechanism of microglial activation and contribution to AD progression 

Microglia activation due to Aβ deposition and following release of pro-inflammatory 

cytokines. Early-stage microglia activation leads to Aβ clearance via microglia’s SR. 

Persistent microglia activation by insoluble Aβ via FC, CD36, RAGE and Toll-like 

receptors leads to failure of Aβ clearance and Aβ accumulation. Induced 

neuroinflammation, especially IL-6 increases Aβ generation via induction of β-secretase 

(BACE1) synthesis. Therefore, resulting in a feed forward loop of microglia activation, 

neuroinflammation and Aβ deposition, ultimately causing neuronal damage. Figure 

adapted from Wang et al., 2015119. 
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reduction of Aβ can be achieved but also a reduction of hyperphosphorylated tau and a reduction 

in the inflammatory response of microglia. Additionally, a neuroprotective effect of induced 

gamma oscillations was shown as seen by reduced neurodegeneration in a CK-p25 

neurodegenerative mouse model. These pathological improvements were shown to have a 

beneficial impact on cognitive functions, namely on recognition & spatial memory in mice models 

of AD126,127.  

 

A recently published study showed enhanced cognitive functions in patients with mild to 

moderate AD following gamma stimulation. Overall, induced 40 Hz neuronal oscillations were 

well tolerated by all subjects. Patients receiving gamma sensory stimulation showed significantly 

reduced night-time active periods, in contrast to deterioration in sleep quality in sham group 

patients. Patients in the sham group also showed the expected, significant decline in ADCS-ADL 

scores, whereas patients in the gamma sensory stimulation group fully maintained their functional 

abilities over the 6-month period128. Neuronal activity at defined frequencies cannot only be 

induced by sensory stimulation but by transcranial electrical stimulation as well. The firing pattern 

of individual neurons can be affected, specifically timing of spiking activity at defined frequency 

in targeted brain regions can be induced129. Based on that the effect of non-invasive transcranial 

alternating current stimulation at gamma-frequency on memory function and cholinergic 

transmission in mild cognitive impairment due to AD was examined. Following a single 60 min 

session of 40 Hz transcranial AC stimulation (tACS), a significant improvement of memory 

performance was observed in gamma-stimulated but not in sham stimulated subjects. Further, 

Cholinergic transmission, as measured by short latency afferent inhibition has shown a significant 

increase due to gamma-stimulation130. Repeated application of 40 Hz tACS led to a lasting 

improvement of cognitive functions in patients suffering from early-stage AD. The improvement 

in cognitive functions lasted over the course of tACS itself, indicating a modulation of the 

underlying disease pathology131. 
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Aim of the project 

Neuroinflammation is prevalent in various long-lasting diseases such as AD, Parkinson’s 

Disease, amyotrophic lateral sclerosis, stroke, chronic pain, but also in psychiatric disorders like 

schizophrenia, major depressive disorder and obsessive-compulsive disorder132–134. Being able to 

understand, interfere with and alter the progression of neuroinflammation in a controlled manner 

would have great clinical potential. As described in previous sections, neuromodulation therapy 

can have a lasting effect by modulating not only neuronal cells but also glia cells and 

neuroinflammation. However, the mechanism of glia cell modulation by electricity is poorly 

understood. Especially if observed effects are due to indirect glia cell stimulation via paracrine 

signalling of neuronal cells which are known to be electrically active or if the electric field influences 

glia cells behaviour directly. Based on the reviewed literature we hypothesize that microglia activity 

states can be modulated by defined electrical stimulation protocols directly. We expect to be able 

to control neuroinflammation progression and to modulate the phagocytic capacities of microglia.  

 

The project was divided into three aims: 

First aim of the project: The development of a system for in-vitro neuromodulation. To test 

our hypothesis that microglia activity can be directly modulated by defined electrical stimulation 

parameters. Cells are stimulated under standard cell culture conditions without including further 

variables into the experimental design. Therefore, a lid including electrodes for standard 6 well 

plates was designed which can be connected to an external function generator. Cells can be 

cultured as common and the lid can be added for electrical stimulation experiments in a 5% CO2 

incubator at 37°C. The lid is 3D printed and can be sterilized for repeated usage.  

 

Second aim: Using this developed system, we have identified electrical stimulation 

protocols to alter the cytokine secretion pattern of stand-alone microglia. Therefore, microglia 

activation was first induced by external factors to induce microglia M1 polarization as a model for 

harmful microglia activity in-vivo. Following induced activation, the secretion of pro-inflammatory 

cytokines such as TNF and IL-6 were suppressed by defined electrical stimulation parameters. 

Further development of the in-vitro stimulation device and the analysis pipeline will allow us to 

refine electrical stimulation protocols for more targeted and controlled manipulation of the 

microglial phenotype.  
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Third aim: The results of this study will be transferred to clinical application by a Spin-off 

company (Bottneuro AG) from the University of Basel, founded January 2021. By collaborating 

with our industrial partner, Bottneuro AG, this project will be continued to bring sustainable 

benefits to patients. 

 

Bottneuro AG 

Bottneuro AG was founded on January 6th 2021 as a Spin-off company from the University 

of Basel. Build on academic research such as the presented project in this thesis, Bottneuro AG is 

targeting the neuromodulation market. By development of a personalized cap for transcranial 

induction and measurement of brain oscillations the goal of the company is to bring sustainable 

benefits to people suffering from neuroinflammation. Based on results of this thesis, it is expected 

that using tACS microglia activity can be modulated at targeted brain regions. Thus, the 

progression of microglia induced neuroinflammation and following neuronal death in amyloid 

plaque burdened brains can be treated. The company’s founder includes Dr. Bekim Osmani, Dr. 

Tino Töpper as main shareholders and board members and Dr. Bekim Osmani as Chief Executive 

Officer (CEO), Prof. Raphael Guzman as clinical advisor and me, Alois C. Hopf as Chief Scientific 

Officer (CSO). The company successfully terminated their seed round in Q4/2021 to develop the 

required electronics, hard-, software and to progress to clinical trials expected to start in 2023. 

Within 1 year since incorporation, the company grew from an idea to 10 FTE (excl. the founders). 

Bottneuro AG will continue their close collaboration with their academic partners, especially with 

the research group of Prof. Raphael Guzman to examine the mode of action of electrical 

stimulation on glia cells in-vitro and to fully understand the impact of neuromodulation on 

neuroinflammation. 
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Methods & Material 

BV-2 cells culture 

Immortalized murine microglia cells (BV-2 cell line) (Elabscience, Cat. No. EP-CL-0493) 

were used for neuromodulation experiments. BV-2 cells seeding density was 16’666 cells/cm2 

(1x106 cells/100 mm petri dish). BV-2 cells were cultured in DMEM, high glucose, no glutamine 

medium (ThermoFischer Scientific, Cat. No. 11960-044) supplemented with 10% foetal bovine 

serum (FBS) (Gibco, Cat. No. A3160801), 1% penicillin/streptomycin (Gibco, Cat. No. 15140122) 

and a final concentration of 2 mM L-Glutamine (Gibco). Cell cultures were kept in a 5% CO2 

incubator at 37°C. Culture medium was replaced every other day. Once the cells reached 80% 

confluency the culture was divided. Media was aspirated and dish washed using PBS without Ca2+ 

and Mg2+ (PBS-/-) once. Followed by trypsinization with 0.25% Trypsin-EDTA (Gibco), and 

centrifugation for 5 min at 250 rcf. Cells were counted using trypan blue and plated at a density of 

20’000 cell/cm2 for electrical modulation experiments. 

Animals 

Animals used for microglia isolation were C57BL/6 mice, bred and provided by the local 

animal facility, Department of Biomedicine, University Hospital Basel, University of Basel. Mice 

were euthanized by decapitation under the animal license 2652-31062. All sample collection and 

experiments were conducted in accordance to the Swiss Federal Veterinary Office guidelines and 

were approved by the Cantonal Veterinary Office (Canton of Basel-Stadt, Switzerland).  

Primary murine microglia isolation and culture 

Primary brain derived murine microglia were used to confirm findings with BV-2 cells. 

First, mixed glia cells were isolated from C57BL/6 mice P3 according to a published protocol for 

rat mixed glia isolation and adapted to mice neonates135. In brief, mice pups were decapitated using 

sterile scissors. All solutions and dissection equipment were kept on ice. All dissection equipment 

such as scissors, forceps and scalpels were sterilized by autoclaving. Between animals, dissecting 

equipment was rinsed in 70% Ethanol and washed in PBS(-/-).  Heads were collected in a 50 mL 

tube containing 70% Ethanol for 10 sec and transferred in a 50 mL tube containing culture media. 

As culture media for primary murine microglia DMEM/F12 (Gibco, Cat. No. 31330-038) 

supplemented with 10% FBS and 200 U/ml penicillin, 200 μg/ml streptomycin was used. The 

brains were carefully removed from the skull. Meninges were removed under a Stereo dissecting 

microscope (Carl Zeiss Microscopy GmbH, Germany). For meninges removal brain were cut in 
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half and the brain halves were placed in 5 mL culture media. All the following steps were 

performed in the cell culture laboratories under sterile conditions in the cell culture hood. The 

brains were centrifuged for 5 min @ 300rcf. The supernatant was aspirated. 1 mL of fresh culture 

media was added and the brain halves were homogenized by pipetting up and down for 15 times 

using a p1000 micropipette. The resulting cell suspension was strained through a 100 μm cell 

strainer in a 50 mL tube to remove debris and large clumps. The strainer was rinsed by additional 

9 mL of culture media to collect the remaining cells. Cells were counted using Trypan blue and 

seeded at a density of 62’500 cells/cm2. The cells suspension was transferred to a T75 flask and 

incubated for 20days in a 5% CO2 incubator @ 37°C. Culture media was changed every 4 days. 

Microglia were isolated from mixed glia culture via mild trypsinization136. In brief, culture media 

from mixed glia culture was aspirated and cells were washed with 10 mL serum free culture media. 

Following that, the mixed glia culture was exposed to 0.25 % Trypsin-EDTA in serum free culture 

media. Within 30-40 min the upper layer of cells detached whereas a thin layer of cells remained 

attached to the bottom of the wells. The upper cell layer was aspirated and adherent cells were 

rinsed with culture media to remove remaining trypsin-EDTA. Cells (microglia) were collected 

using a cell scraper, counted using trypan blue and seeded at a density of 29’000 cells/cm2 for in-

vitro neuromodulation experiments. 

Experimental setup 

To mimic the pro-inflammatory microglia phenotype in-vitro, cells were exposed to 

ultrapure LPS from Escherichia coli (List labs, Lot No. 4219A1). LPS titration was performed 

10ng/mL-1000ng/mL for 24 h to find optimal LPS concentration for strong induction of pro-

inflammatory cytokine release without reaching a plateau-effect. For in-vitro neuromodulation 

experiments cells were simultaneously exposed to 100ng/mL LPS and electrical current. Control 

groups included no LPS with electrical current, no electrical current with 100ng/mL LPS and 

neither electrical current nor LPS stimulation. Two electrical stimulation protocols were tested. 

First protocol used DC Stimulation, 1 V for one hour followed by one hour no electrical 

stimulation for a total of 24 h. Second protocol used 40 Hz AC stimulation, 2 V (bi-directional) 

for 24 h continuously. After cell stimulation by electrical current and LPS, cell culture media was 

aspirated and fresh media added, 6h later culture media was collected and further analysed. At the 

time of media collection, the cells were counted using Trypan blue. 
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3D printed electrical stimulation device 

The device for electrical stimulation of cell was built in-house by the medical technology 

facility from the university hospital Basel, and is referred to as Electrical stimulation (ES) device. 

The design is based on a validated and published electrical chamber and was adjusted for our 

needs137. The ES device consists out of a 3D printed Lid which fits 6 well dishes (VWR, Cat. No. 

734-0019), commonly used in the laboratory and platinum electrodes. The printing material was 

Acrylonitrile Butadiene Styrene (ABS). ABS is an abrasion and strain-resistant thermoplastic with 

high chemical resistance. Due to its physical properties, ABS is used in a wide range of medical 

technologies from respiratory devices to miniature implants138. The lid has 6 pairs of platinum 

electrode 1 mm in diameter incorporated for stimulating each well separately. Platinum is 

biologically inert and commonly used for medical implant. The electrodes are placed in a parallel 

circuit including a switch to turn off 3 out of 6 electrodes (Figure 2). For stimulation experiments 

the ES device is connected to a function generator (Arbitrary Function Generator AFG3021C, 

Tektronix). The ES device is heat and humidity-resistant, and can be used in a CO2 incubator at 

37°C. For repeated use, the ES device was cleaned and sterilized between experiments. In brief, 

the ES device was rinsed with autoclaved ddH20, followed by 24 h in autoclaved ddH20 for protein 

dissolvement. Next, the ES device was submerged in 70% ethanol for 24 h followed by 24 h in 

autoclaved ddH20. Finally, the ES device was placed under UV light for 24 h. All washing and 

sterilization steps were performed under sterile conditions in the cell culture hood.  

Cytokine analysis 

The concentration of pro-inflammatory cytokines in the cell culture medium after the LPS 

titration experiment was determined using the V-PLEX Proinflammatory Panel 1 Kit (Mesoscale, 

Cat. No. K15048D-2) according to manufacturer’s protocol. The following cytokines were 

quantified: IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, KC/GRO and TNF. The 

cytokine concentrations were normalized to the number of cells.  

 

Following electrical stimulation experiments, concentrations of the pro-inflammatory 

cytokines TNF, IL-6 and IL-1α were determined using a colorimetric enzyme-linked 

immunosorbent assay (ELISA) developed in the laboratory. In brief, 96-well microplates were 

coated with 50µL/well of capture antibody in PBS(-/-) (4µg/mL anti-TNF (Cat. No. 506102, 

BioLegend), 1 µg/mL anti-IL-6 (Cat. No. 504506, BioLegend), 3µg/mL anti-IL-1α (Cat. No. 

503206, BioLegend). After initial shaking at 600rpm for 5 min, it was incubated overnight at room 

temperature. The next day, plates were washed 3 times with 150µL/well wash buffer (50 mM Tris, 
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60 mM NaCl, 0.1% Tween-20). After that, capture antibodies were blocked for 1 h at room 

temperature with 150µL/well blocking buffer (50 mM Tris, 60 mM NaCl, 0.1% Tween-20, 5% 

BSA). Samples were diluted in assay buffer at a 1:2 (IL-6 & IL-1α) or 1:100 (TNF) dilution. The 

recombinant proteins were prepared in assay buffer (range between 125 to 1.95pg/mL for 

recombinant TNF (Cat. No. 575209, BioLegend), 1000 to 7.81 pg/mL for recombinant IL-6 (Cat. 

No. 575709, BioLegend), 100 to 0.78 pg/mL for recombinant IL-1α (Cat. No. 580309, 

BioLegend). A total of 50µL of diluted samples and standards was added per well. Assay buffer 

consisted of 50 mM Tris, 60 mM NaCl, 0.1% Tween-20, 0.5% BSA. Standards and samples were 

incubated for 2h at room temperature on a rotational shaker at 600rpm. After 3 washes, 50µL/well 

biotinylated antibodies were added and incubated for 2h at room temperature at 600rpm. 

2cm

2,5cm

Platinum electrodes

standard 6-well dish

function 
generator

Figure 3:  Electrical Stimulation (ES) device design 

Electrical circuit diagram. Six platinum electrode pairs in a parallel circuit with a switch to 

connect/disconnect 3 electrode pairs. Electrodes connected to a function generator to 

control stimulation parameters. Acrylonitrile Butadiene Styrene (ABS) used for 3D 

printing the device. Manual incorporation of the platinum electrodes. The ES device fits 

standard 6 well plates (VWR, Cat. No. 734-0019). If the lid is on the plate, the electrodes 

touch the bottom of each well. For experiments the ES device is placed in a humidified 

CO2 incubator @ 37°C and connected to a function generator outside the incubator. 
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Concentrations of detection antibodies were 0.25µg/mL biotin anti-TNF (Cat. No. 516003, 

BioLegend), 0.5µg/mL biotin anti-IL-6 (Cat. No. 504602, BioLegend) and 0.05µg/mL biotin anti-

IL-1α (Cat. No. 512504, BioLegend). After 3 washes, 50 µl/well of 10ng/mL Streptavidin-Horse 

Radish Peroxidase in assay buffer (Cat. No. 21126, Pierce) was added and incubated for 1 h at 

room temperature in the dark. After 5 washes, 50µL/well 3,3′,5,5′-Tetramethylbenzidin (TMB 1-

Step Ultra) (Cat. No. 34028, Pierce) was added for 30 min at 450rpm protected from light 

exposure. The color reaction was stopped with 50µL/well 2N Hydrochloric acid (HCL). 

Absorbance was read on an ELISA microplate reader (SynergyH1 Hybrid Reader, BioTek) at 

450nm and 570nm for background subtraction. Data were analyzed using the Gen5 Software 

(Gen5, version 3.05, BioTek). 
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Results 

LPS dose-dependent release of cytokines 

To mimic a pro-inflammatory phenotype in-vitro, immortalized murine microglia, BV-2 

cells were exposed to various concentrations of LPS (0, 10ng/mL, 100ng/mL or 1000ng/mL) for 

24 hours. The release of pro-inflammatory cytokines in response to LPS was dose-dependent, 

thereby confirming the suitability of LPS activated BV-2 cells as a model of neuroinflammation. 

The production of most pro-inflammatory cytokines was significantly increased in response to 

100ng/ml LPS, and reached a plateau in response to 1000ng/ml LPS. The secretion of the anti-

inflammatory cytokine IL-4 was significantly reduced upon exposure to 10ng/mL LPS, and 

remained low with higher concentrations of LPS (100ng/mL, 1000ng/mL). Low (10ng/mL) and 

intermediate (100ng/mL) concentrations of LPS had no significant impact on cell number and 

viability. Nevertheless, a high concentration of LPS (1000ng/mL) significantly reduced the number 

and viability of BV-2 cells (Figure 4). Thus, BV-2 cells were challenged with 100ng/ml LPS in 

subsequent experiments. 

 
Figure 4: Lipopolysaccharide (LPS) titration and analysis of cytokine secretion, cell viability and cell 
number. 
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BV-2 cells were challenged with 0ng/mL, 10ng/mL, 100ng/mL, 1000ng/mL of LPS for 

24 h. Cytokine concentration in the cell culture medium was determined by ELISA, 

normalized to the number of live cells and expressed in pg/million cells. Cell viability and 

cell count was assessed by trypan blue staining using an automated cell counter. For 

statistical analysis ordinary one-way ANOVA was performed. For multiple comparison 

Dunnett’s multiple comparisons test was performed. Adjusted p-value: ns: p>0.05; *=: 

p<0.05; ** p<0.01; ***=: p<0.001; ****=: p<0.0001.  

Direct current stimulation reduces cell proliferation 

The impact of DC stimulation on quiescent BV-2 cells and activated BV-2 cells by 

100ng/mL LPS was analysed. Cells were seeded in 6-well dishes and exposed to 100ng/mL LPS 

for 24 h. For proliferation analysis cell were stimulated for 52h with 100ng/mL LPS and 1 V DC 

for 1 h every second hour for a total of 24 h or 52h respectively. To minimize variability due to 

different proliferation rates and resulting cell numbers, exposure time to 1 V DC and LPS was 

reduced to 24 h for cytokine analysis. Cell numbers were determined and normalized to initial cell 

number at beginning of the stimulation (0h). 1 V DC stimulation for 1 h every second hour alone 

negatively impacted BV-2 cell proliferation individually over 52h. The exposure of BV-2 cells to 

100ng/mL LPS also negatively impacted cell proliferation. Combining 1 V DCS with 100ng/mL 

LPS treatment further reduced proliferation rate. After 24 h, 1 V DC stimulation led to a significant 

reduction in cell proliferation whereas LPS had no significant impact on proliferation rate (no 

DC/no LPS: 3.82 ± 0.18, no DC/LPS: 3.35 ± 0.21, DC/ no LPS: 3.0 ± 0.07, DC/LPS: 2.91 ± 

0.39). After 52h, LPS and/or DC stimulation induced a significant reduction in cell proliferation 

rates (no DC/no LPS: 11.23 ± 0.52, no DC/LPS: 8.75 ± 1.08, DC/ no LPS: 6.36 ± 1.07, DC/LPS: 

4.20 ± 0.88) (Figure 5, B). 100ng/mL LPS expectedly induced an elevation in IL-6 secretion by 

BV-2 cells. 1 V DC stimulation, either alone or in combination with 100ng/mL LPS had no impact 

on IL-6 secretion (Figure 5, C).   
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 Figure 5: 1 V DC stimulation of BV-2 cells does not impact LPS-stimulated secretion of IL-6 

A) In-vitro neuromodulation of BV-2 cells. BV-2 microglial cells are seeded in a 6-well dish. 

After cell attachment, the cells are exposed to 100 ng/mL LPS and 1 V DC for 1 h on 1 h 

off. B) Cells were stimulated for a total of 52 h. Start of stimulation at 0h. Cell numbers 

were counted under brightfield microscope. Proliferation rate defined as cell number at 

time x divided by cell number at time 0 h C) Concentration of IL-6 (pg per million cells) 

in the culture medium at 24 h after DC alone or in combination with LPS. Data points 

from three independent experiments performed in triplicates are shown. For statistical 

analysis ordinary one-way ANOVA was performed. For multiple comparisons, Dunnett’s 

test was performed. Adjusted p-value: ns: p>0.05; *=: p<0.05; ** p<0.01; ***=: p<0.001; 

****=: p<0.0001  

40 Hz Alternate current stimulation supresses BV-2 cell activity 

The impact of AC stimulation on quiescent BV-2 cells and LPS-activated BV-2 cells was 

tested. Cells were seeded in 6-well dishes and exposed to 100 ng/mL LPS for 24 h. During the 

time of LPS stimulation, the cells were continuously stimulated by AC, oscillating from -2 V to 2 

V with a 40 Hz frequency (rectangular waveform) (Figure 6, A). In addition to IL-6, TNF and Il-

1𝛼 were also quantified in the culture medium. LPS activation of BV-2 cells stimulated the 

secretion of these three pro-inflammatory cytokines. The application of 40 Hz AC alone in BV-2 

cells did not induce the release of any of these cytokines. Nevertheless, LPS induced secretion of 

cytokines was significantly suppressed following 40 Hz AC stimulation. IL-6 concentration in 

supernatant of LPS activated BV-2 was reduced to 13.0 % ± 3.3% following 40 Hz AC stimulation. 

(332 pg/mio cells ±95 pg/mio cells under LPS only condition and 43 pg/mio cells ± 11 pg/mio 

cells under LPS and 40 Hz AC condition). TNF concentration in supernatant of LPS activated 

BV-2 cells was reduced to 63.9% ± 11.1% following 40 Hz AC stimulation. (252 pg/mio cells ± 
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71 pg/mio cells under LPS only condition and 161 pg/mio cells ± 28 pg/mio cells  under LPS 

and 40 Hz AC condition). 40 Hz AC stimulation did not show a significant impact on cytokine 

secretion of non-LPS treated BV-2 cells. No effect of 40 Hz AC stimulation on Il-1𝛼 secretion 

was observed (Figure 6, B). 

 

LPS and AC stimualtion of BV-2 cells does not impact cellular attachement to the well. 

Morphological appearance indicate overall survilability of BV-2 cells following LPS and AC 

stimulation. Following LPS stimulation BV-2 cells become more ameboid, regardless of additonal 

AC stimulation (Figure 6, C). 

40 Hz Alternate current stimulation suppresses primary murine microglia activity 

To eliminate artifacts given by the immortalized cell line, stimulation experiments were 

reproduced using primary murine microglia. Comparable effects of LPS and 40 Hz AC stimulation 

can be seen in primary murine microglia. IL-6 concentration in supernatant of LPS activated 

primary murine microglia was reduced to 10.4% ± 1.3% following 40 Hz AC stimulation. (845 

pg/mio cells ± 61 pg/mio cells under LPS only condition and 88 pg/mio cells ± 11 pg/mio cells 

under LPS and 40 Hz AC condition). TNF concentration in supernatant of LPS activated primary 

murine microglia was reduced to 42.1% ± 5.7% following 40 Hz AC stimulation. (38 pg/mio cells 

± 1 pg/mio cells under LPS only condition and 16 pg/mio cells ± 2 pg/mio cells under LPS and 

40 Hz AC condition). 40 Hz AC stimulation did not show a significant impact on cytokine 

secretion of non LPS treated primary murine microglia. No effect of 40 Hz AC stimulation on Il-

1𝛼 secretion was observed (Figure 6, B).  
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Figure 6: 40 Hz AC inhibits LPS-induced secretion of IL-6 and TNF by microglia 

A) In-vitro neuromodulation of microglia cells. Microglial cells are seeded in a 6-well dish. 

After cell attachment, the cells are exposed to 100ng/mL LPS and A) for 24 h. Following 

stimulation, the secretion of pro-inflammatory cytokines is analyzed by an enzyme-linked 

immunosorbent assay (ELISA). The applied AC had a rectangular waveform with 40 Hz 

frequency and an Amplitude of 4 V (+2 V/-2 V). B) Cytokine concentration (pg per 

million cells) in secretome of BV-2 cells (top) or of primary microglia (bottom). For 

statistical analysis ordinary one-way ANOVA was performed. For multiple comparisons, 

Dunnett’s test was performed. Adjusted p-value: ns: p>0.05; *=: p<0.05; ** p<0.01; ***=: 

p<0.001; ****=: p<0.0001. C) Brightfield images of BV-2 following different stimulation 

protocols. Scale: 100µm. 

Applied current depends on frequency and applied voltage 

A frequency of 40 Hz and a set Voltage of 2 V results in a current of 3.27 mA applied to 

the cells. The root mean square (rms) value of the current [𝐼rms] in an AC electrical system depends 

on the Impedance (resistance and reactance) [𝑍] and the applied rms voltage [V]rms according to 

Ohm’s law ([𝐼rms] = [𝑍] * [V]rms). V = 2 V set on the function generator corresponds to Vrms = 1.41 

V (Vrms = 2 V/√2). The impedance and the rms of the applied voltage were measured at increasing 

frequencies at a predefined Voltage of 2 V (Vrms = 1.41 V). At 40 Hz the total measured impedance 
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was 121 Ω across 3 wells. Therefore, the impedance per well was 363 Ω (in parallel circuit with 

same resistance per resistor: [𝑍]resistor = [𝑍]total x # of resistors). The measured rms Voltage at 40 Hz 

was 1.18 V instead of 1.41 V as calculated. According to Ohm’s law, measured that applied Vrms = 

1.18 and 𝑍 = 363 Ω, this results in an applied current of 𝐼rms = 3.27 mA per well. With an increase 

in frequency the impedance gets reduced which results in higher current per well with fixed applied 

voltage (Figure 7).  

 
Figure 7: Applied Current and Impedance depends on frequency at set Voltage of 2 V 

Impedance (𝑍) measurements at Voltage set to a peak value of 2 V. Current (𝐼rms) calculated 

according to Ohm’s law for AC circuit ([𝐼rms] = [𝑍] * [V]rms) 
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Discussion  

Development of a new electrical stimulation device  

The presented ES device developed in this project allows easy handling, sterilization, 

minimal evaporation and simple parallelization, ensuring high reproducibility of electrical 

stimulation experiments. Nowadays, the most common method to deliver electric current is to use 

an electrotactic chamber. For this, salt bridges are submerged in culture medium to avoid direct 

contact of the cells and the metallic electrodes. This separation prevents the release of 

electrochemical byproducts and a following pH change in the cell culture media. However, these 

setups come with significant limitations. First, the time for each experiment is limited. 

Temperature, calcium levels and pH level are stable for 30-60 min media only139. Extended 

stimulation durations lead to diffusion of salt and temperature from the bridge reservoirs to the 

media and vice versa resulting in uncontrollable culture conditions. Platinum is a noble metal and 

provides therefore high oxidative resistance. By using platinum electrodes in our design, the 

potential cytotoxic release of electrochemical byproducts can be avoided. This allows us to 

electrically stimulate the cells over extended time periods without pH adjustments. Using culture 

media containing phenol red, no pH change due to electrical stimulation was observed. 

 

Second, the experimental setup using electrotactic chambers in petri-dishes makes 

parallelization difficult and is challenging to maintain sterile. Using our ES device, we can stimulate 

six individual wells simultaneously and adding additional ES devices doesn’t complicate the 

experimental setup. For our experiments we used two ES devices simultaneously which allows us 

to stimulated 12 wells at once. This allowed us to run each of the 4 conditions in triplicates which 

reduces technical variability. Sterility during the experiments was easily provided and no bacterial 

or fungal contamination was detected. Repeated use of the ES device requires sterilization between 

experiments. However, ABS plastic is not autoclavable. Therefore, another sterilization method 

was required. Submerging the ES device in ddH20 for protein dissolvement, followed by 70% 

Ethanol and exposure to UV light irradiation under laminar flow resulted in bacterial and fungal 

decontamination. Even though biological contamination was not detected, LPS negative samples 

have shown signs of activation by secreting pro-inflammatory factors in primary experiments. We 

conclude that this results from chemical contamination, namely from LPS contamination from 

previous experiments. LPS is known to have strong resistance e.g. requiring dry-heat sterilization 

at 250°C for 30 min or a UV fluence up to 500 mJ/cm2 from a medium-pressure UV lamp in the 

wavelength range from 200 to 400 nm140,141. Due to this strong resistance we have to assume that 
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endotoxins were not completely removed between experiments and at least partially remained on 

the electrodes. To make this effect neglectable, new ES device were produced and ES devices were 

kept separated from each other and designated to the use with LPS or the use without LPS. By 

designating the ES device to the use with or without LPS the unwanted induction of pro-

inflammatory cytokine secretion in non LPS treated conditions was circumvented.  

 

Last, the use of platinum electrodes resembles the clinical settings more closely. In clinical 

settings electric current is applied via metallic electrodes such as in patch electrodes for EEG, 

ECG or non-invasive brain stimulation or in implantable metallic electrodes as used in cardiac 

pacemakers, spinal cord implants or deep brain stimulation rather than via salt bridges.  

LPS-stimulated production of pro-inflammatory cytokines as an in vitro model of 
neuroinflammation 

A LPS concentration of 100ng/mL for 24 h was chosen to reliably induce cytokine 

secretion while maximizing the effect of additional factors on cytokine secretion. We determined 

that 100ng/mL LPS induced a robust secretion of pro-inflammatory cytokines without inducing 

significant cell death of BV-2 cells. LPS activated BV-2 cells are commonly used as a model for 

neuroinflammation142. However, used LPS concentrations and exposure time varies greatly 

between publications from 10ng/mL for 30 min up to 30µg/mL for 24 h, a factor of 144’000143–

147. Therefore, finding the right concentration for an intermediate induction of pro-inflammatory 

cytokine release required the titration experiments. Our results are consistent with previous studies 

which have shown a strong dose dependency of the cytokine release over a broad range of LPS 

concentrations and exposure times143,144.  

Biphasic stimulation of glia cells has a neuroprotective effect 

Our result indicate that neuromodulation therapies have a neuroprotective effect. 

Application of biphasic stimulation led to suppressed microglia activation by LPS. Monophasic 

stimulation did not have an effect. To reveal the direct impact of electrical stimulation on microglia 

cells and to exclude secondary effects of neuronal stimulation and subsequent paracrine signalling, 

we stimulated stand-alone microglia. LPS induced microglia activation can be suppressed by 40 

Hz AC stimulation. Reduced concentrations of the pro-inflammatory cytokines TNF and IL-6 

after 40 Hz AC stimulation in LPS activated microglia suggest the anti-inflammatory effect of 40 

Hz AC stimulation. Commonly, the beneficial impact of neuromodulation is attributed to direct 

effects on neuronal excitability or modulation of neuronal networks followed by indirect effects 

on glia cells only. However, recent developments indicate direct impact of electrical stimulation 
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on glia cells148–151. Previous in-vivo work indicates suppression of microglia activity due to electrical 

stimulation. 2 Hz and 10 Hz electric stimulation of the ischemic rat cortex resulted in lower infarct 

volume and reduced activation and proliferation of microglia152. Additionally, 100 Hz electro 

acupuncture stimulation inhibited TNF and IL-1b mRNA upregulation in the ventral midbrains 

of medial-forebrain-bundle-axotomy activated microglia153. Further, a lasting attenuation of 

neuropathic pain due to suppression of microglia activation was observed following 6h of 4 Hz 

and 60 Hz spinal cord stimulation in a sciatic nerve injury rat model154. All these results indicate 

the suppression of microglia activation in the CNS by electrical stimulation. However, they cannot 

exclude the possibility that microglia activation is modulated by other environmental modifications 

induced by electrical stimulation. One previous study observed a direct effect of electrical 

stimulation on primary microglia activated by exposure to conditioned media of light damaged 

cone-derived cell line. A decrease in the number of ameboid microglia and a downregulation of 

TNF and IL-1b secretion was observed following 20 Hz biphasic electrical stimulation for 1 h 

with 1.6 mA155. Comparing our findings to those previous published results we can confirm the 

direct anti-inflammatory effect of AC stimulation on microglia. Interestingly this anti-

inflammatory effect is limited to AC stimulation. This is consistent with previous findings, where 

no influence of DC stimulation on secretion of neuroinflammatory markers was seen156.  

 

Studies in mice models of AD found that optogenetic and multisensory induced neuronal 

oscillations at 40 Hz but no other frequency lead to a reduction of Ab and p-tau deposition125,126. 

Pre-symptomatic stimulation further had a neuroprotective effect and prevented subsequent 

neurodegeneration and decline of cognitive functions127,157. Microglia phenotype was altered into a 

more ameboid morphology and a co-localization with Ab was observed, indicating induced 

phagocytosis125,126. The neuroprotective effect is consistent with previous findings and can be 

explained by suppression of neurotoxic cytokine release such as TNF. TNF does not only has a 

neurotoxic effect but also reduces the level of insulin degrading enzyme, a key protease for Ab 

degradation and induces BACE1 synthesis and following Ab production in cortical neurons158,159. 

This may explain reduced Ab burden due to the modulation of microglia activity into a less 

inflammatory and neurotoxic phenotype. Even though microglia underwent morphological 

transformation into a more ameboid, phagocytic phenotype, transcriptomic analysis revealed 

reduced inflammatory markers. This strengthens the point that the classical definitions of M1/M2 

microglia does not account for the microglia phenotype heterogenicity. 
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Oscillating transmembrane potential may mimic healthy brain state 

Changes of the ionic homeostasis (Na+, Ca2+, K+, H+, Cl−) are closely associated with 

microglial activation, cytokine secretion, reactive oxygen species release and cell migration and 

proliferation160. Pro-inflammatory microglia activation by LPS starts with cell surface receptor and 

ligand-gated ion channel activation, resulting in membrane depolarization. Microglial purinergic 

P2X4 receptor expression is enhanced by exposure to LPS in-vitro, but also following PNI in spinal 

microglia and in AD patients161–163. P2X4 receptors are nonselective cationic-channels that open 

upon binding to ATP, released by damaged neuronal tissue and results in Ca2+  and Na+ influx, and 

K+ efflux and subsequent  depolarization164.  Microglia activation leads to persistent elevated 

intracellular Ca2+ concentration165. An increase in intracellular Ca2+ is usually linked to 

morphological changes, migration, proliferation and induced cytokine secretion of microglia165,166. 

As recently demonstrated, microglia express a variety of ion channels, including voltage gated 

potassium, calcium, sodium and proton channels160. Interestingly, an upregulation of various 

voltage ion channels is observed in pro-inflammatory microglia activation160,167–169. Upregulation of 

voltage gated ion channels makes activated microglia more susceptible to electrical potential 

differences between the intracellular and the extracellular environment as induced by electrical 

stimulation. This could explain the findings in this study in which cytokine secretion of LPS 

activated microglia were effectively modulated whereas no effect on cytokine secretion of non-

LPS treated microglia was observed.  

 

Activation of voltage gated ion channels depends on the difference between the 

intracellular potential with respect to the extracellular space. This is commonly induced by current 

flow through ligand-gated ion channels that open in response to the corresponding ligands which 

results in changing intracellular ion concentrations. In electrical stimulation experiments, electrons 

are brought into the system which results in a reduced net charge of the extracellular environment 

and altered transmembrane potential. Transiently de- or hyper- polarizing the cell results in 

voltage-gated ion channels activation170. The change of the extracellular potential during AC 

stimulation depends on the applied frequency. Whereas during DC stimulation, the extracellular 

potential remains constant. Changing the extracellular potential from +2 V to -2 V repeatedly 

during 40 Hz AC stimulation the transmembrane potential fluctuates, resulting in continuous 

cellular de- and hyperpolarization. However, during DC stimulation, the extracellular potential 

remains constant and the transmembrane potential is regulated by ion in- and efflux across the 

membrane only. However, applying high voltages above physiological levels potentially results in 

continuous cellular hyperpolarization. Interestingly, under pathological conditions sustained 
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hyperpolarization is linked to chronically activated microglia169,171. As described, DC stimulation 

potentially result in constant cellular hyperpolarization and therefore in continuous secretion of 

the pro-inflammatory cytokines as detected in this study. Transient hyperpolarization at the 

opposite, is linked to cellular process extension and an anti-inflammatory microglial 

phenotype166,171. The externally induced transient de- and hyperpolarization potentially explains the 

suppressed pro-inflammatory cytokine release in LPS-activated microglia. Additionally, the 

demonstration of suppressed microglia activity by AC stimulation but not by DC stimulation 

suggest that an oscillating electric field may provide microglia with signals of a healthy brain. 

Indeed, it has been suggested that healthy neuronal activity suppress microglia activation and a 

lack of active suppression results in inducing microglial activity172,173. This theory of oscillating de- 

and hyperpolarization induced by AC stimulation and continuous hyperpolarization due to DC 

stimulation could be tested by calcium imaging. Repeated de- and hyperpolarization would result 

in oscillating calcium concentration in the cells detectable via calcium imaging. Continuous 

hyperpolarization on the other hand would result in constant, non-fluctuating calcium signals. This 

theory of oscillating de- and hyperpolarization based on the frequency of the AC current could be 

further tested by applying pulsed DC stimulation at the same frequency. As the theory depends on 

the changing extracellular net charge rather than the direction of the current flow, the same results 

of pulsed DC and AC stimulation are expected.  Revealing the involved signaling pathways would 

require transcriptomic analysis as performed in a study researching the effect of electroconvulsive 

therapy on microglia activity. Microglia response to immune challenges such as LPS was 

suppressed by electrical stimulation whereas no effect on resting microglia was detected. 

Transcriptomic analysis revealed activation of the retinoic acid receptor α response pathway which 

modulated microglial response to immune stimulations173. However, our presented study did not 

target the mechanism of microglia activation and suppression and conclusions have to be taken 

carefully. Transcriptomic analysis would allow us to identify involved signaling pathways. Even 

though functionally similar, BV-2 cells as mainly used in this study, have shown to have a distinct 

gene expression profile upon LPS stimulation compared to primary murine microglia174. Therefore, 

signaling pathway analysis should be conducted using primary microglia instead of microglial cell 

lines.   

 

Microglia are the major immune cells of the CNS with the distinct role of immune 

surveillance, therefore, making them especially sensitive to changes in their microenvironment. 

Regardless of the isolation protocol, microglia are likely to be activated during isolation to a certain 

extent175. This hinders definitive conclusions about suppression of microglia activity in-vitro as non-
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LPS treated cells cannot be considered quiescent as in the healthy brain, nevertheless they were 

used as control group.  

Relevance of in-vitro results for future neuromodulation strategies 

The maximum applied current in our study was 3.27 mA for 24 h. For clinical application, 

the maximal applied current and time is limited. In general, stimulation is limited to a duration of 

30 min and a current intensity of 2 mA, the advisable safety threshold for human studies176,177. 

However, a phase  I clinical safety study has shown safe and tolerable application of 4 mA DC 

stimulation in a single 30 min session in stroke patients178. This leads to the conclusion that the 

maximum applied current in this study would be tolerated in human subjects.  Another study has 

shown that transcranial applied AC stimulation is safe and tolerable if the maximum injected 

current was below 4 mA in total and below 2 mA per electrode131. We exceed stimulation duration 

for a single session drastically in this study and are on the upper limit with the applied current. 

However, we can conclude that microglia are directly responsive to electrical stimulation and that 

their activation phenotype can be modulated using defined sets of electrical stimulation 

parameters. Our study helps to understand the direct impact of neuromodulation therapies on 

microglia activation and subsequent neuroinflammation. However, for precise targeting and 

modulation of microglia activity, further studies using repeated stimulation session and potentially 

lower currents are required. 
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Conclusion/Outlook 

While planning neuromodulation interventions, the effects on various cell types should be 

considered. First, the altered excitability of neurons by activation of voltage gated channels 

resulting in a rise of membrane potential and depolarization and overall neuronal synchronization. 

Second, as we have shown this study, microglia activation can be directly modulated by certain 

stimulation protocols. Therefore, the influence on microglia activity and potential other glia cells 

should be considered while planning neuromodulation therapies. Based on the discussed data and 

previous published clinical studies showing lasting effects of neuromodulation therapies, we 

conclude that the modulation of microglia activity and the suppression of the inflammatory 

response is responsible for the benefits brought to patients exceeding the course of the stimulation 

itself.  

 

The presented research in this project will be continued with different academic and 

industrial partners and will be published in peer-reviewed journals. To consider direct microglia 

modulation for clinical application in a safe and patient tolerable way, an extended set of 

stimulation parameters have to be analyzed for targeted microglia modulation in the boundaries 

of clinical safety. Collaborating with the Department of Biomedical Engineering from the 

University of Basel for the development of a high throughput electrical stimulation device will 

helps to fulfill this goal. Being able to test more stimulation parameters in parallel and to streamline 

the analysis will further reduce costs and save time. In-vitro development of stimulation protocols, 

within the boundaries of clinical safety, allows to identify beneficial neuromodulation protocols 

which can be directly tested and validated in clinical studies. This will be achieved by close 

collaboration with Bottneuro as implementation partner of transcranial applied electrical 

stimulation which conducts clinical trials and brings direct benefits to the patients.   
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