
 

 

 

Modulation of myelin phagocytosis by means of anti-
inflammatory treatment as a therapy of spinal injury
Citation for published version (APA):

Wu, S. (2021). Modulation of myelin phagocytosis by means of anti-inflammatory treatment as a therapy
of spinal injury. [Doctoral Thesis, Maastricht University]. Maastricht University.
https://doi.org/10.26481/dis.20210909sw

Document status and date:
Published: 01/01/2021

DOI:
10.26481/dis.20210909sw

Document Version:
Publisher's PDF, also known as Version of record

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 22 May. 2023

https://doi.org/10.26481/dis.20210909sw
https://doi.org/10.26481/dis.20210909sw
https://cris.maastrichtuniversity.nl/en/publications/07f4ed90-2b70-44ad-b51b-6139eef0fbfa


Modulation of myelin phagocytosis by 

means of anti-inflammatory treatment 

as a therapy of spinal cord injury 

Siyu Wu 

武思宇 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Siyu Wu, 2021 

Thesis, Maastricht University, Maastricht, the Netherlands 

Layout:   Siyu Wu 

Cover design:  Shuxian Hu 

Printed by:  ProefschriftMaken 

ISBN:   978-94-6423-448-0 

 
All rights are reserved. For articles published, the copyright has been transferred to the respective 

publisher. No parts of this thesis may be reproduced, stored in a retrieval system or transmitted in any 

form or by any means, without prior permission from the author.



 

Modulation of myelin phagocytosis by 

means of anti-inflammatory treatment 

as a therapy of spinal cord injury 

 
 

 

DISSERTATION 

 

To obtain the degree of Doctor at Maastricht University, 

on the authority of the Rector Magnificus Prof.dr. Rianne M. Letschert 

in accordance with the decision of the Board of Deans, 

to be defended in public on Thursday 9th of September 2021 at 10.00 hours  

 

 

 

 

 

   

by 

 

 

Siyu Wu 

武思宇 

 

 

born on 29 October 1992 

in Shijiazhuang, China 

 



 

Supervisors  

Prof. dr. B.W.W. Kramer 

Co-supervisor 

    Dr. J. Mey 

Assessment Committee 

Prof. dr. D. van den Hove  (Chairman); 

 

Prof. dr. P. McCaffery, University of Aberdeen, UK; 

 

Prof. dr. J. Prickaerts 

 

Dr. G. Kenis 

 

Dr. C. Fernandez Martos, National Hospital of Paraplegics, Spain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The research described in this thesis was conducted at the School for Mental Health and Neuroscience 

of Maastricht University, Hospital Nacional de Parapléjicos in Toledo, Spain. The work in this thesis 

was financially supported by China Scholarship Council (CSC, File No. 201606300031).



 

Contents 

 

CHAPTER I: ............................................................................................................................ - 7 - 

INTRODUCTION .............................................................................................. - 7 - 

CHAPTER II: ......................................................................................................................... - 29 - 

RETINOIC ACID INCREASES PHAGOCYTOSIS OF MYELIN BY 

MACROPHAGES ............................................................................................ - 29 - 

CHAPTER III: ........................................................................................................................ - 69 - 

TAUROLITHOCHOLIC ACID BUT NOT TAUROURSODEOXYCHOLIC ACID 

RESCUES PHAGOCYTOSIS ACTIVITY OF BONE MARROW-DERIVED 

MACROPHAGES UNDER INFLAMMATORY STRESS ............................. - 69 - 

CHAPTER IV: .................................................................................................................... - 101 - 

TREATMENT OF RATS WITH SPINAL CORD INJURY USING HUMAN 

BONE MARROW-DERIVED STROMAL CELLS PREPARED BY NEGATIVE 

SELECTION................................................................................................... - 101 - 

CHAPTER V:...................................................................................................................... - 149 - 

TAUROURSODEOXYCHOLIC ACID MPROVES EARLY FUNCTIONAL 

RECOVERY OF RATS WITH SPINAL CORD INJURY BUT DOES NOT 

IMPROVE EFFECTS OF TRANSPLANTED BONE MARROW-DERIVED 

STROMAL CELLS ........................................................................................ - 149 - 

CHAPTER VI: .................................................................................................................... - 187 - 

GENERAL DISCUSSION............................................................................. - 187 - 

IMPACT ............................................................................................................................. - 197 - 

SUMMARY ........................................................................................................................ - 201 - 

SAMENVATTING ............................................................................................................. - 205 - 

CURRICULUM VITAE ...................................................................................................... - 209 - 

PUBLICATIONS ................................................................................................................ - 211 - 

ACKNOWLEDGEMENT .................................................................................................. - 213 - 

 

 

 

 



 

 

 



 

Chapter I:  

INTRODUCTION 

 

 

INTRODUCTION 

 

 

 

 

  



Chapter I: Introduction 

- 8 - 

 

 

  



Chapter I: Introduction 

- 9 - 

 

INTRODUCTION 
 

1.1 Spinal cord injury as a clinical problem 

Spinal cord injury (SCI) is a serious disabling medical condition, which can 

reduce the quality of life and constitute a financial burden for the individual patient 

and the society as a whole. In SCI, cellular degeneration and the disruption of 

connections between the brain and the body cause paralysis and the loss of sensory 

and autonomic functions. 

1.1.1 Consequences of SCI 

The spinal cord is the main connection for information traveling between brain 

and peripheral nerves. Sensibility, autonomous control and motor control are the three 

major functions of the spinal cord. Following SCI, destructive mechanisms have grave 

consequences of these functions (O'Shea et al., 2017). 

Worldwide, the incidence of SCI ranges from 13 to 163 per million people per year, 

depending on the country (Kang et al., 2017). Over two thirds are due to trauma, and 

of these motor vehicle accidents constitute around 40% of new SCI cases each year. 

Falls, sports and violence are the secondary cause of SCI (Bennett et al., 2020). One in 

third SCI are non-traumatic, which is usually caused by diseases such as spinal stenosis, 

tumors and vascular ischemia. 

According to the time course and mechanisms involved, one can distinguish 

between primary and secondary degeneration following the initial injury. The primary 

degeneration results directly from the initial trauma. It consists of a local, segmental-

limited compression or laceration of the spinal cord as a result of vertebral fracture 

dislocation of the spine. The destruction of neural tissue (mainly axons) and blood 

vessels are also the consequences of the primary injury. The secondary degeneration 

comprises a series of biochemical and immunological alteration phenomena that starts 
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within minutes after SCI and continue for weeks or months. It involves a series of 

events including ischemia, edema, thrombosis, inflammatory response, free radicals 

(FR) production, lipid peroxidation (LP), and the activation of autoimmune responses 

resulting in apoptosis (Fig1).  

 

Figure 1. Pathophysiology of spinal cord injury (SCI). (A) The diagram shows the 

pathophysiological events occurring around the lesion site during the acute to subacute phase of 

SCI. The primary and secondary injury mechanisms lead to inflammation, hemorrhage, apoptosis, 

and necrosis. Resident neurons, oligodendrocytes, and astrocytes near the lesion are forced into 

apoptosis or necrosis, resulting in anterograde (Wallerian degeneration) and retrograde (axonal 

dieback) axonal degeneration. Reactive astrocytes and other glial cells secrete chondroitin sulfate 

proteoglycans (CSPGs), which acts as a physical and chemical barrier that impedes endogenous 

tissue repair processes such as axonal sprouting and synaptic reorganization. (B) The diagram 

shows the pathophysiological events in the chronic phase of SCI. In the epicenter of the lesion, a 

cavitation has occurred that is surrounded by connective scar tissues and contains cerebrospinal 

fluid (CSF). The phenotype of reactive astrocytes has changed into scar-forming astrocytes that 

impede regenerating axons from crossing the lesion. Some inflammatory immune cells remain 

around the lesion even in the chronic phase of SCI (Katoh et al., 2019). 
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The secondary injury could make a subdivision into 4 phases: the acute phase (first 

24 hrs), the subacute phase (24-72 hrs), the late phase (3-90 days) and finally the 

chronic phase (>3 months) (Kwon et al., 2004). SCI triggers autodestructive 

mechanisms which persist in all 4 phases of degeneration. The first observation is 

edema, which is a consequence of ionic deregulation and blood brain barrier rupture. 

Edema leads to the compression of adjacent tissue in the lesion site and contributes to 

a massive rise of  the intracellular Ca2+ concentration (Falavigna et al., 2018; Oyinbo, 

2011). Excess of Ca2+ triggers the release of glutamate and activation of proteases and 

phospholipases, which is related to glutamate excitotoxicity. The increase of pro-

inflammatory molecules and reactive oxygen species (ROS) is partly caused by 

intracellular Ca2+. 

The inflammation response as the main pathogenesis event runs through the four 

phases of SCI. During the acute phase, microglia at the lesion site is activated and 

releases pro-inflammatory cytokines e.g., tumor necrosis factor α (TNFα) and 

interleukin-1 (IL-1) responding to the tissue destruction (Yan et al., 2001). The 

inflammatory response during the subacute phase is dominated by infiltration of 

peripheral inflammatory cells. Neutrophils are recruited to the injury site by the pro-

inflammatory cytokines released in the acute phase. Neutrophils and, subsequently, 

peripheral macrophages phagocytose the tissue debris when they reach the lesion site. 

Later, resident microglia cells differentiate into macrophages. Activated macrophages 

instead of neutrophils as the main force to phagocytose necrotic and apoptotic debris 

(Gensel and Zhang, 2015). The activity of macrophages prevails during the first week 

post-injury (Gensel and Zhang, 2015). The degeneration of axons caused myelin debris 

accumulate in the lesion site. Myelin clearance is also executed by macrophages and 

microglia. The chronic phase is a steady, with a sustained inflammatory response. 

Inflammatory cell composition and phenotype alter according to the stage of 

inflammation and the signals existing in the injury microenvironment.  
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1.1.2 Treatment strategies 

Spinal cord injury is a devastating condition of the central nervous system (CNS). 

Unlike the peripheral nerve system, the CNS axon cannot spontaneously regenerate. 

Thus, there is no cure for SCI and only limited therapeutic options. Since the primary 

damage occurs at the time of the injury, little can be done to prevent it. However, the 

secondary degenerative mechanisms gradually result in a long-term inflammatory state, 

which is mainly responsible for extensive cell death. This offers more chances for 

medical intervention to alleviate the pathological consequences during these phases.   

As mentioned, inflammatory responses are a major component of secondary injury 

and contribute to neurodestructive processes. Therefore, anti-inflammatory treatments 

represent the largest segment of therapeutic approaches of SCI. 

In the acute phase, treatments are limited to give patients high-dose corticosteroids 

which can reduce inflammation, to surgical stabilization and decompression to reduce 

further damage. In the subacute and the chronic phases, symptomatic relief and 

physiotherapy are the main focus. Neuroprotective and neurodegenerative strategies are 

chosen for these phases, such as preservation and regeneration of damaged neural tissue, 

neutralization of toxic mediators and increasing tissue resistance to toxicity (Faden and 

Stoica, 2007). Pharmacological treatment, cell replacement, biomaterials 

transplantation and combinatorial therapies intend the reconstruction of neural circuits, 

tissue reconstruction and functional recovery. Whereas, simply achieving axon 

regeneration is not enough for meaningful functional recovery. Unfortunately, 

achieving axonal regeneration is not sufficient because physiological synaptic 

reconnection is a prerequisite of meaningful functional recovery, which is difficult to 

obtain. Special attention is paid to rehabilitation exercises which promote spontaneous 

regeneration and plasticity. In recent promising approaches, functional electrical 

stimulation, exercise training, and brain–computer interfaces are combined (Cho et al., 

2019).  
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Pharmacotherapy Since the 1980s, different preclinical and clinical studies about 

neuroprotective treatments have been conducted. Diverse drugs have different effects 

depending of the therapeutic objective and focus solely on specific type of damage. 

Immunosuppressant is one kind of pharmacological agents used in SCI treatment, such 

as glucocorticoid, steroid acid and retinoic acid. 

In the 1980s and 1990s the application of a high dose of methylprednisolone (MP) 

within the first hour after the injury, became a standard intervention (Bracken et al., 

1998; Falavigna et al., 2018). However, subsequent clinical experience showed that it 

is often ineffective and causes severe side effects such as a higher incidence of sepsis, 

gastrointestinal hemorrhage or pulmonary embolism (Bracken, 2002; Hugenholtz et al., 

2002). 

Bile acids are steroid acids found predominantly in the bile of mammals and have 

long been used in traditional Chinese medicine (Feng et al., 2009; Grant and DeMorrow, 

2020). Bile acids are very interesting therapeutic tools because they cross the BBB, and 

they are used for the chronic treatment of primary biliary cirrhosis, with no side effect 

attached (Romero-Ramírez et al., 2017). Bile acids have anti-inflammatory effects in a 

mouse model of acute neuroinflammation by suppressing NF-kB signaling pathway 

(Yanguas‐Casás et al., 2017). One specific bile acid, tauroursodeoxycholic acid 

(TUDCA), which is found in the bile of bears, reduced cellular apoptosis in rodent 

models of SCI (Dong et al., 2020; Miao et al., 2018; Zhang et al., 2018). 

Cellular therapy In the past decades, new surgical procedures, pharmacological 

treatments, and functional neuromuscular stimulation methods have been evolved, but 

they provide poor functional outcomes after SCI (Bracken, 2002). Limiting the 

secondary injury remains the primary goal. Cellular therapy provides a means of 

restoring the cells lost to the injury and could potentially promote functional recovery 

after such injuries. Tissue replacement strategies, especially the use of stem cells, have 

become an important tool and have recently entered the clinic as a possible therapeutic 

application (Bretzner et al., 2011). Stem cells appear to be a potential therapeutic for 

SCI due to their two capacities:1) They might differentiate into neuronal cells to replace 
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the lost cell populations of glia and neurons. This is the intended mechanism of 

treatments with neural stem cells, glial progenitor cells and iPSCs. 2) Stem cells release 

anti-inflammatory and neurotrophic factors to create a beneficial microenvironment. 

This appears to be a prevailing mechanism with hematopoietic and mesenchymal stem 

cells from various sources. 

Mesenchymal stromal cells (MSC) also known as mesenchymal stem cells are 

non-neuronal stem cells. The main rationale for MSC consists in modulating the 

inflammatory response (de Munter et al., 2019). Compared with neuronal stem cells, 

MSC are easily harvested and can be isolated from different types of tissues (including 

bone marrow, umbilical cord, adipose tissue, and placenta). MSC carry a lower 

tumorigenic risk. They do not rise ethical concern that the use of embryonic stem cells 

has. Bone marrow-derived stromal cells (bmSC) can differentiate towards into 

osteoblasts, chondroblasts, adipocytes, fibroblasts, and various typologies of neurons 

and glial cells. In preclinical studies, mesenchymal stromal cells are were shown to 

counteract some symptoms in neurodegenerative diseases (Lo Furno et al., 2018). 

bmSC show a very promising anti-inflammatory effect on the cellular environment. 

They release several growth factors including GDNF and neurotrophins, and produce 

bioactive exosomes thereby giving immunomodulatory and trophic support (Novikova 

et al., 2011). The same beneficial results are not observed when identified trophic 

factors are delivered directly without the use of cell implantation. Part of this may be 

explained by the inability to penetrate the blood spinal cord barrier. Injected proteins 

and peptides are also degraded quickly. Cellular therapy, via exosomes and paracrine 

release, is considered a more efficient method compared with directly delivery to reduce 

neuroinflammation and support regeneration (Urdzíková et al., 2014).  

Bone marrow-derived stromal cells are one of the most widely use transplant 

martials in SCI preclinical and clinical trials. There are two main modes of bmSC 

transplantation, depending on whether pre-differentiation in vitro is or is not 

used.  The former induces bmSC to differentiate into neural cells in vitro before 

implantation (Naghdi et al., 2009; Ye et al., 2018). The other approach is transplant 
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bmSC directly into the body, which is used in the majority of preclinical and clinical 

studies. However, since in human clinical trials, bmSC are frequently not available in 

sufficient quantities, bmSC are expanded in vitro for 7-14 days before transplantation 

(Hakim et al., 2019; Jeon et al., 2010; Park et al., 2012).  

Although stem cells have plenty of advantages as a therapeutic strategy, they still 

have several limitations. The major problems of stem cell transplantation are the 

potential risk for tumors and unforeseen alteration in phenotype. Another limitation is 

the risk of possible immune reactions. The third one is the low survival rates of the 

grafted cells after transplantation. The expansion of bmSC in vitro has the disadvantage 

that the stem cells lose their anti-inflammatory properties with time, and that the risk of 

tumor formation increases. Based on this reasoning we are using a standardized 

preparation of fresh human bmSC, without expanding them by cultivation. 

Biomaterial approaches The aforementioned obstacles for cell-based transplantation 

therapy are attempt to be overcome by combined with biomaterials. In the lesion site, 

biomaterials can fill the lesion cavities, support physical matrix, deliver curative drugs 

and provide adsorption sites for transplanted or host cells (Atala, 2000; Cao et al., 2011; 

Luo et al., 2016; Madigan et al., 2009; Ogle, 2016).  

Rehabilitation exercise SCI is a long-term neurological condition and the chronic 

damage consists for years. Rehabilitation exercise is necessary and needed throughout 

the whole treatment cascade. In the acute and subacute phase, the first aim of 

rehabilitation is preventing secondary complications. To resolve contractures, muscle 

atrophy and pain, intensive passive exercises are done. In the chronic period, the most 

important goals of rehabilitation are recovery of independent physical mobility and the 

resumption of social activities. Exercise training increases neuronal activity to 

strengthen the reorganization of neural pathways (Takeoka et al., 2014). Electrical 

stimulation promotes the recovery of function via regulating the excitability of the 

spinal circuit, restoring muscle strength and quality and inducing the plasticity of nerve 

(Arpin et al., 2019; James et al., 2018). 
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Combinatorial therapy Despite half a century of intensive research of SCI no disease 

modifying cure has been found that results in effective functional recovery. Most data 

suggest that no single therapy will be sufficient to overcome all the biological 

complications caused by SCI. I consider that a combinatorial approach of cell 

transplantation and pharmacological therapy supplemented with rehabilitation 

exercises are most promising for SCI in the near future.  

1.2 Anti-inflammatory treatment and improving myelin 

clearance as possible strategies 

Myelin is a multilayer membrane substance, which in CNS is formed by 

oligodendrocytes. Besides its axons protective function, the main purpose of myelin is 

to accelerate action potential conduction velocity. Myelin and axons are often 

vulnerable to traumatic injury or disease, resulting in myelin breakdown and 

accumulation, which in turn can be an obstacle for axon regeneration (Kotter et al., 

2006b). In the process of remyelination, oligodendrocyte progenitor cells (OPC) are 

activated and differentiate into mature oligodendrocytes to sustain remyelination. 

Plenty of myelin debris removal is critical to eliminate inhibitory signals interfering 

with the remyelination process (Franklin, 2017). 

1.2.1 Detrimental effects of myelin breakdown after SCI 

Following SCI, myelin debris constitutes an obstacle for functional regeneration. 

Three main reasons may account for this: inflammation, inhibition of axon regeneration, 

and inhibition of oligodendrocyte differentiation. 

1) Myelin exacerbates the inflammatory response of microglia and macrophages 

(Kopper and Gensel, 2018). As we know, Macrophages have been classified into two 

main groups designated M1 and M2. M2 macrophages produce anti-inflammatory 

factors and have a reduced capacity to produce pro-inflammatory molecules, thereby 

contributing to wound healing and tissue remodeling. Myelin debris accumulates in the 
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lesion site, leading macrophages to change from M2 towards a M1 phenotype (Wang 

et al., 2015). Myelin debris triggers cholesterol efflux through ATP‐binding cassette 

transporter A1 (ABCA1) as a response to myelin overloading in vitro. At the center of 

the SCI lesion site the phagocytosis response of macrophages is overwhelmed, leading 

to form the foamy macrophages and lipid plaques (Wang et al., 2015). Ingested myelin 

becomes concentrated in phagocytes, persists there for weeks and contributes to a 

chronic inflammatory state of the tissue (Greenhalgh and David, 2014). This activation 

of the innate immune system is largely responsible for the secondary cellular 

degeneration (Zhou et al., 2019), which causes most of the damage after SCI.  

2) One theory to explain the failure of axonal regeneration in the mammalian CNS 

is based on the observation that CNS myelin inhibits axonal growth. Myelin-associated 

glycoprotein (MAG) is the first myelin-associated CNS growth inhibitory protein 

(McKerracher et al., 1994; Schnell and Schwab, 1990). It was a surprising finding at 

the time because MAG was a promoted neurite outgrowth protein for peripheral nerves 

(Johnson et al., 1989). The developmental switch in growth responsiveness to myelin-

MAG is regulated by the endogenous levels of cyclic AMP and downstream PKA 

activity (Cai et al., 2001). The inhibitory signaling mechanisms are triggered by myelin 

proteins Nogo-A (Chen et al., 2000). In Nogo knockout mice, delays in oligodendrocyte 

differentiation, myelin sheath formation and axonal caliber growth within the first 

postnatal month are observed (Pernet et al., 2008). There is another inhibitor of neurite 

outgrowth called oligodendrocyte myelin glycoprotein (OMG), which is a 

glycosylphosphatidylinositol (GPI)-anchored CNS myelin protein. OMG prevents 

collateral sprouting in oligodendroglial-like cells and determines the distance between 

the nodes of Ranvier (Huang et al., 2005). The evidence indicates that these three 

inhibitory molecules mediate their effects via a common receptor complex consisting 

of the Nogo-66 receptor (NgR), the p75 neurotrophic receptor, and LINGO-1 (Barker, 

2004). 

3) Myelin arrests the differentiation but not the recruitment of OPC in the lesion 

site (Kotter et al., 2006a). The inhibition of OPC’s maturation is characterized by the 
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decreased expression of immature and mature oligodendrocytes markers, the impaired 

production of myelin gene products. On the other hand, myelin promote the expression 

of inhibitor of differentiation family (ID) members 2 and 4, which are known as prevent 

OPC differentiation ad maturation transcription factors (Plemel et al., 2013). In the 

course of its degradation, biochemical alterations of myelin may cause additional 

autoimmune pathology and demyelination (Caprariello et al., 2018). Therefore, myelin 

removal is an aspirational anti-inflammatory treatment for SCI. 

1.2.3 Cells responsible for myelin clearance 

A successful recovery process after CNS lesions depends therefore on the 

clearance of myelin (Battisti et al., 1995; Grajchen et al., 2018; Neumann et al., 2009). 

After SCI the endocytosis of myelin proceeds very slowly, such that myelin-associated 

proteins persist in degenerating fiber tracts for many weeks (Becerra et al., 1995; Buss 

et al., 2005). This is accomplished by phagocytosis. The phagocytes in the CNS have 

activated microglia and, if the blood brain barrier is disrupted, hematogenous 

macrophages (Brück et al., 1995; Church et al., 2017). In the CNS microglia are the 

earliest cell type engaged in phagocytosis. Hematogenous macrophages are not 

significantly recruited to the injury site until one week after SCI, and microglia are 

generally absent from the lesion epicenter (Guo et al., 2016; Wang et al., 2015). The 

phagocytic capacity of microglia is limited compared to blood-borne macrophages. 

However, the capacity of blood-borne macrophages to phagocytose myelin can be 

altered by environmental mediators. Astrocytes are observed as phagocytes in myelin 

clearance in multiple sclerosis, not be the case for SCI (Ponath et al., 2017). This lack 

of myelin clearance may be related to a deficiency in the lysosomal breakdown, as 

macrophages ingest excessive amounts of cholesterol which is released from disrupted 

myelin. In multiple sclerosis, a deficient degradation of lipids causes macrophages to 

adopt an inflammatory phenotype (Grajchen et al., 2018; Grajchen et al., 2020). Thus, 

it is clinically important to modulate the uptake and breakdown of myelin by 

phagocytes without triggering a pro-inflammatory response.       
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1.2.4 The use of anti-inflammatory drugs to improve myelin clearance 

The key mechanisms of myelin clearance are related nuclear receptors. Nuclear 

receptors are ligand activated transcription factors that control many physiological 

functions including recognition, internalization and digestion of molecular and cellular 

targets by phagocytes. In the context of phagocytosis of apoptotic cells, the peroxisome 

proliferator activated receptors (PPARs), liver X receptor (LXR), retinoic acid receptor 

(RAR), retinoid X receptor (RXR) and glucocorticoid receptor (GR) have been studied 

most (Röszer, 2017).  

The RXR are ligand activated transcription factors that form heterodimeric 

partners with other nuclear receptor families, including the LXR, PPAR and RAR 

families (Caprariello et al., 2018; Liu et al., 1999; Mey, 2017; Mukundan et al., 2009; 

Rőszer et al., 2011). The phagocytosis of apoptotic cell bodies by macrophages and 

microglia is regulated by nuclear receptors of the PPAR/RXR, LXR/RXR and 

RAR/RXR families. Their activation can increase the expression of phagocytosis 

receptors on the cell surface (Röszer, 2017). Retinoic acid receptors (RAR) consist of 

RARα, RARβ and RARγ, all of which are endogenously activated by all-trans retinoic 

acid (tRA). Retinoic acid plays a key role in the morphogenesis and cellular 

differentiation of the nervous system. In addition to its function in embryonic 

development, RA is involved in neurite growth, remyelination and modulates innate 

and adaptive immunity (Goncalves et al., 2018; Huang et al., 2011; Zhelyaznik et al., 

2003). A recent review concludes “RA and its receptors influence the functional fate of 

just about every immune cell and participate at practically every level and every stage 

of the immune response” (Larange and Cheroutre, 2016). Retinoids reduce the 

expression of iNOS, of pro-inflammatory cytokines, chemokines and prostaglandins 

(Dheen et al., 2005; Gross et al., 1993; Kampmann et al., 2008). It has been suggested 

that the RA signaling pathway constitutes an anti-inflammatory feedback mechanism 

in the nervous system (Chen et al., 2019; Mey et al., 2007). 

Bile acids are steroid acids found predominantly in the bile of mammals and have 
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long been used in traditional Chinese medicine (Feng et al., 2009; Grant and DeMorrow, 

2020). Bile acids are interesting therapeutic tools because they cross the BBB. They are 

used for the chronic treatment of primary biliary cirrhosis, with no side effect attached 

(Romero-Ramírez et al., 2017). An important physiological role of bile acids in lipid 

metabolism is to facilitate the uptake of lipids together with the fat-soluble vitamins A, 

D, E and K from the intestine (Chiang, 2013; Russell, 2009). They also have anti-

inflammatory effects in a mouse model of acute neuroinflammation by suppressing NF-

kB signaling pathway (Yanguas‐Casás et al., 2017). These are amphipathic molecules 

synthesized from cholesterol, whose biological effects are mediated via the Takeda G 

protein-coupled receptor-5 (TGR5) (Eggink et al., 2014; Keitel et al., 2010) as well as 

nuclear receptors farnesol X receptor, pregnane receptor and liver X receptors (De 

Marino et al., 2017; Pols et al., 2011). These two mechanisms make bile acids 

interesting as treatment of myelin removing. 

Tauroursodeoxycholic acid is an amphiphilic bile acid, which is the taurine 

conjugate form of ursodeoxycholic acid. TUDCA is neuroprotective in different animal 

models of Parkinson’s disease (Rosa et al., 2018), multiple sclerosis (Bhargava et al., 

2020) and a clinical trial of amyotrophic lateral sclerosis (Elia et al., 

2016). Tauroursodeoxycholic acid enhances latex beads phagocytosis by Kupffer cells 

in rat models (Funaoka et al., 1999). In retinal diseases, TUDCA promotes retinal 

pigment epithelium to phagocyte aged photoreceptor outer segment (POS) and induces 

expansion of cytoplasm via Mer tyrosine kinase receptor (MerTK) activated (Murase 

et al., 2015). 
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1.3 Aims and outline of this thesis 

Spinal cord injury initiates a robust immune response. The prevailing disease 

model indicates that the secondary inflammation after SCI causes the most devasting 

pathological effects of cellular degeneration and formation of a cystic cavity. The 

overarching goal of this thesis was to search a treatment for SCI using two different 

approaches with the intention to reach a combinatorial therapy. These treatment 

strategies aimed at neuroprotection by reducing neuroinflammation and by increasing 

the clearance of myelin debris by phagocytosis. This was to be accomplished by 

combining a novel preparation of human bmSC with pharmacological activation of bile 

acid receptor TGR5 and retinoid receptors RAR. Specifically, the following research 

objectives were addressed: 

• Clarify whether inflammatory stimuli improve or inhibit myelin clearance by 

bone marrow-derived macrophages. 

• Improve myelin clearance by macrophages using bile acids and retinoids as 

pharmacological tools. 

• Test the anti-inflammatory effects and functional benefits of a novel human 

bmSC preparation that is based on negative selection in a rat model of SCI. 

• Test the long-term functional benefits of TUDCA in a rat model of SCI. 

• Explore a combinatorial therapy of TUDCA and bmSC in the SCI animal 

model. 

In chapter II, we examined whether activation of nuclear receptors RAR/RXR 

influences myelin clearance by macrophages and how the combined exposure to myelin 

and retinoids affects the inflammatory phenotype of macrophages. Using in vitro assays 

with DiO- and pHrodo-labeled myelin we found that the transcriptional activator all-

trans retinoic acid (RA) enhanced endocytosis of myelin involving the induction of 

tissue transglutaminase-2. 

The interdependence the inflammatory states in phagocytosis activities of 
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macrophages as an open question. In chapter III, we asked how the inflammatory state 

of macrophages affects their ability to phagocytose myelin. Macrophages were treated 

with LPS in the presence or absence of bile acids, the uptake of myelin was examined. 

Anti-inflammatory is the only pharmacological approach for SCI. In chapter IV, 

we assess the safety and therapeutic benefits of acute intrathecal injection of the novel 

bmSC preparation in SCI-lesioned rats and compare it with the acute intraperitoneal 

injection of MP. 

In chapter V, we studied the long-term therapeutic benefit of TUDCA treatment 

after SCI. Since TUDCA has previously been shown to reduce inflammatory activity 

of microglia, we also try a combinatorial therapy of TUDCA and bmSC transplantation. 

In chapter VI, the main results of the aforementioned results are summarized. In 

this concluding chapter the clinical application will be discussed.  
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2.1 Abstract  

Traumatic injuries of the central nervous system (CNS) are followed by the 

accumulation of cellular debris including proteins and lipids from myelinated fiber 

tracts. Insufficient phagocytic clearance of myelin aggravates the pathological process 

since myelin debris induces inflammation and blocks axonal regeneration. We 

investigated whether ligands of nuclear receptor families retinoic acid receptors (RARs), 

retinoid X receptors, peroxisome proliferator‐activated receptors, lipid X receptors, and 

farnesoid X receptors increase myelin phagocytosis in murine bone marrow-derived 

macrophages, BV-2 and Raw264.7 cells. Using in vitro assays with DiO- and pHrodo-

labeled myelin we found that the RAR transcriptional activator all-trans retinoic acid 

(RA) enhanced endocytosis of myelin involving the induction of tissue 

transglutaminase-2. The RAR-dependent increase of phagocytosis was not associated 

with changes in gene expression of receptors FcγR1, FcγR2b, FcγR3, TREM2, DAP12, 

CR3 or MerTK. The combination of RA and myelin exposure significantly reduced the 

expression of M1 marker genes iNOS and IL-1β but increased expression of 

transmembrane proteins CD36 and ABC-A1, which are involved in lipid transport and 

metabolism. The present results suggest an additional mechanism for therapeutic 

applications of RA after CNS trauma. It remains to be studied whether endogenous RA-

signaling regulates phagocytosis in vivo. 
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2.2 Introduction 

Neurodegenerative pathologies are accompanied by the accumulation of cellular 

debris, including proteins and lipids from the degradation of myelin (Ek et al., 2012). 

Following spinal cord injury (SCI), myelin debris constitutes an obstacle for functional 

regeneration. Three main reasons may account for this: 1) Myelin debris exacerbates 

the inflammatory response of microglia and macrophages (Kopper and Gensel, 2018). 

Ingested myelin becomes concentrated in phagocytes, persists there for weeks and 

contributes to a chronic inflammatory state of the tissue (Greenhalgh and David, 2014). 

This activation of the innate immune system is largely responsible for the secondary 

cellular degeneration (Zhou et al., 2019), which is responsible for most of the damage 

after spinal cord injury (SCI). 2) One theory to explain the failure of axonal regeneration 

in the mammalian central nervous system (CNS) is based on the observation that CNS 

myelin inhibits axonal growth (McKerracher et al., 1994; Schnell and Schwab, 1990). 

This is due to the inhibitory signaling mechanisms triggered by myelin proteins Nogo-

A (Chen et al., 2000), oligodendrocyte myelin glycoprotein, myelin associated 

glycoprotein and their receptors on neurons (Barton et al., 2003; Fournier et al., 2002; 

McKerracher et al., 1994). 3) Extracellular myelin debris arrests the differentiation of 

oligodendrocyte precursor cells and thereby inhibits the remyelination of axons (Kotter 

et al., 2006). In the course of its degradation, biochemical alterations of myelin may 

cause additional autoimmune pathology and demyelination (Caprariello et al., 2018). 

A successful regeneration after CNS lesions depends therefore on the clearance of 

myelin (Grajchen et al., 2018; Neumann et al., 2009). This is accomplished by 

phagocytosis. The phagocytes in the CNS are activated microglia and, if the blood brain 

barrier is disrupted, hematogenous macrophages (Brück et al., 1995; Church et al., 2017; 

Neumann et al., 2009). However, the endocytosis of myelin proceeds very slowly after 

SCI. Myelin-associated proteins persist thus in degenerating fiber tracts for may weeks 

(Becerra et al., 1995; Buss et al., 2005). This lack of myelin clearance may be related 

to a deficiency in lysosomal breakdown, as macrophages ingest excessive amounts of 
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cholesterol which is released from disrupted myelin. In multiple sclerosis, a deficient 

degradation of lipids causes macrophages to adopt an inflammatory phenotype 

(Grajchen et al., 2018; Grajchen et al., 2020). Thus, it is clinically important to modulate 

the uptake and breakdown of myelin by phagocytes without triggering a pro-

inflammatory response.  

The present work is based on the mechanism that nuclear receptors (NRs) which 

interact with retinoid X receptors (RXR) can be engaged for this purpose. The RXR are 

ligand activated transcription factors that form heterodimeric partners with other NR 

families, including the lipid X receptors (LXR), peroxisome proliferator activated 

receptors (PPAR) and retinoic acid receptors (RAR) (Mey, 2017). This family consists 

of RARα, RARβ and RARγ, all of which are endogenously activated by all-trans 

retinoic acid (tRA). Retinoic acid plays a key role in morphogenesis and cellular 

differentiation of the nervous system. In addition to its function in embryonic 

development, RA is involved in neurite growth, remyelination and modulates innate 

and adaptive immunity (Goncalves et al., 2018; Huang et al., 2011; Zhelyaznik et al., 

2003). A recent review concludes “RA and its receptors influence the functional fate of 

just about every immune cell and participate at practically every level and every stage 

of the immune response.” (Larange and Cheroutre, 2016). Retinoids reduce the 

expression of iNOS, of pro-inflammatory cytokines, chemokines and prostaglandins 

(Dheen et al., 2005; Gross et al., 1993; Kampmann et al., 2008; van Neerven et al., 

2010b; Van Neerven et al., 2010c). It has been suggested that the RA signaling pathway 

constitutes an anti-inflammatory feed-back mechanism in the nervous system (Chen et 

al., 2019; Mey et al., 2007).  

The phagocytosis of apoptotic cell bodies by macrophages and microglia is 

regulated by nuclear receptors of the PPAR/RXR, LXR/RXR and RAR/RXR families. 

Their activation can increase the expression of phagocytosis receptors on the cell 

surface (Röszer, 2017). Another key component in endocytosis is the enzyme 

transglutaminase-2 (TGM2), which is involved in receptor accumulation, formation of 

the phagocytic cup and Rho signaling (Nadella et al., 2015; Szondy et al., 2003; Tóth 
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et al., 2009). The expression of TGM2 is regulated by RA (Chen et al., 2019; van 

Neerven et al., 2010a). Although the induction of TGM2 was found to increase 

phagocytosis of apoptotic cells (Rébé et al., 2009) and of myelin (Sestito et al., 2020), 

it is still not known whether RA signaling in involved in regulating the clearance of 

myelin. The objectives of the present study were therefore (1) to investigate whether 

activation of RAR/RXR nuclear receptors influenced myelin clearance, (2) to identify 

the relevant molecular targets of RAR/RXR, and (3) to study how the combined 

exposure to myelin and retinoids affected the inflammatory phenotype of macrophages.  
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2.3 Materials and Methods 

2.3.1 Animals 

Bone marrow-derived macrophages (BMDM) were isolated from 6-month-old 

male C57BL/6 mice. For the isolation of myelin debris, we used brains of adult Wistar 

rats. All animals were bred at the animal facility of the Hospital Nacional de 

Parapléjicos (Toledo, Spain). Animal care and euthanasia were approved by the local 

Ethics Committee on Animal Welfare (163CEEA/2017) in accordance with the 

European Community Council Directive (86/609/EEC). 

 

2.3.2 Preparation of bone marrow-derived macrophages (BMDM)  

For the preparation of BMDM femur and tibia bones of C57BL/6 mice were dissected, 

thoroughly freed from muscles and connective tissue, sterilized superficially with 70% 

ethanol and collected in ice cold phosphate-buffered saline (PBS), pH 7.4. Under sterile 

conditions, bones were cut at both ends below the epiphysis. To extract the bone marrow 

a 25G or 29G canula was inserted into the marrow and the bones flushed twice with 2 

mL Dulbecco’s modified Eagle’s medium (DMEM)/10% fetal bovine serum (FBS) 

from both sides. Extracts from one mouse were collected, spun down (10 min, 1800 

rpm) and resuspended in 1 mL lysis buffer, which consisted of 8.29 mg/mL NH4Cl, 1 

mg/mL KHCO3, 37 μg/mL EDTA. Following lysis for 1 min at RT, 14 mL ice cold PBS 

were added, cells were centrifuged again and the supernatant resuspended in medium. 

Cells were cultivated in non-treated culture dishes (d = 100 mm) at a density of 

10,000,000 cells/plate for 7 days at 37ºC, 5% CO2. The macrophage medium consisted 

of DMEM supplemented with 10% heat inactivated FBS, 1% GlutaMaxTM and 1% 

penicillin/streptomycin (10.000 U/mL), 20 μg/mL murine macrophage-colony 

stimulating factor (M-CSF, Peprotech, USA, product number 315-02). After 7 days in 

culture, adherent cells were approximately 90% pure macrophages, which were used 

immediately for experiments or stored at -80ºC. For detaching BMDM cells from tissue 
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culture plastic, ice cold PBS was used. 

 

2.3.3 Myelin isolation and labeling 

Rat myelin was isolated using discontinuous sucrose gradient centrifugation as 

previously described (Kotter et al., 2006). In brief, adult rat brains were homogenized 

mechanically in ice-cold 0.32 M sucrose (T25 Digital Ultra-Turrax, IKA, Germany). 

The homogenate was laid over a 0.83 M sucrose solution and subjected to 

ultracentrifugation (75,000 g, 4°C, 30 min). The interface was recovered and suspended 

in 20 mM Tris/HCl buffer (12,000 g, 4°C, 15 min). Pellets were resuspended in this 

buffer and stored at −80°C until further processing. The protein concentration of the 

preparation was analyzed with Bio-Rad protein assay (Bradford), according to the 

manufacturer’s instructions.  

Before the flow cytometry or immunocytochemistry assays, the required amount 

of myelin debris was fluorescently labeled using 3,3'-dioctadecyloxacarbocyanine 

perchlorate (DiO, Invitrogen, N22884). For this, DiO dye was dissolved in dimethyl 

sulfoxide (DMSO) 1 mg/mL. Myelin was resuspended in PBS, mixed with 1.25% DiO 

(12.5 μg DiO-DMSO/1 mg myelin), and incubated for 30 min at 37 °C. Labeled myelin 

was spun down and resuspended in PBS and stored at 4°C. 

For the analysis of phagocytosis with a microplate reader, myelin was labeled with 

pHrodo Green STP Ester (Invitrogen, cat. nr. P35369). The pHrodo dye was dissolved 

in DMSO (500 μg/75 μL DMSO). Myelin extract was resuspended 1/1 (v/v) in 0.1 M 

NaHCO3 (pH 8.4). To this 1% pHrodo-DMSO were added and incubated with for 45 

min at RT. The labeled myelin was spun down (8 min, 12.000 g) and the pellet 

resuspended (1 mg/mL) in Roswell Park Memorial Institute-1640 (RPMI) medium with 

1 % FBS. Until use, the labeled myelin suspension was stored at 4°C.  
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2.3.4 Cell culture 

The murine microglia cell line BV-2 was grown in DMEM/10% FBS 

supplemented with 1% GlutaMaxTM and 1% penicillin/streptomycin (10.000 U/mL) at 

37ºC, 5% CO2. When cells had reached confluence, they were detached with trypsin 

(0.25%), and plated either in 12-well plates at 500,000 cells/well or in 96-well plates at 

40,000 cells/well, depending on the assay. 

The cell line Raw264.7 of murine macrophages was cultivated in RPMI medium 

with 5 % FBS, GlutaMaxTM and penicillin/streptomycin as indicated above for BV-2 

cells. For plating in multiwell dishes, cells were detached from tissue culture plastic 

with cold PBS. Raw264.7 cells were plated either in 12-well plates at 600,000 cells/well 

or in 96-well plates at 60,000 cells/well, depending on the assay. 

Macrophage primary cultures were grown in the same medium as BV-2 cells with 

the addition of 20 μg/mL M-CSF (Peprotech, 315-02) in 12-well plates at 700,000 

cells/well or in 96-well plates at 70,000 cells/well. 

 

2.3.5 Receptor agonists, antagonists and enzyme inhibitors 

Transcriptional activation of RAR‐reporter constructs by tRA was found to be 

maximal between 0.1 and 10 μM (Allenby et al., 1993), and experiments with glial 

cultures showed strong effects with 0.01–1 μM (van Neerven et al., 2010a). To test the 

molecular regulation of phagocytosis the following compounds were used: 0.5 μM, 0.1 

μM and 10 nM pan-RAR agonist all-trans retinoic acid (tRA; Sigma, R2625); 0.1 μM 

and 0.5 μM pan-RXR agonist bexarotene (LC Laboratories, 153559-49-0); 1 μM pan-

RXR antagonist UVI3003 (Tocris, 3303); 1 μM RARβ agonist-RARα/γ antagonist 

BMS189453 (Sigma, SML1149; identical to BMS453); 1 μM and 10 μM pan LXR 

agonist T0901317 (Cayman, Cay71810-10); 9 μM and 18 μM PPARα agonist 

fenofibrate (Cayman, Cay10005368-1); 50 nM and 100 nM PPARγ antagonist 

rosiglitazone (LKT Laboratories, LKT-R5773.100); 0.2 μM  and 0.5 μM PPARβ/δ 
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agonist GW 501516 (Cayman, Cay10004272-1); 0.2 μM and 1 μM FXR agonist GW 

4064 (Cayman, Cay10006611-5); 0.5 μM and 1 μM TGM2 inhibitor cystamine 

dihydrochloride (Alfa Aesar, B22873.14); 15, 25, 50, and 100 μM TGM2 inhibitor 

ERW1041E (Merck, 5095220001); and 1 μM, 5 μM and 25 μM blocker of scavenger 

receptor CD36 sulfo-N-succinimidyl oleate (Merck, SML2148). 

 

2.3.6 Phagocytosis assays 

The effect of nuclear receptors on endocytosis by BV-2 and Raw264.7 cells was 

first assessed using SkyBlue beads. Fluorescent latex particles with d = 0.1–0.3 μm 

(Spherotch, cat. nr. FP-0270-2; 1% w/v) were suspended 1/1000 in DMEM/5% FBS. 

Cell cultures in 6-well plates were treated with nuclear receptor (NR) agonists for 24 

hrs. Subsequently, 150 μL of SkyeBlue bead suspension were added to the cells. 

Following 8 hrs incubation at 37ºC, 5% CO2, cells were harvested and the 

internalization of fluorescent beads was quantified with flow cytometry. 

In phagocytosis assays with myelin, cells were pre-treated for 16 hrs with agonists 

and antagonists before the 8 hrs myelin exposure. We used two independent assays for 

evaluation with either flow cytometry or a microplate reader. For myelin phagocytosis 

assays with flow cytometry, cells were incubated with DiO-labeled myelin at 12.5 μg 

myelin/mL culture medium. Uptake was measured on a FACS Canto machine (BD 

Biosciences), using identical settings for BV-2 cells or Raw264.7 cells, and analyzed 

by using FlowJo 7.6 software. The viability marker 7-amino-actinomycin D (7-AAD; 

1 µg/mL, BD Biosciences) was added 10-15 min before analysis. Phagocytosis was 

expressed as percentage of live cells that took up myelin and, secondly, as the geometric 

mean fluorescence intensity (geoMFI) of the DiO green fluorescence signal per cell, 

indicating the total amount of internalized myelin.  

For myelin phagocytosis assays with a microplate reader, cells were incubated 

with 12.5 μg/mL pHrodo-labeled myelin at 37°C for specified periods ranging from 30 

min to 72 hrs. To quantify myelin uptake, cells were washed with PBS to eliminate 
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pHrodo fluorescence in the cell culture medium. Quantitative assessment of myelin 

uptake was performed with a fluorescence plate reader (Infinite M1000 Pro, Tecan) 

using the pHrodo dye excitation and emission maxima of 505 nm and 525 nm. 

 

2.3.7 Immunocytochemistry and fluorescence microscopy 

After incubation with myelin, cells were washed with PBS, fixed in 4 % 

paraformaldehyde/PBS for 15 min, washed, blocked and permeabilized for 1 h in 10% 

goat serum, and 0.1% Triton X-100 at RT. Cultures were incubated in blocking buffer 

with primary antibody against myelin basic protein (MBP; abcam, ab7349, 1/2000) 

overnight at 4°C and subsequently with fluorescence-labeled secondary antibody (goat 

anti-rat, 1/500, Invitrogen, A11007) for 2 hrs at room temperature. Cell nuclei were 

stained with Hoechst 33342 (1:2000 in PBS for 2 min) using a Leica Confocal 

microscope at 63X magnification and a Leica epifluorescence microscope at 40X 

magnification. 

 

2.3.8 Quantification of gene transcription 

RNA was isolated with TRIzol (Invitrogen, cat. nr. 15596018), according to 

manufacturer’s instructions. To remove genomic DNA, purified RNA was digested with 

DNase I (ThermoScientific, EN0521). An aliquot corresponding to 0.5 μg of purified 

RNA from BMDM and 2 μg from Raw264.7 cells was used for first-strand cDNA 

synthesis using Superscript III reverse transcriptase and oligo (dT) primers in a final 

volume of 40 μL (Invitrogen Life Technologies, K1632). This cDNA product was used 

in subsequent PCR reactions. Real-time quantification of genes was performed using a 

SYBR Green RT-PCR assay. Each 15 μL SYBR green reaction mixture consisted of 1 

μL cDNA, 7.5 μL SYBR Green PCR-mix (2×), 0.75 μL forward and reverse primer (10 

pM) and 4.75 μL distilled water. PCR was performed with the following cycling 

conditions: 5 min at 95ºC, followed by 40 cycles of 15 sec at 95ºC, 60 sec at 60°C and 
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a separate dissociation step. Specificity of the PCR product was confirmed by 

examination of the dissociation plots. A distinct single melting peak indicated that only 

one DNA sequence was amplified during the PCR. The samples were run in triplicates 

and the level of expression of each gene was compared with the expression of 

housekeeping gene 60S ribosomal protein L4 (RPL4). Amplification, detection of 

specific gene products and quantitative analysis were performed using an ABI 7500 

sequence detection system (Applied Biosystems, USA). Three to four biologically 

independent samples were analyzed in all experiments. PCR efficiency was verified by 

dilution series (1, 1/3, 1/9, 1/27, 1/81 and 1/243) and relative mRNA levels were 

calculated using the comparative ΔCt method with normalization to the housekeeping 

gene. The gene identifiers, primer sequences, product sizes and melting temperatures 

are listed in Tab. 1.  

 

Tab 1: Gene indentifiers and primer sequences used in quantitative RT-PCR 

Gene Gene ID (NCBI 

Reference 

Sequence) 

Primer sequences Product 

Tm [ºC] 

Product 

size [bp] 

RPL4 NM_024212 sense: AGATGATGAACACCGACCTTAGC 

antisense: CGGAGGGTCCTTTGGATTTC 

60 61 

FcγR1 NM_010186     sense: AGG TTCCTCAATGCCAAGTG 

antisense: ATTCTTCCATCCGTGACACC 

58 127 

FcγR2b NM_001077189 sense: CTAGGAAGGACACTGCACCA 

antisense: GACAGCAATCCCAGTGACAG 

59 114 

FcγR3 NM_001356511 sense: TTTGGACACCCAGATGTTTCA 

antisense: GTCTTCCTTGAGCACCTGGAT 

60 163 

TREM2 NM_001272078 sense: CTGGAACCGTCACCATCACTC 

antisense: CGAAACTCGATGACTCCTCGG 

62 183 

DAP12 NM_011662 sense: GCTCTGGAGCCCTCCTGGTGC 

antisense: CTCAGTCTCAGCAATGTGTTG 

62 261 

CR3 NM_008401 sense: GACCCTGGCCGCTCACGTATC 

antisense: TCCACGCAGTCCGGTAAAATT 

62 127 

CD36 NM_001159557 sense: GGAGCCATCTTTGAGCCTTCA 

antisense: GAACCAAACTGAGGAATGGATCT 

61 217 
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See list for abbreviations, all gene sequences are from mouse 

 

with 5% bovine serum albumin (BSA, Sigma, A9647) in TBS-T. Primary 

antibodies for TGM2 (rabbit polyclonal, Cell Signaling, 3557, 1:2500), CD36 (mouse 

monoclonal, Santa Cruz, sc-7309, 1:800), anti-glyceraldehyde phosphate 

dehydrogenase (GAPDH, mouse monoclonal, Millipore, mab374, 1:500) and α-actinin 

(mouse monoclonal, BD Pharmingen, 612576, 1:5000) were used to incubate the 

membranes at 4°C overnight. Detection was with appropriate peroxidase-conjugated 

secondary antibodies (goat anti rabbit IgG, goat anti mouse IgG, Jackson 

ImmunoResearch, 111-035-003, 115-035-003), which were developed with Clarity 

Western ECL substrate (GE Healthcare, RPN2232) and documented using an 

Amersham Imager 600. Densitometric analysis was performed using FlowJo 7.6 

software. Integrated density data of IR bands were normalized to IR of non-regulated 

proteins with GAPDH as a loading control for CD36 and α-actinin for TGM2. 

TGM2 NM_009373    sense: GACAATGTGGAGGAGGGATCT 

antisense: CTCTAGGCTGAGACGGTACAG 

60 120 

MerTk NM_008587 sense: CAGGGCCTTTACCAGGGAGA 

antisense: TGTGTGCTGGATGTGATCTTC 

61 111 

RARα NM_001177303   sense: TTCTTTCCCCCTATGCTGGGT 

antisense: GGGAGGGCTGGGTACTATCTC 

62 150 

RARβ NM_011243    sense: GATGACACAGAAACAGGC 

antisense: CTTGAACTTGGGGTCAAG 

60 320 

RARγ NM_011244 sense: CTGGAGATGGATGACACC 

antisense: GTTCTCCAGCATCTCTCG 

60 294 

IL1β NM_008361    sense: CTGGTGTGACGTTCCCATTA 

antisense: CCGACAGCACGAGGCTTT 

57 74 

iNOS NM_010927 sense: ACATTGATCTCCGTGACAGCC 

antisense: CCCTTCAATGGTTGGTACATG 

60 158 

IL10 NM_010548   sense: GATGCCCCAGGCAGAGAA 

antisense: CCCAGGGAATTCAAATGCT 

57 57 

Arg1 NM_007482 sense: GAACACGGCAGTGGCTTTAAC 

antisense: TGCTTAGCTCTGTCTGCTTTG 

59 155 

ABCA1 NM_013454    sense: TTGGATGGATTAGATTGGAC 

antisense: ATGCCTGTGAACACGATG 

60 266 
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2.3.10 Statistical analysis 

Data are presented as mean values +/- standard error of the mean (SEM). Non-

parametric data are represented a box and whiskers graphs (median, 25/75 percentile, 

range). Effects of different treatment conditions were analyzed with one-factor ANOVA 

using GraphPad Prism v5 software. In case of significant effects, treatment conditions 

were compared with post hoc Dunnett’s or Tukey tests depending on the question. In 

some cases when data were normalized to the control condition, we used one-sample t-

tests considering p < 0.05 as statistically significant.  
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2.4 Results 

2.4.1 Retinoic acid modulates phagocytosis activity in microglia and macrophage 

cell lines 

We first assessed the uptake of fluorescent latex particles (Skyblue beads), which 

were not expected to activate specific receptors or induce an inflammatory phenotype, 

to test whether nuclear receptor agonists influence the activity of phagocytes. 

Macrophages of the BV-2 cell line were placed in low serum medium and treated with 

all-trans RA for 12 hrs. Subsequently, latex beads were added for an additional 

incubation period of 4 hrs (Fig. 1a), and their uptake was assessed with flow cytometry. 

Under control conditions, 48.7% of the BV-2 cells showed endocytotic uptake of at 

least one particle. Treatment with 0.1 μM RA increased this to 57.3% (Fig. 1b-e). 

To confirm the involvement of the permissive nuclear receptors in the effect of RA 

on endocytosis, we pre-incubated cells with the competitive RXR receptor antagonist 

UVI3003, with the RXR agonist bexarotene, or a combination of these. As observed for 

RA, incubation with bexarotene resulted in a significant increase in endocytosis. Co-

treating cells with 0.1 μM UVI3003 and RA simultaneously blocked the increase of 

bead uptake, indicating that the effect of RA depended on nuclear receptor binding (Fig. 

1f). Similar experiments were then carried out in the macrophage cell line Raw264.7. 

Under the same conditions these cells showed a higher level of phagocytotic ingestion 

of SkyeBlue beads than the BV-2 cells, which could not be increased further by 

preincubation (Fig. 1g).  
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Fig. 1 RAR and RXR agonists increase phagocytosis of SkyeBlue beads by BV-2 cells. 

a Phase contrast image illustrating endocytosis of latex beads (red) by BV-2 cells; 

nuclei are labeled with Hoechst 33342 (blue). b-e Evaluation of endocytosis with flow 

cytometry showing plots of side scatter/skyblue bead fluorescence in live cells (7-AAD 

exclusion); (b, d) and cell counts/fluorescence level (c, e). Note distinct peaks indicating 

the absence or presence of one, two or more intracellular latex beads. Examples show 

BV-2 cultures without treatment (b, c) and after 12 hrs treatment with all-trans RA (d, 

e), followed by 8 hrs incubation with latex particles. f-g Quantification of endocytosis 

of SkyeBlue beads phagocytosis by BV-2 (f) and Raw264.7 cells (g). Treatment 

conditions indicate 0.1 μM all-trans RA (tRA), 10 nM UVI3003 (UVI), 0.1 μM 

bexarotene (Bex) or a combination of these; the level of phagocytosis is indicated by 

the percentage of live cells with at least one internalized SkyBlue bead; bars show mean 

and SEM of five independent experiments; t-tests, * p < 0.05; ** p < 0.01 (statistical 

comparison with non-treated controls). 
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2.4.2 Effect of NR/RXR agonists on myelin phagocytosis by macrophages 

While the ingestion of latex beads gives an indication of general endocytosis 

activity, the uptake of CNS myelin is physiologically more relevant and may be 

regulated differently. To investigate pharmacological effects on myelin clearance we 

established a cell culture assay using Raw264.7 macrophages, which were exposed to 

myelin purified from rat brains and labeled with DiO. Following 12 hrs 

pharmacological treatment, cells were incubated for 8 hrs with fluorescent myelin 

debris. In order to validate the assessment of myelin phagocytosis based on the 

cytometric detection of DiO, the intracellular uptake of DiO-fluorescent myelin was 

visualized with confocal microscopy (Fig. 2a-b). In addition, staining experiments were 

carried out using an antibody against myelin basic protein (MBP). Whereas Raw264.7 

macrophages showed no MBP immune reactivity, following treatment with DiO labeled 

myelin, intracellular MBP was detected in most cells. The pre-treatment incubation with 

all-trans RA increased uptake (Fig. 2c-e).  
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Fig. 2 Myelin phagocytosis by Raw264.7 cells. a-b Localization of DiO-labeled myelin 

(green fluorescence) within Raw264.7 cells as visualized by confocal laser scanning 

microscopy. Nuclei are labeled with Hoechst 33342 (blue). Cells with and without 

internalized myelin are shown at higher magnification (b, confocal Z stack image). c-e 

Myelin debris is visualized using anti-MBP immunocytochemistry (red). Photographs 

show Raw264.7 cells, whose nuclei are labeled with Hoechst 33342 in cultures without 

myelin (c), after 8 hrs incubation with myelin debris (d) and after 12 hrs treatment with 
0.1 μM all-trans RA followed by 8 hrs incubation with myelin debris (e). Scale bars 

represent 50 μm (a, c-e) or 10 μm (b). 

 

Based on the evidence derived from fluorescence microscopy, we decided to 

quantify myelin phagocytosis with flow cytometry (Fig. 3). Treatment with all-trans 

RA caused a statistically significant increase in the percentage of Raw264.7 cells that 

had taken up myelin (control: 29.5%, all-trans RA: 37.9%). This was confirmed in 

bexarotene treated cultures (Fig. 3d), indicating that RAR/RXR activation could 

increase phagocytosis. 
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Fig. 3 Treatment with all-trans RA enhances phagocytosis of DiO-labeled myelin in 

Raw264.7 cells. a-c DiO-labeled myelin was used to measure endocytosis of myelin 

debris by flow cytometry. Only live cells were evaluated, based on exclusion of 7-AAD. 

Plots show counts of Raw264.7 cells without myelin (a); incubated with myelin (b) and 

after 12 hrs treatment with 0.1 μM all-trans RA followed by 8 hrs incubation with 

myelin debris (c). d Quantification of the effect of RAR/RXR agonists on myelin 

uptake by Raw264.7. Treatment with RA raised the percentage of DiO/myelin-positive 

live cells from 43 % to 47 %, and treatment with bexarotene to 48 %. Box and whiskers 

plots show medians, 25/75 percentiles and ranges; Kruskal-Wallis H-test, p < 0.001, 

was followed by post hoc comparison with non-treated controls ** p < 0.01. 

 

This result was compared to the effect of agonists that activate other nuclear 

receptors which also form heterodimers with RXR. To carry out more experiments in 

parallel, a different assay was established based on pHrodo labeling of myelin (Fig. 4a). 

This dye is characterized by a pH dependent fluorescence, such that fluorescence 

measurements in a microplate reader reflect accumulation of myelin-pHrodo within 

acidic lysosomes of the phagocytes. After Raw264.7 cells had been incubated with 

nuclear receptor agonists for 12 hrs, we added pHrodo-labeled myelin and then 

monitored the pHrodo signal over the course of 24 hrs. The plot (Fig. 4b) shows results 
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of 10 experiments (one per incubation period) with duplicate samples that were 

measured for total integrated intensity of the pHrodo signal. The background 

fluorescence in the absence of myelin did not increase over time. As indicated by 

pHrodo fluorescence, myelin ingestion rose steadily during the first 6 hrs and was 

stronger after treatment with all-trans RA. This effect was largest between 8 and 12 hrs 

exposure. 

Based on this result we chose 8 hrs exposure to pHrodo-myelin and pre-treated the 

cells with following drugs: All-trans RA (panRAR agonist), BMS189453 (RARβ 

agonist and RARα/γ antagonist), bexarotene (panRXR agonist), fenofibrate (PPARα 

agonist), GW501516 (PPARβ/δ agonist), rosiglitazone (PPARγ agonist), T0901317 

(LXRα/β agonist), and GW4064 (FXR agonist). Retinoic acid and bexarotene (Fig. 4c) 

significantly increased myelin phagocytosis (Fig. 4c), but none of the other nuclear 

receptor agonists did (Fig. 4d). When activation of RARα and RARγ was blocked with 

BMS189453, RA still had the same effect on phagocytosis, indicating involvement of 

the receptor RARβ. All three RAR were expressed in the cells, and the gene expression 

of RARβ, which is a known transcriptional target of RA itself, significantly increased 

after RA treatment (data not shown). 
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Fig. 4 Effect of NR agonists on phagocytosis of pHrodo-labeled myelin by Raw264.7 

cells. a Phase contrast image illustrating endocytosis of pHrodo-labeled myelin 

(superimposed green fluorescence) by Raw264.7 cells; nuclei are labeled with Hoechst 

33342 (blue fluorescence), scale bar: 30 µm b Fluorescence intensity of pHrodo-labeled 

myelin was measured with a microplate reader for 24 hrs (independent cultures for each 

time interval). Cells were pre-treated with 0.5 µM RA for 12 hrs. c Quantification of 

the effect of nuclear receptor agonists on myelin phagocytosis; treatment conditions 

indicate incubation with 0.1 µM and 0.5 µM all-trans RA, 0.5 µM all-trans RA + 1 µM 

BMS189453 (tRA+BMS), 0.1 µM and 0.5 µM bexarotene (Bex). The pHrodo 

fluorescence intensities were normalized to control (myelin, no NR agonist); bars show 

means +/- SEM of 5 independent experiments; one-way ANOVA (F= 4.8, df = 5, p < 

0.001) was followed by post hoc Dunnett's comparison with non-treated controls * p < 

0.05; ** p < 0.01, *** p < 0.001. d Treatment conditions indicate incubation with 1 µM 

and 10 µM T0901317, 9 µM and 18 µM fenofibrate, 0.1 µM and 0.2 µM GW501516 

(GW5), 0.2 µM and 1 µM GW4064 (GW4); quantification as in panel c; one-way 

ANOVA (F= 1.3, df = 11, p = 0.2) showed no significant differences between groups. 

 

To confirm that the observed effects of RA on myelin phagocytosis in Raw264.7 

cells extends to primary macrophages, BMDM were purified from adult mice. Cells 

were treated with RA for 12 hrs and subsequently exposed to pHrodo-labeled myelin 
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for 1h, 2 hrs and 8 hrs. To ascertain the validity of the procedure, pHrodo-labeled myelin 

inside the BMDM cells was also stained with MBP immunocytochemistry and 

documented with confocal microscopy (Fig. 5a-c). In BMDM cells, myelin ingestion 

was detected within one hour after treatment which was faster than in Raw264.7 cells. 

Similarly to the macrophage cell line, BMDM also showed a significant increase of 

myelin phagocytosis in response to RA and bexarotene (Fig. 5d). 

 

Fig. 5 Treatment with RA enhanced myelin phagocytosis in BMDM. a-c Colocalization 

of DiO-labeled myelin (green) and MBP immunocytochemical staining (red) in BMDM. 

Nuclei are labeled with Hoechst 33342 (blue). d Quantification of myelin phagocytosis 

by BMDM. Cells were treated 12 hrs with vehicle, 0.1 µM all-trans RA or 0.1 µM 

bexarotene followed by 1h, 2 hrs and 8 hrs incubation with myelin debris. Bars show 

mean and SEM of 4 independent experiments; * p < 0.05, ** p < 0.01, *** p < 0.001 

(in comparison with non-treated controls). e Phase contrast image illustrating 

endocytosis of pHrodo-labeled myelin (green) by BMDM; nuclei are labeled with 

Hoechst 33342 (blue). Scale bars represent 20 μm (a, b, c) and 50 μm (e). The same 

experiments were carried out with 0.5 µM RA with similar results. 
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2.4.3 Treatment of macrophages with all-tRA affects gene expression of the 

scavenger receptor CD36 and enzyme TGM2 

To investigate possible mechanisms involved in the effect on phagocytosis, we 

tested whether the transcriptional activator RA affected the gene expression of surface 

receptors that are potentially involved in the process (Fig. 6). When myelin is opsonized 

with IgGs or the complement system, endocytosis can be triggered by Fcγ-receptors 

(FcγR) or complement receptor-3 (CR3). Nonopsonized lipids are recognized by the 

scavenger receptor CD36. In addition to these, we measured expression of triggering 

receptor expressed on myeloid cells 2 (TREM2) and its adapter protein DAP12, which 

have been implicated in phagocytosis of β-amyloid and apoptotic cells. The expression 

of two enzymes, tissue TGM2 and tyrosine kinase MerTK, were measured to test 

whether effects or RA were related to alterations of intracellular signaling triggered by 

myelin-activated receptors. Previous investigations indicated that TGM2 is involved in 

clustering of phagocytosis receptors (Nadella et al., 2015; Szondy et al., 2003) and that 

its expression is regulated by RA (van Neerven et al., 2010b).  

All of these genes were found to be expressed in Raw264.7 cells and BMDM, and 

their basal expression patterns were similar in both types of macrophages, when 

compared to transcript concentrations of the housekeeping gene RPL4 (Fig. 6a, b, note 

logarithmic scale). By far the highest mRNA levels were observed for TREM2 and 

DAP12 (Fig. 6e). Receptors FcγR3 and CD36 and the enzyme TGM2 were more 

strongly expressed in BMDM than in Raw264.7 cells. The other receptors had 

intermediate expression levels of in both types of macrophages. RA treatment in 

combination with myelin exposure caused an upregulation of the scavenger receptor 

CD36 in BMDM (Fig. 6f) but not in Raw264.7 macrophages (Fig. 6e). None of the 

other phagocytosis receptors genes were significantly increased after treatment, and 

CR3 expression was even reduced in the cell line (Fig. 6c-f). Unexpectedly, RA 

treatment was associated with a decrease in TREM2 mRNA in Raw264.7 cells. 
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Fig. 6 Effect of myelin exposure and RA treatment on the expression of phagocytosis 

receptor genes. (a, b) Basal gene expression of FcγR1, FcγR2b, FcγR3, TREM2, 

adapter protein DAP12, CR3, CD36, enzymes TGM2 and MerTK in Raw264.7 cells 

(a) and bone marrow-derived macrophages (BMDM) (b); messenger (mRNA) levels 

are expressed relative to the housekeeping gene RPL4. (c-f) Changes of mRNA 

expression of these genes following 8-h exposure to myelin, 12-h treatment with all-

transRA or both; expression levels in Raw264.7 cells (c, e) and BMDM (d, f) are 

normalized to the control condition without myelin as shown in a and b. Results are 
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from n = 3 to 4 independent experiments, each measured in triplicates (analysis of 

variance [ANOVA] is statistically significant for Raw264.7-CR3 [df = 3, 12; F = 5.2; 

p < 0.05], Raw264.7-TGM2 [df = 3, 12; F = 4.0; p < 0.05] BMDM-CD36 [df = 3, 8; F 

=8.1; p<.01], BMDM-TGM2 [df = 3, 8; F = 6.5; p < 0.05] and not significant in all 

other cases; results of post-hoc Tukey tests as indicated in the graphs: *p < 0.05, **p < 

0.01, ***p < 0.001 compared to control without myelin, ###p < 0.001 compared to 

myelin treatment) 

 

By far the strongest change occurred in the gene expression of TGM2. The cell 

line showed a 10-fold increase of TGM2 transcripts after RA treatment. This was 

augmented in the presence of myelin (> 35-fold; Fig. 6e, p < 0.001). The latter effect 

was also found in BMDM (Fig. 6f, p < 0.05), although RA or myelin alone did not cause 

a significant increase in the expression of this enzyme in the primary cultures. 

Messenger levels of MerTK were not significantly affected by treatment (data not 

shown).  

On the protein level, both cell types contained high amounts of CD36, but no 

significant increase was found after treatment except for the combination of RA and 

myelin (Western blot analysis, Fig. 7a, b). Under control conditions as well as in the 

presence of myelin, there was no immunoreactivity of TGM2 in Raw264.7 cells. In 

accordance with data on gene transcription, incubation with RA induced the production 

of TGM2 protein (Fig. 7c). Additional exposure to myelin increased this further, though 

not quite significantly (0.05 < p < 0.1). In contrast to the Raw264.7 cell line, BMDM 

produced TGM2 protein even under control conditions (Fig. 7). The increase after RA 

treatment and myelin exposure was smaller. It reached statistical significance when RA 

treatment was combined with the addition of myelin to the cells (Fig. 7d). 
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Fig. 7 Effect of retinoic acid (RA) treatment on protein expression of CD36 and TGM2. 

Treatment conditions were 12-h incubation with 0.5 µM all-transRA (tRA) followed 

by 8 hrs myelin exposure or either one of these treatments. (a, b) Effect of RA on 

protein expression of CD36 in Raw264.7 cells (a) and bone marrow-derived 

macrophages (BMDM) (b); (c, d) effect of RA on protein expression of TGM2 in 

Raw264.7 cells (c) and BMDM (d); for quantification the integrated density of CD36 

and TGM2 IR bands was normalized to GAPDH and α-actinin, respectively (n = 3-4; 

*p < 0.05, ***p < 0.001 compared to control condition without myelin).  

 

2.4.4 The modulation of myelin phagocytosis by RA involves CD36 and TGM2  

To test whether the effect of RA on phagocytosis is dependent on CD36 or TGM2, 

we performed pHrodo phagocytosis experiments as described before using specific 

inhibitors. The scavenger receptor was blocked with 25 μM SSO (Grajchen et al., 2020). 

The activity of TGM2 was inhibited with 0.5 μM cystamine (Eligini et al., 2016) or 50 

µM ERW1041E (Chrobok et al., 2018). Again, RA treatment significantly increased the 

endocytosis of myelin (Fig. 8). In Raw264.7 macrophages this effect was completely 

abolished with the addition of the CD36 inhibitor SSO (p < 0.05). Cystamine reduced 
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the RA-dependent increase of myelin phagocytosis by half, though this just fell short 

of the required level of significance (0.05 < p < 0.1). In BMDM, we observed a similar 

tendency, that is, increased myelin phagocytosis after RA treatment and the inhibition 

of this effects when CD36 or TGM2 activity were blocked. Application of CD36 or 

TGM2 inhibitors in the absence of RA did not significantly reduce or increase 

phagocytosis (data not shown). 

 

Fig. 8 Implication of CD36 and TGM2 in the effect of retinoic acid (RA) on myelin 

phagocytosis. To test the involvement of CD36 and TGM2, myelin endocytosis was 

measured with the pHrodo assay using 0.5 µM all-transRA (tRA), combined with either 

25 µM sulfo-N-succinimidyl oleate (SSO), 0.5 µM cystamine hydrochloride, or 50 µM 

ERW1041E. This was followed by 8 hrs myelin exposure. (a) Quantification of myelin 

phagocytosis in Raw264.7 cells showed a significant increase after RA treatment (*** 

p < 0.001), which was abolished in the presence of the CD36 inhibitor (#p < 0.05) and 

reduced, though not significantly when TGM2 activity was inhibitied (n = 6). (b) The 

same tendency was observed in bone marrow-derived macrophages, although the effect 

of RA (**p < 0.01) was smaller (effect of inhibitors: # p < 0.05, ## p < 0.01 in 

comparison with RA treatment only; n = 4). Data are normalized to the control 

condition without RA treatment. 

 

2.4.5 Interaction between myelin phagocytosis and the inflammatory phenotype 

of macrophages 

The relation between phagocytosis activity and the inflammatory phenotype of 

macrophages is influenced by additional environmental factors acting upon the cells. 
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We investigated whether the exposure of CNS myelin affected the expression of genes 

that were considered hallmarks of a pro- or anti-inflammatory phenotype. These were 

the iNOS, interleukin-1β (IL-1β), IL-10 and arginase-1 (Arg-1). Additionally, 

expression of the ATP-binding cassette transporter-A1 (ABC-A1) was studied because 

this is an important regulator of cholesterol and phospholipid efflux that affects 

phagocytosis related signaling pathways (Morizawa et al., 2017).  

Using the macrophage cell line, we found no significant influence of myelin per 

se on any of the regulators mentioned above (Fig. 9). However, all-tRA significantly 

reduced the expression of iNOS and IL-1β (Fig. 9a, b), confirming earlier studies (van 

Neerven et al. 2010a). There was no influence of myelin or RA with respect to the anti-

inflammatory markers IL-10 and Arg-1 (Fig. 9c, d). Interestingly and in accordance 

with its positive effect on myelin endocytosis, RA caused a strong and highly significant 

upregulation of ABC-A1 (Fig. 9e). The Raw264.7 cells expressed all three known RA 

receptors, RARα, RARβ, RARγ. Of these, RARβ, which is a known transcriptional 

target of RA, was upregulated after RA treatment (data not shown), suggesting that this 

nuclear receptor may be involved in the regulatory effects of RA. However, when using 

BMS189453, which activates RARβ signaling while blocking RARα and RARγ, the 

inhibitory effects of all-tRA on iNOS and IL-1β transcription as well as the positive 

effects on ABC-A1 transcription were abrogated (Fig. 9e). 
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Fig. 9 Influence of myelin and retinoic acid (RA) on the inflammatory phenotype of 

Raw264.7 cells. Treatment conditions were 12-h incubation with 0.5 µM all-trans RA 

(tRA) followed by 8-h exposure to myelin. Together with RA and myelin we added 10 

μM of the RARα/γ inhibitor BMS189453 (marked tRA+m+bms); messenger RNA was 

measured with quantitative real-time polymerase chain reaction and expressed relative 

to the control gene RPL4. (a) Expression of inducible nitric oxide synthase (n = 4; 

analysis of variance, F = 2.9, df = 4, p < 0.05); (b) of interleukin-1β (IL-1β; F=5.6, df 

= 4, p < 0.01); (c) IL-10 (n.s.), (d) arginase-1 (n.s.) and (e) ABC-A1 (F = 684, df = 4, p 

< 0.0001). Bars indicate means ± SEM, with post hoc Tukey tests *p < 0.05, ***p < 

0.001 versus myelin exposure; ##p < 0.01, ###p < 0.001 versus RA + myelin 
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2.5 Discussion 

The clearance of myelin debris or the lack thereof are important factors for the 

outcome of neurodegenerative pathologies. The present experiments demonstrate that 

the transcriptional activator tRA enhances the ability of macrophages, specifically 

murine BMDM and Raw264.7 cells to phagocytose myelin. This response, which 

involves the ligand-activated transcription factor RARβ, could also be elicited with 

bexarotene, a pharmacological agonist of RXRs, but not with agonists of related NRs 

PPARα, PPARβ/δ, PPARγ, LXR, or FXR. RARs are generally not considered to need 

ligand bound RXR and would not be permissive in the absence of an RAR ligand (Mey, 

2017; Röszer, 2017). As a possible exception of this model, the present experiments 

show an effect of the RXR ligand bexarotene alone. The inhibitory effect of the RXR 

antagonist UVI2002 indicates the requirements of RAR/RXR heterodimers in the 

process. The RA-dependent mechanism involves the enzyme TGM2. Its transcript and 

protein levels were increased by RA treatment,and blocking the activity of TGM2 

reduced the RA-dependent increase of myelin endocytosis. Although we found 

macrophages to express a range of phagocytosis related receptors, including FcγR1, 

FcγR2b, FcγR3, TREM2, DAP12, CR3, MerTK and CD36, none of these was 

significantly induced by RA treatment in the absence of myelin. The combination of 

RA and myelin exposure reduced the expression of M1 marker genes iNOS and IL-1β 

and increased expression of CD36 and ABC-A1, which are involved in lipid transport 

and metabolism. 

In the CNS, cellular debris is cleared by macrophages, which originate from two 

sources. Under pathological conditions, resident microglia are activated, undergo a 

morphological change and become phagocytes. Secondly, in many pathologies, such as 

severe SCI, the blood brain barrier is disrupted allowing the massive influx of blood-

derived macrophages. Both cell populations, which are morphologically 

indistinguishable, participate in the removal of myelin debris (Brück et al., 1995; 

Church et al., 2017; Neumann et al., 2009). Recent investigations indicate that 
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astrocytes also contribute to the clearance of myelin (Wang et al., 2020). Unfortunately, 

after SCI the activity of these three cell populations is not sufficient to create a pro-

regenerative environment. Myelin debris accumulates in the tissue and persists there 

for many months (Becerra et al., 1995), which is in contrast to the situation after 

peripheral nerve lesions, where cellular debris is cleared efficiently, and axonal 

regeneration occurs. The present experiments suggest that the clearance of myelin by 

macrophages can be improved using RA, which at the same time reduces the 

inflammatory response. Increased synthesis of tRA and activation of RAR/RXR are 

among the endogenous responses to SCI (Mey et al., 2005; Schrage et al., 2006). Since 

the pharmacological activation of RAR is beneficial in animal models of SCI (Agudo 

et al., 2010; Goncalves et al., 2015; Goncalves et al., 2018), ischemia (Cai et al., 2019) 

and neurodegenerative diseases (van Neerven et al., 2008), the present study points to 

an additional physiological target of RA treatment. It remains to be studied whether the 

modulation of phagocytosis is also an endogenous function of RA in vivo. 

We investigated the effect of RA treatment on the expression of receptors that may 

mediate myelin endocytosis. Conceptually, phagocytosis mechanisms can be 

distinguished based on the criterion whether they are accompanied or not by 

inflammatory reactions of the phagocytes. Receptors that induce a proinflammatory 

response are those that recognize exogenous material such as bacterial pathogens 

(Neumann et al., 2009). These include toll-like receptors and antigen binding FcγR. 

Their activation triggers the release of inflammatory cytokines, prostaglandins, nitric 

oxide and reactive oxygen species. Since high levels of these can be cytotoxic, an 

increase of this kind of phagocytosis is not desired from a therapeutic point of view. 

Given that RA has predominantly anti-inflammatory effects (Austenaa et al., 2009; 

Kampmann et al., 2008; van Neerven et al., 2010b; Van Neerven et al., 2010c), it was 

not surprising to find that RA treatment of macrophages did not induce expression of 

these receptors in the presence of myelin. A second, noninflammatory process of 

phagocytosis, on the other hand, is considered to be beneficial. Receptors that recognize 

apoptotic cells respond to phosphatidylserine when it is exposed on the outer leaflet of 
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the plasma membrane, thereby constituting an “eat-me”-signal. TREM-2, which acts as 

a sensor for lipid components, is a characteristic signaling molecule in this “silent” 

phagocytosis (Neumann et al., 2009). We did not find evidence that would implicate 

this mechanism in the effect of RA on myelin uptake. 

Phagocytosis can also be categorized on whether the ingested material is 

opsonized, that is, tagged with antibodies or complements, or not (Flannagan et al., 

2012). Opsonized particles activate the FcγR or the CR pathways. A key molecule of 

the complement pathway in the CNS is the CR3, also designated as αMβ2-integrin, 

CD11b/CD18 or macrophage-1 antigen. The CR3 binds to particles, including myelin, 

when they are marked with complement iC3b and thereby destined for phagocytosis. 

Clearance of nonopsonized myelin is regulated through receptors that are commonly 

referred to as pattern recognition receptors. These include carbohydrate receptors 

(lectins, e.g. galectin-3), lipoprotein binding scavenger receptor AI/II (SRAI/II), 

MerTK and macrophage receptor with a collagenous structure (MARCO) (Hendrickx 

et al., 2013; Józefowski et al., 2005). Binding of substrate to a phagocytosis receptor 

triggers engulfment by means of the contractile actin-myosin system of the cytoskeleton. 

In the process of internalization of IgG-opsonized particles, the activated FcγR cluster 

in the membrane, become phosphorylated and recruit intracellular adapter proteins, 

which initiate signaling cascades necessary for formation of the phagosome. 

Complement mediated phagocytosis differs morphologically from the FcγR pathway 

and activates other signaling pathways, notably the GTPase Rho (Flannagan et al., 

2012). We expected the gene transcription of some of these receptors to be affected by 

RA treatment or the combination of myelin exposure and RA, but this was not the case. 

However, when macrophages were pre-treated with RA and then exposed to 

myelin, they showed increased gene expression of the receptor CD36. This 

transmembrane glycoprotein is a member of the class B scavenger receptor family that 

acts as a fatty acid translocase. CD36 is involved in the phagocytosis of apoptotic cells 

(Fadok et al., 1998). Recently, CD36 was shown to be required for the uptake of myelin 

debris by microglia and macrophages (Grajchen et al., 2020). Inhibition of this receptor 
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reduced the clearance of myelin debris by both types of phagocytes, promoting their 

inflammatory phenotype in vivo. When we blocked CD36 with SSO in the present 

experiments, the stimulating effect of RA was abolished. However, on the protein level 

no changes of CD36 were found, and in the absence of RA, SSO did not reduce myelin 

phagocytosis. Therefore, the involvement of CD36 in the effects reported here remains 

elusive. We speculate that RA-dependent changes of TGM2 may affect the intracellular 

localization of CD36. 

We identified one link between RA signaling and the phagocytosis mechanism, 

which was the enzyme TGM2. In accordance with published results (Chen et al., 2019; 

Rébé et al., 2009; Van Neerven et al., 2010c) tRA induced mRNA and protein 

expression of TGM2, and this was even stronger when macrophages were also exposed 

to myelin. The inhibition of TGM2 enzyme activity reduced the internalization of 

myelin. TGM2 might support the formation of the engulfing portals thereby increasing 

the efficiency of phagocytosis (Tóth et al., 2009). In TGM2-deficient macrophages the 

internalization of opsonized apoptotic thymocytes was significantly reduced (Szondy 

et al., 2003). Recently, TGM2 expression was also shown to contribute to myelin 

phagocytosis. TGM2-deficient macrophages, while not having a reduced uptake of 

myelin, showed increased accumulation of myelin compared to control cells (Sestito et 

al., 2020). The authors propose that TGM2 might be involved in the myelin degradation. 

Their work also provides an interesting link between this enzyme and the inflammatory 

state of macrophages because knock down of TGM2 impaired the differentiation of 

monocyte-derived macrophages towards an anti-inflammatory phenotype (Sestito et al., 

2020).  

Does the phagocytosis of myelin trigger a pro- or anti-inflammatory phenotype? 

Myelin contains 70%–80% lipids, including a high content of saturated long-chain fatty 

acids, glycosphingolipids and 40% cholesterol. Among the proteins, MBP, and 

proteolipid protein are most abundant in CNS myelin (Simons and Nave, 2016). When 

macrophages encounter these stimuli or accumulate lipids after endocytosis, they are 

induced to release proinflammatory cytokines and reactive oxygen species. In an animal 
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model of SCI, the CR3-mediated uptake of myelin activated phosphatidylinositol-3-

kinase/protein kinase B/nuclear factrot-κB signaling and thereby induced a pro-

inflammatory M1-like phenotype (Sun et al., 2010). However, cell culture studies have 

yielded conflicting data that implicate myelin also as an anti-inflammatory stimulus that 

induces an M2 phenotype, depending on additional environmental signals (Kopper and 

Gensel, 2018). Since scavenger receptor and CR pathways can initiate alternative 

phenotypes (Józefowski et al., 2005), the cellular response may be determined by the 

receptor equipment of the cells when they are presented with myelin debris. For 

instance, prestimulation with interferon-γ modulated the response of microglia to 

myelin with a biphasic temporal pattern. It enhanced production of proinflammatory 

mediators during the first phase (≤6 hrs), followed by suppression during the second 

(6-24 hrs) phase (Liu et al., 2006). The cell culture experiments reported here 

demonstrate that myelin exposure alone did not change the phenotype of BMDM. In 

vivo, the effect of myelin processing on M1/M2 macrophage polarization remains 

controversial (Kopper and Gensel, 2018). Given the goal of improving the clearance of 

myelin debris after SCI, the challenge consists in achieving this without inducing a pro-

inflammatory state of the phagocytes.  

In models of multiple sclerosis, the uptake of myelin modified the physiology of 

macrophages via activation of MerTK, LXR and PPARβ/δ signaling, suggesting an 

autoregulatory feedback of myelin clearance (Bogie et al., 2013; Bogie et al., 2012). In 

contrast, myelin exposure did not affect the expression of MerTK in our BMDM and 

Raw264.7 cell cultures nor did the pharmacological activation of LXR or PPARβ/δ 

enhance myelin uptake. Different regulatory mechanisms may occur in demyelinating 

disorders and BMDM in vitro.  

As mentioned in Section 1, RA reduces expression of inflammatory mediators 

(Dheen et al., 2005; Gross et al., 1993; Kampmann et al., 2008; van Neerven et al., 

2010a; Van Neerven et al., 2010c), and this in macrophages is interpreted as a successful 

transition of M1 to M2 phenotype (Vellozo et al., 2017). For this reason, we expected 

that a stimulation of macrophage phagocytosis with retinoids would also induce them 
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to develop a noninflammatory phenotype. Using key markers for M1/M2 phenotypes 

the present data corroborate the anti-inflammatory effect of RA and even show a 

synergistic effect in the presence of myelin. Expression of cytokine IL-10 and enzyme 

Arg-1, which are indicative of an M2 phenotype were not affected either by myelin or 

RA. Based on the potential to enhance myelin clearance while suppressing 

inflammation, clinical investigations into RA as a therapeutic agent in SCI patients are 

warranted. 
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3.1 Abstract  

Spinal cord injury (SCI) causes cell death and consequently the breakdown of 

axons and myelin. The accumulation of myelin debris at the lesion site induces 

inflammation and blocks axonal regeneration. Hematogenous macrophages contribute 

to the removal of myelin debris. In this study, we asked how the inflammatory state of 

macrophages affects their ability to phagocytose myelin. Bone marrow-derived 

macrophages (BMDM) and Raw264.7 cells were stimulated with LPS or IFNγ, which 

induce inflammatory stress. Then, the endocytosis of myelin was examined. We found 

that activation of the TLR4-NFκB pathway reduced myelin uptake by BMDM, while 

IFNγ-Jak/STAT1 signaling did not. Since bile acids regulate lipid metabolism and 

reduce inflammation, our second objective was to investigate whether myelin clearance 

could be improved with taurolithocholic acid (TLCA), tauroursodeoxycholic acid 

(TUDCA) or hyodeoxycholic acid (HDCA). All three bile acids partially rescued 

myelin phagocytosis in Raw264.7 cells, when this activity was suppressed by LPS, but 

only TLCA had this effect in BMDM. To shed light on the mechanism, we measured 

whether bile acids affected the expression of genes CR3, CD36, Gas6 and TREM2, 

which are involved in phagocytosis and have been reported to be affected by 

inflammatory stimuli. Concomitant with an increase in expression of TNFα, LPS 

reduced expression of TREM2 and Gas6 in BMDM, however TLCA did not 

significantly affect their expression. In Raw264.7 cells, we found a significant 

induction of CD36 and CR3 by HDCA. These findings suggest that activation of bile 

acid receptors may be used to improve myelin clearance in neuropathologies, yet the 

mechanisms of their effects remain elusive. 
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3.2 Introduction 

Spinal cord injury (SCI) produces debris from dying cells and degenerating fiber 

tracts. This elicits a lasting inflammatory response (Greenhalgh and David, 2014; 

Kopper and Gensel, 2018). In addition, myelin remnants prevent neurite regeneration 

(Fournier and Strittmatter, 2001; McKerracher et al., 1994) and interfere with 

remyelination (Kotter et al., 2001). For the restauration of tissue homeostasis, the 

clearance of myelin debris by phagocytes is therefore important (Grajchen et al., 2018; 

Neumann et al., 2009).  

In the case of a disrupted blood spinal cord barrier, which often occurs with 

traumatic SCI, hematogenous macrophages infiltrate the tissue, migrate towards the 

center of the lesion and phagocytose apoptotic cells (David and Kroner, 2011). This 

process is termed efferocytosis. Macrophages also clear myelin-derived proteins and 

lipids (Brück et al., 1995; Church et al., 2017). However, despite the recruitment of 

phagocytes, cellular debris causes a chronic neuroinflammation. Macrophages that 

accumulate lipids in their cytosol acquire a particular morphology. In the context of 

atherosclerosis, they were therefore dubbed “foam cells”. This term was later 

transferred to macrophages in other contexts including neuropathologies (Grajchen et 

al., 2018; Guerrini and Gennaro, 2019). Two polarized phenotypes of macrophages are 

traditionally recognized as M1 (inflammatory) and M2 (alternative activation). After 

SCI, M1 macrophages were assumed to exacerbate secondary degeneration, while M2 

macrophages promote a regenerative response (David and Kroner, 2011). In the M1/M2 

paradigm, the pro-inflammatory differentiation is induced by transcription factors 

NFκB and STAT1, while the alternative state is induced by IL-4, TGFβ and nuclear 

receptors (David and Kroner, 2011; Freilich et al., 2013; Jablonski et al., 2015) . Limited 

sets of marker genes, such as IL-1β for M1 and arginase-1 for M2, are frequently 

assumed to represent the polarized expression profiles of these reactive phenotypes 

(Ransohoff, 2016).  

There seems to be an antagonistic regulation between efferocytosis and lipid 
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metabolism on the one hand and inflammation on the other. Bacterial 

lipopolysaccharides (LPS) or TNFα inhibit efferocytosis (Feng et al., 2011; McPhillips 

et al., 2007; Michlewska et al., 2009). Myelin debris, too, was found to induce an 

inflammatory phenotype of macrophages, which resulted in a poor capacity to 

phagocytose apoptotic neutrophils (Wang et al., 2015a). In experiments with microglia, 

however, IFNγ treatment raised the proportion of cells that were active phagocytes, 

while IL-4 decreased it, and TNFα and TGFβ had no effect (Chan et al., 2001). IFNγ 

inhibited non-opsonized phagocytosis but increased opsonized phagocytosis by 

peritoneal macrophages (Wang et al., 2015b). In a recent study with zebrafish, the 

activation of TLR4/Myd88 (upstream of NFκB) was required for the degradation of 

myelin debris (Cunha et al., 2020). Thus, the issue of how different inflammatory 

stimuli affect myelin clearance remains complicated.  

Exemplified by the foam cells, the intracellular breakdown and subsequent 

recycling of lipids is a necessary step of myelin clearance (Zhu et al., 2017). In the liver, 

important regulators of lipid homeostasis are the bile acids (Farr et al., 2020; Pols et al., 

2011b), Farr (Farr et al., 2020) et al. 2020). Their biological effects are mediated by two 

different receptor pathways, which are both present in macrophages (Chiang, 2013; 

Fiorucci et al., 2018). Secondary bile acids deoxycholic acid and lithocholic acid 

preferentially activate a G-protein coupled receptor, known as the Takeda G-protein 

coupled receptor-5 (TGR5). This receptor, via adenylyl cyclase causes production of 

cAMP, which entails many possible downstream signals including phosphorylation of 

CREB. Several primary and secondary bile acids also pass the cell membranes and 

activate the nuclear farnesoid X receptor (FXR)(Fiorucci et al., 2018; Guo et al., 2016). 

Hyodeoxycholic acid (HDCA) and derivatives of it bind to the liver X receptors (LXR) 

(De Marino et al., 2017).  

In addition to their involvement in lipid metabolism, the TGR5- and FXR-

mediated pathways inhibit activation of the inflammatory transcription factor NFκB 

(Pols et al., 2011a; Yanguas-Casás et al., 2014) and thereby are anti-inflammatory and 

cytoprotective (Dong et al., 2020; Fiorucci et al., 2018; Kim et al., 2018). For this 
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reason, bile acids are being investigated in several neuropathologies (Ackerman and 

Gerhard, 2016; Elia et al., 2016; Grant and DeMorrow, 2020; Rosa et al., 2018).  

To better understand the role of bile acids in the network of inflammation and 

myelin clearance after SCI we investigated the following hypotheses: 1) Activation of 

the inflammatory pathways triggered by LPS/TLR4/NFκB and IFNγ/Jak/STAT 

signaling reduces the myelin phagocytosis of bone marrow-derived macrophages 

(BMDM). 2) Bile acids interfere with these inflammatory responses and thereby 

promote myelin endocytosis in vitro. 3) If the second hypothesis were corroborated we 

wanted to test possible mechanism involving phagocytosis receptors, such as 

counteracting TNFα-inhibition of Gas6 expression (Feng et al., 2011), upregulation of 

CD36 (Wu et al., 2021) and TREM2 (Takahashi et al., 2005). The most frequently used 

TGR5 ligand in preclinical studies is tauroursodeoxycholic acid (TUDCA), which is 

found in the bile of bears. This was tested by us, together with taurolithocholic acid 

(TLCA), which in preliminary experiments counteracted effects of TLR4 signaling 

more potently than TUDCA (unpublished data), and with HDCA, which has been 

successfully used in rodent models of metabolic disorders (De Marino et al., 2017).  

  



Chapter III: TLCA rescues phagocytosis activity under inflammatory stress 

- 74 - 

 

3.3 Materials and Methods 

3.3.1 Animals 

Adult male C57BL/6 mice were used for preparing BMDM. Myelin was extracted 

from brains of adult Wistar rats. All animals were bred at the animal facility of the 

Hospital Nacional de Parapléjicos (Toledo, Spain). Animal care and euthanasia were 

approved by the local Ethics Committee on Animal Welfare (163CEEA/2017) and 

subsequently by the Consejería de Agricultura of Castilla-la Mancha (anotación 

210498). 

 

3.3.2 Reagents 

Inflammatory pathways were induced with Escherichia coli lipopolysaccharides 

(isotype O26:B6) at concentrations of 0.1, 1, 10 and 100 ng/mL and with rat IFNγ of 

10 and 20 ng/mL. TUDCA, TLCA and HDCA were purchased from Calbiochem (La 

Jolla, CA, USA). In preliminary experiments with Raw264.7 cells using nitrite release 

as the inflammatory read out, we tested concentrations of 20 to 320 µM bile acids, 

dissolved in cell culture medium. Based on these results we chose 40 µM TLCA, 200 

µM TUDCA and 160 µM HDCA in phagocytosis and gene expression assays. The 

activation of NFκB was inhibited with 2 µM Bay11-7082 (Sigma-Aldrich B5556). We 

blocked CD36 with 25 μM sulfo-N-succinimidyl oleate (SSO, Merck, SML2148). All-

trans retinoic acid (RA) was used at 0.1 µM (Wu et al., 2021). 

 

3.3.3 Preparation of bone marrow-derived macrophages  

Bone marrow-derived macrophages were prepared from femur and tibia bones of 

six-month old mice as described recently (Wu et al., 2021). After removing muscles 

and connective tissue, bones were superficially sterilized and collected in phosphate 

buffered saline (PBS). Under a sterile hood, the epiphyses were cut off and the bone 
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marrow extracted by injections from both sides with 2 mL Dulbecco’s modified Eagle’s 

medium (DMEM)/10% fetal bovine serum (FBS) using a 25G (femur) or 29G cannula 

(tibia). We collected, washed and resuspended extracts from one mouse in 1 mL lysis 

buffer containing 8.29 mg NH4Cl, 1 mg KHCO3, 37 μg EDTA. After 1 min, lysis was 

stopped with 14 mL ice cold PBS. Cells were washed again and resuspended in medium, 

consisting of DMEM supplemented with 10% heat inactivated FBS, 1% GlutaMaxTM 

and 1% penicillin/streptomycin (10.000 u/mL) and 20 μg/mL murine macrophage-

colony stimulating factor (M-CSF, Peprotech, USA, 315-02). Cells were cultivated in 

non-treated culture dishes (d = 100 mm) at a density of 10 million cells/plate for seven 

days at 37ºC, 5% CO2.  

 

3.3.4 Myelin isolation and labeling 

Myelin was isolated from cerebral cortices of adult rat brains as described 

previously (Kotter et al., 2001; Wu et al., 2021). The procedure consisted in mechanical 

homogenization of brain tissue in ice-cold 0.3 M sucrose (T25 Digital Ultra-Turrax; 40 

mL/brain), ultracentrifugation on 0.83 M sucrose (75,000 g, 4°C, 30 min), suspension 

of the interface in 20 mM Tris/HCl buffer, washing (12,000 g, 4°C, 15 min) and 

resuspension in 5-10 mL buffer. Protein concentration was determined (Bio-Rad protein 

assay) and the volume adjusted to 1 mg/mL protein. Aliquots of 0.5 mL were stored at 

−20°C until further processing.  

For the analysis of phagocytosis with flow cytometry or a microplate reader, 

myelin was labeled with pHrodo Green STP Ester (Invitrogen, cat. nr. P35369). The 

dye was dissolved in DMSO (500 μg/75 μL DMSO) and 1% added to myelin extract, 

which was previously washed and suspended in 0.5 mL of 0.1 M NaHCO3 (pH 8.4). 

After incubation for 45 min at RT, the labeled myelin was spun down (8 min, 12.000 g) 

and the pellet resuspended (1 mg/mL) in Roswell Park Memorial Institute-1640 (RPMI) 

medium with 1% FBS.  
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3.3.5 Cell culture 

The murine macrophage cell line Raw264.7 was cultivated in DMEM with 5% 

FBS, 1% GlutaMaxTM and 1% penicillin/streptomycin (10.000 u/mL) at 37ºC, 5% CO2. 

For plating in multi-well dishes, cells were detached from tissue culture plastic with 

cold PBS. Raw264.7 cells were plated either in 12-well plates at 600,000 cells/well or 

in 96-well plates at 60,000 cells/well, depending on the assay. 

Macrophage primary cultures were grown in DMEM/GutaMaxTM and 10% FBS 

with the addition of 20 μg/mL M-CSF in 12-well plates at 700,000 cells/well or in 96-

well plates at 70,000 cells/well. 

 

3.3.6 Phagocytosis assays 

The effect of inflammation on endocytosis by Raw264.7 cells was first assessed 

using SkyBlue labeled latex particles with d = 0.1–0.3 μm (Spherotch, FP-0270-2; 1% 

w/v), which were suspended 1/1000 in DMEM/1% FBS. Cell cultures were put in 6-

well plates with RPMI medium/1% FBS (without phenol red) and incubated for 24 hrs. 

After adding LPS or IFNγ, the cells were cultivated for 14 hrs. Then, 150 μL of 

SkyeBlue bead suspension were given to the cells. Following another 8 hrs incubation 

at 37ºC, 5% CO2, cells were harvested and the internalization of fluorescent beads 

quantified with flow cytometry later (Fig. 1a).  

To investigate myelin endocytosis, 12.5 μg myelin/mL was added instead of latex 

beads. Myelin exposure lasted also 8 hrs. With tests under inflammatory conditions, 

treatment with 2 μM Bay11-7082, 25 μM SSO, 0.1 μM all-trans RA, 40 μM TLCA, 

200 μM TUDCA or 160 μM HDCA began 2 hrs before LPS or IFNγ exposure, and 

myelin was added 14 hrs later. When cells were investigated without inflammatory 

stimulation, treatment with RA or bile acids was added at t0 (Fig. 1a). Essays were done 

in 6-well plates. 

We used two independent assays for evaluation with either flow cytometry or a 
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microplate reader. In flow cytometry, uptake was measured on a FACS Canto machine 

(BD Biosciences) and analyzed by using FlowJo 10.6.2 software. The viability marker 

7-amino-actinomycin D (1 µg/mL, BD Biosciences) was added 10 min before analysis. 

Phagocytosis was expressed as a percentage of live cells that took up latex beads or 

myelin (Fig. 1b-d).  

For myelin phagocytosis assays with a microplate reader, cells were incubated 

with 12.5 μg/mL pHrodo-labeled myelin at 37°C for 8 hrs. To quantify myelin uptake, 

we washed cells with PBS to eliminate pHrodo fluorescence in the cell culture medium. 

Quantitative assessment was performed with a fluorescence plate reader (Infinite 

M1000 Pro, Tecan) using the pHrodo dye excitation and emission maxima of 

approximately 505 nm and 525 nm. Data were checked with MTT assays of cell 

viability. 

 

3.3.7 Immunocytochemistry and fluorescence microscopy 

The validity of myelin-pHrodo labeling for quantitative phagocytosis assays was 

checked with immunocytochemistry (IHC). Cells were washed with PBS, fixed in 4 % 

paraformaldehyde/PBS for 15 min, washed, blocked and permeabilized for 1 h in 10% 

normal goat serum, and 0.1% Triton X-100 at RT. Cultures were incubated with a 

primary antibody against myelin basic protein (rat anti MBP; abcam, ab7349, 1/2000; 

overnight at 4°C), Alexa594-labeled secondary antibody (goat anti-rat, 1/500, 

Invitrogen, A11007; 2 hrs at RT), and Hoechst 33342 nuclear staining (1:2000 in PBS; 

5 min at RT). Photos were taken with Leica epifluorescence or confocal microscopes at 

40x magnification using a digital camera (ImageJ-win64 software; Fig. 2a-f). 

 

3.3.8 Quantification of gene expression 

Ribonucleic acid was isolated with TRIzol, according to the manufacturer’s 

instructions, then treated with DNase I and reverse transcribed with Superscript III 
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reverse transcriptase and oligo (dT) primers as described previously (Wu (Wu et al., 

2020) et al., 2020). Real-time quantification of gene expression was performed using a 

SYBR Green RT-PCR assay. Each 15 μL SYBR green reaction mixture consisted of 1 

μL cDNA, 7.5 μL SYBR Green PCR-mix (2×), 0.75 μL forward and reverse primer (10 

pM) and 4.75 μL distilled water. PCR was performed with 5 min at 95ºC, followed by 

40 cycles of 15 sec at 95ºC, 60 sec at 60°C and a separate dissociation step. Specificity 

of the PCR product was confirmed by checking the melting curves. All samples were 

run in triplicates, and the level of expression of each gene was compared with the 

expression of the ribosomal gene RPS29. Amplification, detection of specific gene 

products and quantitative analysis were performed using an ABI 7500 sequence 

detection system (Applied Biosystems, USA). Three or four independent cell culture 

preparations were analyzed in all experiments. PCR efficiency was verified by dilution 

series (1, 1/3, 1/9, 1/27, 1/81 and 1/243) and relative mRNA levels were calculated 

using the comparative ΔCt method with normalization to the housekeeping gene. Gene 

identifiers, primer sequences, product sizes and melting temperatures are listed in Tab. 

1.  

Tab 1: Gene indentifiers and primer sequences used in quantitative RT-PCR 
 

Gene Gene ID (NCBI 

Reference 

Sequence) 

Primer sequences Product 

Tm [ºC] 

Product 

size [bp] 

RPS29 NM_ 009093.2 sense: GCCGCGTCTGCTCCAA 

antisense: ACATGTTCAGCCCGTATTTGC 

60 54 

CR3 NM_008401 sense: GACCCTGGCCGCTCACGTATC 

antisense: TCCACGCAGTCCGGTAAAATT 

62 127 

CD36 NM_001159557 sense: GGAGCCATCTTTGAGCCTTCA 

antisense: GAACCAAACTGAGGAATGGATCT  

61 217 

Gas6 NM_019521.2 sense: GAACTTGCCAGGCTCCTACTCT 

antisense: GGAGTTGACACAGGTCTGCTCA 

61 124 

IL1β NM_008361    sense: CTGGTGTGACGTTCCCATTA 

antisense: CCGACAGCACGAGGCTTT 

57 74 

TNFα NM_013693.3 sense: AGGCTGTCGCTACATCACTG 

antisense: CTCTCAATGACCCGTAGGGC 

60 75 
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TGM2 NM_009373    sense: GACAATGTGGAGGAGGGATCT 

antisense: CTCTAGGCTGAGACGGTACAG 

60 120 

TREM2 NM_001272078 sense: CTGGAACCGTCACCATCACTC 

antisense: CGAAACTCGATGACTCCTCGG 

62 183 

See list for abbreviations, all gene sequences are from mouse 

 

3.3.9 Statistical analysis 

Data are presented as mean values +/- standard error of the mean (SEM). Effects 

of different treatment conditions were analyzed with one-factor ANOVA using 

GraphPad Prism v5 software. In case of significant effects, treatment conditions were 

compared with post hoc Sidak's multiple comparisons or Dunnett’s tests, depending on 

the question. In some cases, when only two data sets were compared we a used two-

tailed t-tests considering p < 0.05 as statistically significant.  
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3.4 Results 

3.4.1. The effect of inflammatory stimuli on the phagocytosis of latex beads and 

myelin by macrophages 

Our first objective was to study whether clearance of myelin is affected by the 

inflammatory state of macrophages. For this we established two phagocytosis assays 

with the Raw264.7 macrophage cell line and with primary cultures of murine BMDM. 

Cells were incubated with fluorescent latex beads and subsequently analyzed with flow 

cytometry. Within eight hours, the particles were ingested by the cells (Fig. 1b). Flow 

cytometry unequivocally differentiated between cells with and without phagocytosis 

and allowed us to quantify whether one or more beads had been taken up (Fig. 1c, d). 

For measuring myelin phagocytosis, we prepared myelin from brains of adult rats and 

labeled it with pHrodo, which shows pH-dependent fluorescence and thereby indicates 

the inclusion of myelin within lysosomes.  
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Fig. 1 Experimental set up for investigating phagocytosis. a Time line of in vitro 

phagocytosis experiments; cells were cultivated 24 hrs before treatment began at t0, 

inflammatory stimuli were applied 2 hrs later, and myelin exposure lasted 8 hrs. b Phase 

contrast image of Raw264.7 cells, superimposed with SkyBlue fluorescence of ingested 

latex beads (red) and Hoechst 33342 (blue). c Cytometry plot, side scatter vs 

fluorescence and d plotting the number of live cells vs SkyeBlue fluorescence illustrates 

distinct populations of cells without endocytosis, with uptake of one, two or more latex 

beads. In this case 42.9% of the macrophages had ingested at least one fluorescent 

particle. 

 

Cellular uptake of myelin was also visualized with an antibody against MBP. The 

Raw 264.7 cells do not express this myelin-associated protein, but after incubation with 

myelin they showed intracellular MPB IR (Fig. 2a, b). Microscopical inspection of 

pHrodo fluorescence localized this dye inside of the cells as well (Fig. 2c). The same 

methods demonstrated myelin phagocytosis in BMDM (Fig. 2d-f). Fluorescent labeling 

of cells could then be assessed with flow cytometry (Fig. 2g) or by measuring pHrodo 

fluorescence with a microplate reader. The example experiments with cytometry shown 

in Fig. 2g illustrates that the number of cells counted in the myelin/pHrodo-positive 

FACS gate decreased when cells were exposed to LPS (from 88% of live cells in the 

absence of LPS to 61% with 0.1 ng/mL LPS in the medium). 
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Fig. 2 Phagocytosis of myelin by Raw264.7 cells and BMDM. a, b MBP 

immunostaining (red) of Raw264.7 cells in the absence (a) and after incubation with 

myelin (b). c Myelin was labeled with the pH-dependent dye pHrodo (green) and added 

to the cell culture. d, e MBP IR (red) of BMDM in the absence (d) and after incubation 

with myelin (e). f BMDM incubated with pHrodo-labeled myelin. Cell nuclei were 

stained with Hoechst 33342 (blue) in a-f; all photos were taken with the same 

magnification, scale bar in (a). g Cytometry plots of Raw264.7 cells after incubation 

with pHrodo-labeled myelin with and without exposure to LPS; the gating window that 

includes pHrodo-positive cells (based on experiments without myelin) shows 88.3% of 

the cells with myelin under control condition and 60.7% cells in the presence of 1 

ng/mL LPS. 
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To test whether inflammatory signals influence phagocytosis, cells were 

stimulated with LPS, which activates TLR4/NFκB signaling, or IFNγ, which activates 

the Jak/STAT1 pathway. Concentrations of 0.1 – 10 ng/mL LPS did not influence the 

uptake of latex beads by the macrophage cell line (Fig. 3a). The same concentrations of 

LPS did, however, significantly decrease the phagocytosis of myelin (Figs. 2g, 3b). 

Combinations of SkyeBlue beads and myelin revealed no mutual interference. 

Additional myelin exposure did not alter the endocytosis of latex beads, and 

endocytosis of beads did not affect the simultaneous ingestion of myelin nor the 

negative effect of LPS on this function (Fig. 3c).  

Since the clearance of myelin is biologically more relevant, we did not further 

study the ingestion of latex beads. Stimulation with LPS also reduced the phagocytosis 

activity of BMDM primary cultures, although higher concentrations of LPS (10 ng/mL) 

were needed to exert a significant effect on these macrophages (Fig. 3d). 

When stimulated with 10 ng/mL IFNγ, the myelin ingestion by Raw264.7 cells 

decreased strongly (Fig. 3e). However, in the case of BMDM, the inflammatory 

cytokine did not have this effect, and even 20 ng/mL IFNγ did not significantly reduce 

myelin uptake (higher concentrations compromised cell viability). These results may 

indicate that activation of NFκB signaling affected phagocytosis by macrophages but 

that STAT1 signaling did not.  
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Fig. 3 Effect of LPS and IFNγ on the phagocytosis activity of Raw264.7 cells and 

BMDM. a Proportion of Raw264.7 macrophages (% of live cells, counted with 

cytometry) with endocytosis of latex beads when incubated without and with 1 or 10 

ng/mL LPS. b Phagocytosis of pHrodo-labeled myelin by Raw264.7 cells when 

incubated without and with 0.1, 1 or 10 ng/mL LPS. c There was no interference 

between ingestion of latex beads (bars on the left side) and pHrodo-labeled myelin (bars 

on the right side); plotted are numbers of cells counted as positive for phagocytosis 

(mean +/- SEM; n = 3 independent experiments with every condition; *, # p < 0.05, 

significant were only effects of LPS on myelin uptake in the presence of absence of 

latex beads). d Myelin phagocytosis by BMDM when incubated without and with 1 or 

10 ng/mL LPS. e Myelin phagocytosis by Raw264.7 cells incubated without and with 

10 ng/mL IFNγ. f Myelin phagocytosis by BMDM incubated without or with 10 or 20 

ng/mL IFNγ. Data show means +/- SD; ANOVA, post hoc Dunnett's test (a-c, e) or t-

test (d), in comparison with the control condition: * p < 0.05, ** p < 0.01.  

 

To support this conclusion, we inhibited the transcriptional activity of NFκB with 

2 μM Bay11-7082 simultaneously with exposure to LPS. This restored myelin 

phagocytosis completely (Fig. 4a). Alternatively, we inhibited CD36 which is 

associated with inflammation and also serves as a scavenger receptor. The CD36 

inhibitor SSO also abolished the effect of LPS. 
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Fig. 4 Effect of anti-inflammatory treatment on phagocytosis. a Inhibitors of NFkB 

(2 μM Bay11-7082) and of CD36 (sulfo-N-succidimidyl oleate, SSO) restored 

phagocytosis activity of Raw264.7 cells in the presence of 1 ng/mL LPS; ANOVA, F 

(3, 42) = 59.8, p < 0.0001; post hoc Tukey test, vs. control: *** p < 0.001, vs LPS: ### 

p < 0.001. b In the absence of LPS, all-trans RA (tRA) increased phagocytosis activity, 

while bile acids TLCA and TUDCA had no significant effect; ANOVA, F (3, 30) = 4.5, 

p = 0.01; post hoc Dunnett's test vs. control * p < 0.05. 

 

3.4.2. Taurolithocholic acid rescues phagocytosis activity of BMDM. 

Our second objective was to find out whether bile acids that were shown to be 

anti-inflammatory in macrophages (Pols et al., 2011b) can also improve myelin 

clearance. In the absence of inflammation, TLCA and TUDCA had no measurable 

effects on phagocytosis (Fig 4b). As a positive control, we added 0.1 μM all-trans RA. 

This significantly increased myelin endocytosis, corroborating a recent publication (Wu 

et al., 2021).  

Previous experiments suggest that TGR5 ligands affect cytokine release and cell 

viability only in the presence of inflammatory stimuli (unpublised data). Similarly, the 

reduction of myelin phagocytosis by Raw264.7 cells in the presence of LPS was 

partially prevented by bile acids. Flow cytometry demonstrated that LPS reduced the 

proportion of myelin/pHrodo positive cells from 88% to 66%, which increased to 83% 

when also treated with 40 μM TLCA (Fig. 5a). Experiments measuring pHrodo 
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fluorescence with a microplate reader confirmed this and also showed that 200 μM 

TUDCA and 160 μM HDCA rescued the function to a similar degree (Fig. 5b). 

Surprisingly, treatment with 0.1 μM all-trans RA, which is known to reduce the 

expression of inflammatory cytokines (Dheen et al., 2005; Kampmann et al., 2008; van 

Neerven et al., 2010a; van Neerven et al., 2010b) did not have this effect. In the cell 

line, IFNγ also reduced myelin uptake. This was not prevented by any of the bile acids 

(Fig. 5c). 

The same experiments were repeated with BMDM. We confirmed the principal 

finding with TLCA and RA but, as before for the response to IFNγ, there were relevant 

differences, in this case with respect to the other TLR5 ligands. Lipopolysaccharides 

decreased myelin uptake to 65% compared to the control condition, RA had no effect, 

while TLCA completely rescued the phagocytosis (Fig. 5d). In contrast, TUDCA and 

HDCA did not affect this activity at all. Since all these ligands in the concentrations 

used here have been shown to activate TLR5 signaling, different signal transduction 

may be at work regarding the effect on myelin endocytosis. Thus, we attempted to 

clarify some mechanism of how bile acid signaling interacts with phagocytosis. 
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Fig. 5 Ligands of TGR5 reduced the inhibitory effect of LPS on phagocytosis. a 

Flow cytometry plots of Raw264.7 cells under the control condition, in the presence of 

1 ng/mL LPS and LPS plus 40 μM TLCA illustrate how LPS reduced myelin uptake 

which recovered in the presence of the bile acid. b Quantification of pHrodo/myelin 

uptake by Raw264.7 cells using a microplate reader; conditions were without LPS, 1 

ng/mL LPS, LPS + 0.1 μM RA, LPS + 200 μM TUDCA, LPS + 40 μM TLCA, LPS + 

160 μM HDCA. One-factor ANOVA with F (5, 78) = 27.5, p < 0.0001 showed 

significant treatment effects; post hoc Sidak's multiple comparisons test: *** p < 0.001 

LPS vs control, # p < 0.05, ## p < 0.01, ### p < 0.001 vs LPS. c Quantification of 

myelin uptake by Raw264.7 cells, same conditions as in (b) but with 10 ng/mL IFNγ as 

the inflammatory stimulus. The reduction of phagocytosis by IFNγ was highly 

significant but bile acids had no rescue effect: ANOVA F (4, 40) = 171, p < 0.0001; post 

hoc Sidak's multiple comparisons test: ***.p < 0.001 IFNγ vs control, ## p < 0.01 vs 
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IFNγ. d Quantification of myelin uptake by BMDM as in (b),using 10 ng/mL LPS to 

induce the inflammatory phenotype. LPS-dependent reduction and reversal with TLCA 

were highly significant: ANOVA F (5, 58) = 11.0, p < 0.0001; post hoc Sidak's multiple 

comparisons test: ***.p < 0.001 LPS vs control, ### p < 0.001 TLCA vs LPS. 

 

3.4.3. TLCA, TUDCA and HDCA have differential effects on the expression of 

genes involved in inflammation and phagocytosis  

Previous studies demonstrated that TGR5 activation by bile acids interferes with 

NFκB transcription factors (Pols et al., 2011a; Yanguas-Casás et al., 2017). Since the 

negative effect of LPS on phagocytosis could be completely abolished using an 

inhibitor of NFκB, we considered the hypothesis that the anti-inflammatory activity of 

bile acids is responsible for revealing the inhibition of phagocytosis by LPS. The 

expression of two crucial inflammatory cytokines, IL-1β and TNFα was measured with 

quantitative RT-PCR. As expected, both genes were upregulated when cells were 

exposed to LPS (Fig. 6). The addition of bile acids could significantly reduce this 

inflammatory response. However, the differential effects of the three TLR5 ligands 

tested by us do not support the hypothesis of a simple negative correlation between 

inflammation and myelin phagocytosis. With Raw264.7 cells that were exposed to LPS 

and myelin, only TUDCA significantly inhibited the upregulation of IL-1β (Fig. 6a) and 

only TLCA reduced the expression of TNFα (Fig. 6b). In the case of BMDM, we 

encountered a high variability of the cellular response, such than no significant effects 

on either cytokine were observed, though TLCA may be inhibitory (Fig. 6c, d). 
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Fig. 6 Effects of bile acids on LPS-induced inflammatory genes. Following exposure 

to myelin, LPS and bile acids, mRNA was extracted from cell cultures, and gene 

expression measured with quantitative RT-PCR. a, b Expression of IL-1β and TNFα by 

Raw264.7 cells exposed to myelin, 1 ng/mL LPS, 40 μM TLCA, 200 μM TUDCA, 160 

μM HDCA or combination of these as indicated. c, d Expression of IL-1β and TNFα 

by BMDM exposed to myelin, 10 ng/mL LPS and the same concentrations of bile acids 

as the cell line. Data were evaluated with ANOVA and post-hoc Dunnett's test using 

LPS+myelin for comparison (using * p < 0.05, ** p < 0.001 to indicate induction by 

the inflammatory stimulus and # p < 0.05, ## p < 0.01 to indicate effects of bile acids. 

Treatment effects were significant for the expression of IL-1β (a), F (6, 47) = 5.0, p < 

0.001 and of TNFα by Raw264.7 cells (b), F (6, 47) = 3.0, p < 0.05, but not with BMDM 

and IL-1β (c), F (4, 23) = 5.0, p < 0.01, comparison with Dunnett’s test n.s. and not with 

BMDM and TNFα (d), ANOVA F (4, 15) = 2.9, n.s. 

 

In recent experiments we provided evidence that retinoids affect phagocytosis by 

increasing the expression of transglutaminase-2 (TGM2) and the scavenger receptor 

CD36 (Wu et al., 2021). Using bile acids on Raw264.7 cells, the enzyme TGM2 was 

not significantly affected by treatment (Fig. 7a). Expression of CD36 significantly 

increased under inflammatory conditions and increased further when the cells were 

treated with HDCA, while TLCA and TUDCA had no significant effect (Fig. 7b). 
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Similarly, significantly more transcripts of the complement receptor CR3 were found 

with HDCA treatment and not with TLCA and TUDCA (Fig. 7c). These effects do not 

coincide with changes in expression of inflammatory genes. 

Another potential mechanism implicates inhibition of the growth arrest specific 

gene-6 (Gas6) by TNFα. The Gas6 protein augments phagocytosis of apoptotic cells by 

binding to phosphatidyl serine (Feng et al., 2011). In Raw264.7 cells we did not see a 

decrease of Gas6 expression under inflammatory conditions, which seems to exclude 

this mechanism (Fig. 7d). We did find a highly significant downregulation by LPS of 

the triggering receptor on myeloid cells-2 (TREM2). Its expression was partly rescued 

by TLCA and HDCA, though these changes fell just short of being significant (Fig. 7e). 

 

Fig. 7 Effects of bile acids and inflammation on expression of phagocytosis related 

genes in Raw264.7 cells. Expression of a TGM2, b CD36, c CR3, d Gas6 and e TREM2 

by Raw264.7 cells exposed to myelin, 1 ng/mL LPS, 40 μM TLCA, 200 μM TUDCA, 

160 μM HDCA or combinations as indicated in the graphs. Data were evaluated with 

ANOVA and post-hoc Dunnett's test using LPS+myelin for comparison, ** are used to 

indicate pro-inflammatory activity and ## to indicate effects of bile acids; TGM2: F(6,35) 

= 0.6, n.s.; CD36: F (6, 39) = 19, p < 0.0001; CR3: F (6, 39) = 7.3, p < 0.0001; Gas6: F (6, 

49) = 2.9, p < 0.05; n.s.; TREM2: F (6, 38) = 6.5, p < 0.0001. 
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Based on these and previous results, we then tested whether TLCA, which was the 

only bile acid that rescued phagocytosis in BMDM, affected CD36 in the primary 

cultures. This was not the case (Fig. 8a). Since the published evidence implicating Gas6 

seemed compelling, we measured its expression also in BMDM. In contrast to the cell 

line, we found a highly significant reduction with LPS, but TLCA was not able to 

recover mRNA levels significantly (Fig. 8b). The same pattern was observed for 

TREM2 (Fig. 8c). There is no compelling evidence, therefore, that these two proteins 

play a role in the effect of bile acids on phagocytosis under inflammatory stress, though 

a certain induction of Gas6 as well as TREM2 mRNA was observed, which does not 

allow to reject this hypothesis without additional experiments. 

 
Fig. 8 Effects of bile acids and inflammation on expression of phagocytosis related 

genes in macrophage primary cultures. Expression of a CD36, b Gas6. and c TREM2 

by BMDM cells exposed to myelin, 10 ng/mL LPS, LPS+myelin and LPS+myelin+40 

μM TLCA. Data were evaluated with ANOVA and post-hoc Dunnett's test using 

LPS+myelin for comparison, *, ** are used to indicate pro-inflammatory activity, the bile 

acid had no significant effects; CD36: F (4, 25) = 2.6, n.s.; Gas6: F (4, 25) = 6.3, p < 0.01; 

TREM2: F (4, 25) = 4.4, p < 0.01. 
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3.5 Discussion 

We investigated whether bile acids affect myelin clearance by macrophages under 

inflammatory conditions. The results suggest two conclusions: 1) Activation of the 

LPS-TLR4/NFκB pathway reduces myelin phagocytosis by BMDM in vitro, while 

IFNγ-Jak/STAT1 signaling does not. 2) Taurolithocholic acid rescues myelin 

phagocytosis in BMDM when this activity is suppressed by LPS.  

The activation of bile acid receptors may therefore be explored for therapeutic 

strategies to improve myelin clearance in pathologies such as SCI, where this is a 

limiting factor. Results indicate, however, that caution should be used not to generalize 

to conditions that do not involve TLR4 signaling, to bile acids other than TLCA or to 

the endocytosis of different substrates such as apoptotic cells. Unfortunately, TLCA 

itself does not lend itself for clinical applications because it causes liver cholestasis 

(Denk et al., 2010) and the growth of cholangiocarcinoma cells (Amonyingcharoen et 

al., 2015). 

 

Several interpretations would require additional experiments. The influence of 

TLCA on endocytosis in the presence of LPS seems to involve other mechanism than 

TGR5-cAMP signaling. All three bile acids have been shown to raise cAMP levels 

(Cipriani et al., 2011; De Marino et al., 2017; Yanguas-Casás et al., 2017), but only 

TLCA affected myelin ingestion by BMDM in our experiments. Of the bile acids, 

TLCA has the highest affinity to TGR5 (Chiang, 2013), yet since the applied 

concentrations of TUDCA and HDCA were effective in reducing inflammatory 

reactions, it is unlikely that higher concentrations of TUDCA or HDCA would have 

been effective in supporting phagocytosis. The most likely alternative pathways by 

which bile acids affect cell physiology is the activation of the transcription factor FXR 

(Ding et al., 2015; Wang et al., 1999). For instance, HDCA suppressed cell proliferation 

of intestinal epithelial cells through FXR-PI3K/AKT signaling without involving TGR5 

activation (Song et al., 2020). Farnesoid X receptor is expressed in macrophages and is 
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involved in the regulation of autoimmunity (Hucke et al., 2016). However, a compelling 

study with FXR deficient mice, which primarily focused on oligodendrocytes, provides 

evidence to the contrary (Albrecht et al., 2017): Activation of FXR with GW4064 did 

not affect the expression of more than 80 genes involved in inflammatory immune 

responses nor the release of TNFα and NO by astrocytes and microglia. Rather than 

discarding the relevance of FXR in our context, we would argue in favor of a 

dissociation between the anti-inflammatory activity of bile acids, which may be 

independent of FXR, and their effects on phagocytosis. Related nuclear receptors PXR, 

VDR and LXR are also activated by some bile acids (Chiang, 2013; De Marino et al., 

2017). Of these, the FXR, VDR and LXR form heterodimers with RXR (van Neerven 

et al., 2008). Direct activation of RXR with bexarotene improved myelin endocytosis 

by BMDM (Wu et al., 2021). Mechanisms involving activation of these receptors by 

bile acids should therefore be considered. 

 

Our pharmacological results do not support a dualistic model that contrasts a 

phagocytic versus an inflammatory phenotype of macrophages. Traditionally, two 

modes of differentiation of macrophages are distinguished, referred to as M1 (pro-

inflammatory) and M2 (alternative activation)(Freilich et al., 2013), and phagocytosis 

activity is associated with the M2 polarization (Wang et al., 2015a). Since cAMP 

induces M2 associated genes (Ghosh et al., 2016), we expected the TGR5 agonists to 

promote this activation in our cells. Both bile acid signaling mechanisms, via TGR5 

and via FXR, converge on the inhibition of the NFκB responsive element (Fiorucci et 

al., 2018), which is inhibited by the nuclear corepressor-1 (downstream of FXR), and 

affected by phospho-CREB (downstream of TGR5-cAMP) (Zhang et al., 2019). In 

addition, TGR5 can influence macrophage migration without involving NFκB (Perino 

et al., 2014). However, bile acid anti-inflammatory profiles did not correlate with 

phagocytosis effects, and there were striking differences between the cell line and 

primary cultures (Figs. 5-8). Interferon-γ strongly affected Raw264.7 cells but did not 

interfere with myelin uptake by the BMDM (Fig. 3). In addition, RA also inhibits NFκB 
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and depresses inflammatory genes including TNFα (Austenaa et al., 2009; Dheen et al., 

2005) but did not rescue myelin endocytosis in the presence of LPS. Opposing effects 

of different bile acids even on the few inflammatory genes that we measured in this 

study and the lack of correlation with their effect on phagocytosis support the opinion 

that the so-called M2 phenotype is not a valid concept (Ransohoff, 2016).  

 

Activation of TLR4 with subsequent NFκB-induced production of TNFα inhibited 

the phagocytosis of neutrophils by macrophages (Michlewska et al., 2009). One 

mechanism for this is the suppression of Gas6 by TNFα. The former binds to 

phosphatidylserine of apoptotic cells, activates MerTK in the phagocyte and thereby 

initiates endocytosis (Wu et al., 2005). Blocking TNFα with a neutralizing antibody or 

adding exogenous Gas6 restored efferocytosis in LPS treated macrophages (Feng et al., 

2011). Regarding the influence of bile acids on myelin clearance, our data with 

Raw264.7 cells contradict this model. Neither inhibiton of Gas6 expression by LPS nor 

its upregulation by bile acids was observed in the cell line. We observed in BMDM that 

Gas6 expression was blocked by LPS, as expected (Feng et al., 2011). We found a slight 

increase with TLCA, yet this was not significant. Experiments using murine 

macrophages with deficient MerTK signaling showed that their phagocytic deficiency 

(and thus the potential mechanism via Gas6) was restricted to apoptotic cells and was 

independent of Fc receptor-mediated phagocytosis or ingestion of other particles (Scott 

et al., 2001). Although phosphatidylserine makes up about 4% of myelin dry weight 

(Blewett, 2010), there is no evidence that would imply its recognition by Gas6 in myelin 

clearance. In the study that found improved myelin phagocytosis with RA, the 

expression of MerTK was not affected (Wu et al., 2021). 

 

Hyodeoxycholic acid, which partly rescued phagocytosis in Raw264.7 cells, may 

elicit this effect via upregulation of CR3 and/or the scavenger receptor CD36. This 

transmembrane glycoprotein, which is involved in efferocytosis (Fadok et al., 1998), 
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was recently shown to be required for the uptake of myelin debris by microglia and 

macrophages (Grant and DeMorrow, 2020). The interpretation that the effect of HDCA 

involves CD36 is supported by our PCR data but is difficult to reconcile with the fact 

that the CD36 inhibitor SSO restored phagocytosis. In an animal study of SCI, 

knockdown of CD36 was associated with smaller lesion area and improved locomotor 

recovery. The authors suggested decreased lipid uptake through CD36 as a novel 

therapeutic target after SCI (Zhu et al., 2017). Our reasoning differs from this 

interpretation because we intend to improve recovery after SCI by increasing myelin 

clearance. On the other hand, since CD36 deficient mice also show less ER stress and 

apoptosis after SCI (Myers et al., 2014), boosting expression of this receptor does not 

seem to be a good idea from a therapeutic point of view. Since HDCA had no effect 

whatsoever on myelin phagocytosis with BMDM, we chose not to pursue its influence 

on gene expression in these cells. 

 

The lysosomal breakdown of lipids is an essential component of myelin clearance. 

After SCI, a persistent accumulation of myelin debris is accompanied by the presence of 

so-called foamy macrophages, which lose their ability to phagocytose apoptotic cells 

(Wang et al., 2015a). Since we consider that improving myelin clearance will be beneficial, 

it is noteworthy that bile acids play an important role in the regulation of lysosomal 

degradation. An antagonistic interaction between CREB and FXR mediated gene 

activation regulates autophagic degradation of lipids (Seok et al., 2014). The coordinated 

activity of these two bile acid pathways seems to be important for postprandial lipid 

metabolism in the liver (Farr et al., 2020). This may also be relevant for myelin clearance 

in CNS pathologies. The results of the present study suggest that this line of investigation 

should be pursued. 
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ABBREVIATIONS 

BMDM: bone marrow-derived macrophages; cAMP: cyclic adenosine monophosphate; 

CD36: cluster of differentiation 36; CR3: complement receptor 3; CREB: cAMP 

response element-binding protein; FXR: farnesoid X receptor; GAS6: growth arrest-

specific 6; HDCA: hyodeoxycholic acid; IFNγ: interferonγ; IL-1β: interleukin 1β; IL-4: 

interleukin 4; IHC: immunohistochemistry; IR: immunoreactivity; JAK: janus kinase; 

LPS: lipopolysaccharide; LXR: liver X receptor; Myd88: myeloid differentiation 

primary response 88; NFκB: nuclear factor kappa B; PBS: phosphate buffered saline; 

PFA: paraformaledhyde; PI3K: phosphoinositied 3-kinase; PXR: pregnane X receptor; 

RT: room temperature; RT-PCR; reverse transcription polymerase chain raction; SCI: 

spinal cord injury; SD: standard deviation; SEM: standard of the mean; SSO: sulfo-N-

succinimidyl oleate; STAT: signal transducer and activator of transcription protein; 

TGFβ: transforming growth factorβ; TGR5: Takeda G protein-coupled receptor-5; 

TLCA: taurolithocholic acid; TLR-4: toll-like receptor 4; TNF: tumor necrosis factor; 

TREM2: triggering receptor expressed on myeloid cells 2; TUDCA: 

tauroursodeoxycholic acid; VDR: vitamin D receptor. 

 

ACKNOWLEDGEMENTS 

The project was funded by the Ministerio de Economía y Competitividad, Spain, 

SAF2017-89366R. SW recived a scholarship from the Chinese Scholarship Council, 

Grant/Award Number 201606300031. Expert assistance was provided by the HNP core 

facilities of microscopy and cytometry. 

 

CONFLICT OF INTERESTS 

The authors declare that there are no conflicts of interest. 

 

AUTHOR CONTRIBUTIONS 

JM and LRR designed and supervised the study and participated in data analysis. SW 

performed the experiments and analyzed the data. JM wrote the manuscript. All authors 

participated in proofreading. 

 

DATA ACCESSIBILITY 

All relevant information is presented within the article. Additional data that support 

the findings of this study are available from the corresponding author upon reasonable 

request. 

  



Chapter III: TLCA rescues phagocytosis activity under inflammatory stress  

- 97 - 

 

References 

Ackerman, H.D., and Gerhard, G.S. (2016). Bile acids in neurodegenerative disorders. Frontiers in aging 

neuroscience, 8, 263. 

Albrecht, S., Fleck, A.-K., Kirchberg, I., Hucke, S., Liebmann, M., Klotz, L., and Kuhlmann, T. (2017). 

Activation of FXR pathway does not alter glial cell function. Journal of neuroinflammation, 14, 

1-10. 

Amonyingcharoen, S., Suriyo, T., THIANTANAwAT, A., Watcharasit, P., and Satayavivad, J. (2015). 

Taurolithocholic acid promotes intrahepatic cholangiocarcinoma cell growth via muscarinic 

acetylcholine receptor and EGFR/ERK1/2 signaling pathway. International journal of oncology, 

46, 2317-2326. 

Austenaa, L.M., Carlsen, H., Hollung, K., Blomhoff, H.K., and Blomhoff, R. (2009). Retinoic acid 

dampens LPS-induced NF-κB activity: results from human monoblasts and in vivo imaging of 

NF-κB reporter mice. The Journal of nutritional biochemistry, 20, 726-734. 

Blewett, M. (2010). Lipid autoreactivity in multiple sclerosis. Medical hypotheses, 74, 433-442. 

Brück, W., Porada, P., Poser, S., Rieckmann, P., Hanefeld, F., Kretzschmarch, H.A., and Lassmann, H. 

(1995). Monocyte/macrophage differentiation in early multiple sclerosis lesions. Annals of 

Neurology: Official Journal of the American Neurological Association and the Child Neurology 

Society, 38, 788-796. 

Chan, A., Magnus, T., and Gold, R. (2001). Phagocytosis of apoptotic inflammatory cells by microglia 

and modulation by different cytokines: mechanism for removal of apoptotic cells in the inflamed 

nervous system. Glia, 33, 87-95. 

Chiang, J.Y. (2013). Bile acid metabolism and signaling. Comprehensive Physiology, 3, 1191-1212. 

Church, J.S., Milich, L.M., Lerch, J.K., Popovich, P.G., and McTigue, D.M. (2017). E6020, a synthetic 

TLR4 agonist, accelerates myelin debris clearance, Schwann cell infiltration, and remyelination 

in the rat spinal cord. Glia, 65, 883-899. 

Cipriani, S., Mencarelli, A., Chini, M.G., Distrutti, E., Renga, B., Bifulco, G., Baldelli, F., Donini, A., 

and Fiorucci, S. (2011). The bile acid receptor GPBAR-1 (TGR5) modulates integrity of 

intestinal barrier and immune response to experimental colitis. PloS one, 6, e25637. 

Cunha, M.I., Su, M., Cantuti-Castelvetri, L., Müller, S.A., Schifferer, M., Djannatian, M., Alexopoulos, 

I., van der Meer, F., Winkler, A., and van Ham, T.J. (2020). Pro-inflammatory activation 

following demyelination is required for myelin clearance and oligodendrogenesis. Journal of 

Experimental Medicine, 217. 

David, S., and Kroner, A. (2011). Repertoire of microglial and macrophage responses after spinal cord 

injury. Nature Reviews Neuroscience, 12, 388-399. 

De Marino, S., Carino, A., Masullo, D., Finamore, C., Marchianò, S., Cipriani, S., Di Leva, F.S., 

Catalanotti, B., Novellino, E., and Limongelli, V. (2017). Hyodeoxycholic acid derivatives as 

liver X receptor α and G-protein-coupled bile acid receptor agonists. Scientific reports, 7, 1-13. 

Denk, G.U., Maitz, S., Wimmer, R., Rust, C., Invernizzi, P., Ferdinandusse, S., Kulik, W., Fuchsbichler, 

A., Fickert, P., and Trauner, M. (2010). Conjugation is essential for the anticholestatic effect of 

NorUrsodeoxycholic acid in taurolithocholic acid–induced cholestasis in rat liver. Hepatology, 

52, 1758-1768. 

Dheen, S.T., Jun, Y., Yan, Z., Tay, S.S., and Ang Ling, E. (2005). Retinoic acid inhibits expression of 



Chapter III: TLCA rescues phagocytosis activity under inflammatory stress 

- 98 - 

 

TNF‐α and iNOS in activated rat microglia. Glia, 50, 21-31. 

Ding, L., Yang, L., Wang, Z., and Huang, W. (2015). Bile acid nuclear receptor FXR and digestive system 

diseases. Acta Pharmaceutica Sinica B, 5, 135-144. 

Dong, Y., Yang, S., Fu, B., Liu, F., Zhou, S., Ding, H., and Ma, W. (2020). Mechanism of 

tauroursodeoxycholic acid-mediated neuronal protection after acute spinal cord injury through 

AKT signaling pathway in rats. International Journal of Clinical and Experimental Pathology, 

13, 2218. 

Elia, A.E., Lalli, S., Monsurrò, M.R., Sagnelli, A., Taiello, A., Reggiori, B., La Bella, V., Tedeschi, G., 

and Albanese, A. (2016). Tauroursodeoxycholic acid in the treatment of patients with 

amyotrophic lateral sclerosis. European journal of neurology, 23, 45-52. 

Fadok, V.A., Warner, M.L., Bratton, D.L., and Henson, P.M. (1998). CD36 is required for phagocytosis 

of apoptotic cells by human macrophages that use either a phosphatidylserine receptor or the 

vitronectin receptor (αvβ3). The Journal of Immunology, 161, 6250-6257. 

Farr, S., Stankovic, B., Hoffman, S., Masoudpoor, H., Baker, C., Taher, J., Dean, A.E., Anakk, S., and 

Adeli, K. (2020). Bile acid treatment and FXR agonism lower postprandial lipemia in mice. 

American Journal of Physiology-Gastrointestinal and Liver Physiology, 318, G682-G693. 

Feng, X., Deng, T., Zhang, Y., Su, S., Wei, C., and Han, D. (2011). Lipopolysaccharide inhibits 

macrophage phagocytosis of apoptotic neutrophils by regulating the production of tumour 

necrosis factor α and growth arrest‐specific gene 6. Immunology, 132, 287-295. 

Fiorucci, S., Biagioli, M., Zampella, A., and Distrutti, E. (2018). Bile acids activated receptors regulate 

innate immunity. Frontiers in immunology, 9, 1853. 

Fournier, A.E., and Strittmatter, S.M. (2001). Repulsive factors and axon regeneration in the CNS. 

Current opinion in neurobiology, 11, 89-94. 

Freilich, R.W., Woodbury, M.E., and Ikezu, T. (2013). Integrated expression profiles of mRNA and 

miRNA in polarized primary murine microglia. PloS one, 8, e79416. 

Ghosh, M., Xu, Y., and Pearse, D.D. (2016). Cyclic AMP is a key regulator of M1 to M2a phenotypic 

conversion of microglia in the presence of Th2 cytokines. Journal of neuroinflammation, 13, 1-

14. 

Grajchen, E., Hendriks, J.J., and Bogie, J.F. (2018). The physiology of foamy phagocytes in multiple 

sclerosis. Acta neuropathologica communications, 6, 1-21. 

Grant, S.M., and DeMorrow, S. (2020). Bile acid signaling in neurodegenerative and neurological 

disorders. International Journal of Molecular Sciences, 21, 5982. 

Greenhalgh, A.D., and David, S. (2014). Differences in the phagocytic response of microglia and 

peripheral macrophages after spinal cord injury and its effects on cell death. Journal of 

Neuroscience, 34, 6316-6322. 

Guerrini, V., and Gennaro, M.L. (2019). Foam cells: one size doesn’t fit all. Trends in immunology, 40, 

1163-1179. 

Guo, C., Chen, W.-D., and Wang, Y.-D. (2016). TGR5, not only a metabolic regulator. Frontiers in 

physiology, 7, 646. 

Hucke, S., Herold, M., Liebmann, M., Freise, N., Lindner, M., Fleck, A.-K., Zenker, S., Thiebes, S., 

Fernandez-Orth, J., and Buck, D. (2016). The farnesoid-X-receptor in myeloid cells controls 

CNS autoimmunity in an IL-10-dependent fashion. Acta neuropathologica, 132, 413-431. 

Jablonski, K.A., Amici, S.A., Webb, L.M., Ruiz-Rosado, J.d.D., Popovich, P.G., Partida-Sanchez, S., and 

Guerau-de-Arellano, M. (2015). Novel markers to delineate murine M1 and M2 macrophages. 



Chapter III: TLCA rescues phagocytosis activity under inflammatory stress  

- 99 - 

 

PloS one, 10, e0145342. 

Kampmann, E., Johann, S., Van Neerven, S., Beyer, C., and Mey, J. (2008). Anti‐inflammatory effect of 

retinoic acid on prostaglandin synthesis in cultured cortical astrocytes. Journal of 

neurochemistry, 106, 320-332. 

Kim, S.J., Ko, W.-K., Jo, M.-J., Arai, Y., Choi, H., Kumar, H., Han, I.-B., and Sohn, S. (2018). Anti-

inflammatory effect of tauroursodeoxycholic acid in RAW 264.7 macrophages, bone marrow-

derived macrophages, BV2 microglial cells, and spinal cord injury. Scientific reports, 8, 1-11. 

Kopper, T.J., and Gensel, J.C. (2018). Myelin as an inflammatory mediator: myelin interactions with 

complement, macrophages, and microglia in spinal cord injury. Journal of neuroscience research, 

96, 969-977. 

Kotter, M.R., Setzu, A., Sim, F.J., Van Rooijen, N., and Franklin, R.J. (2001). Macrophage depletion 

impairs oligodendrocyte remyelination following lysolecithin‐induced demyelination. Glia, 35, 

204-212. 

McKerracher, L.a., David, S., Jackson, D., Kottis, V., Dunn, R., and Braun, P. (1994). Identification of 

myelin-associated glycoprotein as a major myelin-derived inhibitor of neurite growth. Neuron, 

13, 805-811. 

McPhillips, K., Janssen, W.J., Ghosh, M., Byrne, A., Gardai, S., Remigio, L., Bratton, D.L., Kang, J.L., 

and Henson, P. (2007). TNF-α inhibits macrophage clearance of apoptotic cells via cytosolic 

phospholipase A2 and oxidant-dependent mechanisms. The Journal of Immunology, 178, 8117-

8126. 

Michlewska, S., Dransfield, I., Megson, I.L., and Rossi, A.G. (2009). Macrophage phagocytosis of 

apoptotic neutrophils is critically regulated by the opposing actions of pro‐inflammatory and 

anti‐inflammatory agents: key role for TNF‐α. The FASEB Journal, 23, 844-854. 

Myers, S.A., Andres, K.R., Hagg, T., and Whittemore, S.R. (2014). CD36 deletion improves recovery 

from spinal cord injury. Experimental neurology, 256, 25-38. 

Neumann, H., Kotter, M., and Franklin, R. (2009). Debris clearance by microglia: an essential link 

between degeneration and regeneration. Brain, 132, 288-295. 

Perino, A., Pols, T.W.H., Nomura, M., Stein, S., Pellicciari, R., and Schoonjans, K. (2014). TGR5 reduces 

macrophage migration through mTOR-induced C/EBPβ differential translation. The Journal of 

clinical investigation, 124, 5424-5436. 

Pols, T.W., Nomura, M., Harach, T., Sasso, G.L., Oosterveer, M.H., Thomas, C., Rizzo, G., Gioiello, A., 

Adorini, L., and Pellicciari, R. (2011a). TGR5 activation inhibits atherosclerosis by reducing 

macrophage inflammation and lipid loading. Cell metabolism, 14, 747-757. 

Pols, T.W., Noriega, L.G., Nomura, M., Auwerx, J., and Schoonjans, K. (2011b). The bile acid membrane 

receptor TGR5: a valuable metabolic target. Digestive diseases, 29, 37-44. 

Ransohoff, R.M. (2016). A polarizing question: do M1 and M2 microglia exist? Nature neuroscience, 19, 

987. 

Rosa, A.I., Duarte-Silva, S., Silva-Fernandes, A., Nunes, M.J., Carvalho, A.N., Rodrigues, E., Gama, 

M.J., Rodrigues, C.M.P., Maciel, P., and Castro-Caldas, M. (2018). Tauroursodeoxycholic acid 

improves motor symptoms in a mouse model of Parkinson’s disease. Molecular neurobiology, 

55, 9139-9155. 

Scott, R.S., McMahon, E.J., Pop, S.M., Reap, E.A., Caricchio, R., Cohen, P.L., Earp, H.S., and 

Matsushima, G.K. (2001). Phagocytosis and clearance of apoptotic cells is mediated by MER. 

Nature, 411, 207-211. 



Chapter III: TLCA rescues phagocytosis activity under inflammatory stress 

- 100 - 

 

Seok, S., Fu, T., Choi, S.-E., Li, Y., Zhu, R., Kumar, S., Sun, X., Yoon, G., Kang, Y., and Zhong, W. 

(2014). Transcriptional regulation of autophagy by an FXR–CREB axis. Nature, 516, 108-111. 

Song, M., Yang, Q., Zhang, F., Chen, L., Su, H., Yang, X., He, H., Liu, F., Zheng, J., and Ling, M. (2020). 

Hyodeoxycholic acid (HDCA) suppresses intestinal epithelial cell proliferation through FXR‐

PI3K/AKT pathway, accompanied by alteration of bile acids metabolism profiles induced by 

gut bacteria. The FASEB Journal, 34, 7103-7117. 

Takahashi, K., Rochford, C.D., and Neumann, H. (2005). Clearance of apoptotic neurons without 

inflammation by microglial triggering receptor expressed on myeloid cells-2. The Journal of 

experimental medicine, 201, 647-657. 

van Neerven, S., Kampmann, E., and Mey, J. (2008). RAR/RXR and PPAR/RXR signaling in 

neurological and psychiatric diseases. Progress in Neurobiology, 85, 433-451. 

van Neerven, S., Nemes, A., Imholz, P., Regen, T., Denecke, B., Johann, S., Beyer, C., Hanisch, U.-K., 

and Mey, J. (2010a). Inflammatory cytokine release of astrocytes in vitro is reduced by all-trans 

retinoic acid. Journal of neuroimmunology, 229, 169-179. 

van Neerven, S., Regen, T., Wolf, D., Nemes, A., Johann, S., Beyer, C., Hanisch, U.K., and Mey, J. 

(2010b). Inflammatory chemokine release of astrocytes in vitro is reduced by all‐trans retinoic 

acid. Journal of neurochemistry, 114, 1511-1526. 

Wang, H., Chen, J., Hollister, K., Sowers, L.C., and Forman, B.M. (1999). Endogenous bile acids are 

ligands for the nuclear receptor FXR/BAR. Molecular cell, 3, 543-553. 

Wang, X., Cao, K., Sun, X., Chen, Y., Duan, Z., Sun, L., Guo, L., Bai, P., Sun, D., and Fan, J. (2015a). 

Macrophages in spinal cord injury: phenotypic and functional change from exposure to myelin 

debris. Glia, 63, 635-651. 

Wang, Z., Zhou, S., Sun, C., Lei, T., Peng, J., Li, W., Ding, P., Lu, J., and Zhao, Y. (2015b). Interferon-γ 

inhibits nonopsonized phagocytosis of macrophages via an mTORC1-c/EBPβ pathway. Journal 

of innate immunity, 7, 165-176. 

Wu, S., Romero‐Ramírez, L., and Mey, J. (2021). Retinoic acid increases phagocytosis of myelin by 

macrophages. Journal of Cellular Physiology, 236, 3929-3945. 

Wu, Y., Singh, S., Georgescu, M.-M., and Birge, R.B. (2005). A role for Mer tyrosine kinase in αvβ5 

integrin-mediated phagocytosis of apoptotic cells. Journal of cell science, 118, 539-553. 

Yanguas-Casás, N., Barreda-Manso, M.A., Nieto-Sampedro, M., and Romero-Ramírez, L. (2014). 

Tauroursodeoxycholic acid reduces glial cell activation in an animal model of acute 

neuroinflammation. Journal of neuroinflammation, 11, 1-13. 

Yanguas-Casás, N., Barreda-Manso, M.A., Pérez-Rial, S., Nieto–Sampedro, M., and Romero-Ramírez, 

L. (2017). TGFβ contributes to the anti-inflammatory effects of tauroursodeoxycholic acid on 

an animal model of acute neuroinflammation. Molecular neurobiology, 54, 6737-6749. 

Zhang, S., Xu, W., Wang, H., Cao, M., Li, M., Zhao, J., Hu, Y., Wang, Y., Li, S., and Xie, Y. (2019). 

Inhibition of CREB‐mediated ZO‐1 and activation of NF‐κB‐induced IL‐6 by colonic epithelial 

MCT4 destroys intestinal barrier function. Cell proliferation, 52, e12673. 

Zhu, Y., Lyapichev, K., Lee, D., Motti, D., Ferraro, N., Zhang, Y., Yahn, S., Soderblom, C., Zha, J., and 

Bethea, J. (2017). Macrophage transcriptional profile identifies lipid catabolic pathways that 

can be therapeutically targeted after spinal cord injury. Journal of Neuroscience, 37, 2362-2376. 

 



 

Chapter IV:  

Treatment of rats with spinal cord injury using human bone marrow-

derived stromal cells prepared by negative selection 

Treatment of rats with spinal cord 

injury using human bone marrow-

derived stromal cells prepared by 

negative selection 

 

Lorenzo Romero-Ramírez*, Siyu Wu*, Johannes de Munter, Erik Ch. Wolters, Boris 

W. Kramer, Jörg Mey 

Journal of biomedical science, 2020, 27(1): 1-18. 

* these authors contributed equally to this study 

 

   

  



Chapter IV: bmSC as a treatment for spinal cord injury 

- 102 - 

 

4.1 Abstract 

Background: Spinal cord injury (SCI) is a highly debilitating pathology without 

curative treatment. One of the most promising disease modifying strategies consists in 

the implantation of stem cells to reduce inflammation and promote neural regeneration. 

In the present study we tested a new human bone marrow-derived stromal cell 

preparation (bmSC) as a therapy of SCI.  

Methods: Spinal cord contusion injury was induced in adult male rats at thoracic level 

T9/T10 using the Infinite Horizon impactor. One hour after lesion the animals were 

treated with a sub-occipital injection of human bmSC into the cisterna magna. No 

immune suppression was used. One dose of bmSC consisted, on average, of 2.3 million 

non-manipulated cells in 100 µL suspension, which was processed out of fresh human 

bone marrow from the iliac crest of healthy volunteers. Treatment efficacy was 

compared with intraperitoneal injections of methylprednisolone (MP) or saline. The 

recovery of motor functions was assessed during a surveillance period of nine weeks. 

Adverse events as well as general health, weight and urodynamic functions were 

monitored daily. After this time, the animals were perfused, and the spinal cord tissue 

was investigated histologically.  

Results: Rats treated with bmSC did not reject the human implants and showed no sign 

of sickness behavior or neuropathic pain. Compared to MP treatment, animals displayed 

better recovery of their SCI-induced motor deficits. There were no significant 

differences in the recovery of bladder control between groups. Histological analysis at 

ten weeks after SCI revealed no differences in tissue sparing and astrogliosis, however, 

bmSC treatment was accompanied with reduced axonal degeneration in the dorsal 

ascending fiber tracts, lower Iba1-immunoreactivity (IR) close to the lesion site and 

reduced apoptosis in the ventral grey matter. Neuroinflammation, as evidenced by 

CD68-IR, was significantly reduced in the MP-treated group.  

Conclusions: Human bmSC that were prepared by negative selection without 

expansion in culture have neuroprotective properties after SCI. Given the effect size on 

motor function, implantation in the acute phase was not sufficient to induce spinal cord 

repair. Due to their immune modulatory properties, allogeneic implants of bmSC can 

be used in combinatorial therapies of SCI. 
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4.2 Background 

In spinal cord injury (SCI) cellular degeneration and the disruption of connections 

between the brain and the body cause paralysis and the loss of sensory and autonomic 

functions. Worldwide, the incidence of SCI ranges from 13 to 163 per million people 

per year, depending on the country (Kang et al., 2017). Over two thirds are due to 

trauma (falls, traffic and sport-related accidents, gun shots) and the rest to non-traumatic 

SCI (spinal stenosis, tumors, vascular ischemia). In addition to the devastating loss of 

quality of life to the patients, SCI causes a large economic burden to their families and 

society. Although rehabilitation therapy has continuously improved since the 1950s, 

there is no curative treatment of SCI (Gupta et al., 2010; Kang et al., 2017). 

Spinal cord injury triggers local and systemic secondary mechanisms resulting in 

a chronic inflammatory state, which is mainly responsible for extensive cell death 

(Donnelly and Popovich, 2008). These mechanisms are addressed with one available 

pharmacological treatment, namely the application of a high dose of 

methylprednisolone (MP) within the first hour after the injury. Following three 

independent clinical trials in the 1980s and 1990s (National Acute SCI Studies) 

(Bracken et al., 1998) MP became a standard intervention (Falavigna et al., 2018). 

However, subsequent clinical experience showed that it is often ineffective and causes 

severe side effects such as higher incidence of sepsis, gastrointestinal haemorrhage or 

pulmonary embolism (Hugenholtz et al., 2002). Thus, new therapies of SCI are highly 

desired. 

A promising strategy to cure neurodegenerative pathologies is based on the 

application of stem cells (Shende and Subedi, 2017; Tetzlaff et al., 2011; Tsintou et al., 

2020). In the first studies these were intended to replace lost neurons or glia 

(Whittemore, 1999), and with neural stem cells this continues to be an objective 

(Khazaei et al., 2020; Lu et al., 2012). With non-neuronal stem cells, on the other hand, 

the main rationale consists in modulating the inflammatory response (de Munter et al., 

2019; Tetzlaff et al., 2011). Paracrine factors and extracellular vesicles that are released 



Chapter IV: bmSC as a treatment for spinal cord injury 

- 104 - 

 

from mesenchymal stem cells are expected to prevent secondary degeneration and to 

support a regenerative remodeling after SCI (Romanelli et al., 2019; Shende and Subedi, 

2017; Zhang et al., 2015). An easily accessible source of this type of cells is the bone 

marrow, which contains hematopoietic and mesenchymal stem cells. Different from 

induced pluripotent stem cells (Nagoshi et al., 2019), bone marrow-derived stromal 

cells (bmSC) pose no risk of tumor formation. We have developed a novel procedure 

to prepare fresh human bmSC with low immunogenicity (Neuroplast BV, patent 

WO2015/059300A1). This preparation is based on the depletion of erythrocytes and 

lymphocytes from bone marrow extracts without substantial manipulation or 

cultivation of the isolated cells.  

The objective of the present study was to assess the safety and therapeutic benefits 

of acute intrathecal injection of the novel bmSC preparation in SCI-lesioned rats and to 

compare it with acute intraperitoneal injection of MP. So far, one other study has been 

published with these bmSC as a treatment of SCI (de Munter et al., 2019). In these 

experiments, cell suspensions were injected into the spinal cord of immune 

compromised rats after a balloon compression injury. This treatment was associated 

with an improvement in the recovery of motor function at two and five weeks after SCI 

but not at one, three and four weeks. While serum levels of IL-1β and TNFα were 

reduced, treatment had no consistent effect on neuroinflammation in the spinal cord. 

Based on the outcome, the present investigation has implemented the following design: 

1) We have tested the bmSC in immune competent animals. Previously, T-cell deficient 

rats were used in order to avoid a possible immunological rejection to the human 

implants. Since one expected mechanism of action consists in the suppression of 

inflammation, the use of immune competent rats was considered necessary. 2) As 

suggested by the EMA, stem cell treatment was compared with MP. Despite its limited 

efficacy, MP is still the only FDA-approved pharmacological treatment of SCI (Bracken 

et al., 1998; Falavigna et al., 2018), and any new intervention should therefore be 

compared with this standard. 3) A different SCI model was chosen. While the balloon 

compression used before is a validated model to investigate physiological consequences 
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of SCI, a much larger number of human SCI cases (about half of all;(Shende and Subedi, 

2017)) are represented by the contusion injury model. 4) Rats were monitored up to 

nine weeks after SCI to assess the long-term effects of implanted bmSC which may be 

observed in the chronic stage. 5) Additional outcome measures in the present study 

included tests of motor function (Rotarod), autonomic function (bladder control), 

neuropathic pain (tactile allodynia) and a more extensive histological assessment 

including axonal degeneration and macrophage activation.  
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4.3 Methods 

4.3.1 Experimental Animals 

The ethics committee for Animal Care of the Hospital Nacional de Parapléjicos 

reviewed experimental protocol, surgical procedures and post-operational care 

(163CEEA/2017), which were subsequently approved by the Consejería de Agricultura 

y Ganadería de Castilla-la Mancha (ref. 210498, following EU directive 2010/63/EU). 

During the acclimatization period, six to eight week old male Wistar rats (Rattus 

norwegicus; mean weight 304 g +/- 14 g, raised in the animal facility of the hospital), 

were kept in pairs under standard housing conditions (12 hrs light/dark cycle, humidity 

40–60%, temperature 22 °C) with ad libitum access to food and water. Following 

surgery, animals were kept in separate cages. A total of 26 animals entered the study 

(Fig. 1). In an exploratory experiment to determine the least invasive way of implanting 

the stem cells (intrathecal injection in the spinals cord vs. cisterna magna), additional 

10 rats had been operated and their motor recovery was followed over a period of 3 

weeks. 

 

4.3.2 Spinal cord contusion injury 

To induce anesthesia the rats were exposed to 5% isoflurane/95% oxygen in a 

plexiglass chamber. During surgery, anesthetic was reduced to 2.5% isoflurane/oxygen 

breathed via an inhalation mask of a vaporizer (flow rate 0.4 L/min; Medical Supplies 

and Services). Fifteen minutes before surgery, rats were weighed and received the 

analgesic buprenorfine 0.05 mg/kg (Buprex 0.03 mg/mL). After induction of 

anesthesia, the fur on the back was shaved. The animals were then taped to the operating 

table, their body temperature being maintained on a heat pad with a rectal thermometer. 

Corneal dehydration was prevented with ophthalmic ointment (Lubrithal). 



Chapter IV: bmSC as a treatment for spinal cord injury 

- 107 - 

 

 

Fig. 1 Experimental plan and treatment groups. Animals that received spinal cord 
contusion injury were pseudo-randomly assigned to four groups. Rats with 
intraperitoneal and intrathecal (cisterna magna) saline injections were planned to be 
evaluated as one control group unless behavioral evaluation showed statistical 
differences between them. One animal was lost due to bleeding during spinal cord 
surgery, two animals had to be excluded from the study because open field evaluation 
revealed an incomplete lesion (BBB at 2 dpo) and two rats died during the observation 
period. In the histological evaluation, treatment groups were also compared to tissue 
samples of non-injured animals. 

 

Surgery was performed with the help of an operating microscope (Leica). After 

skin incision and dissection of the muscle layers covering the vertebrae, serrate muscles 

were spread with a retractor (Reda 19621-07), and the spinal cord was exposed by 

laminectomy of vertebrae T9-T11 without damaging the dura mater (small rongeur FST 

16021-14, scalpel with round blade, two round forceps mid-size, one forceps with teeth, 

sterilized cotton-tips, gelatin sponge). To suspend the spinal cord for applying the 

contusion injury, the dorsal spinal processes T7 and T12 were fixed with the clamps of 

the impactor device (Infinite Horizon, IH). The impactor rod was positioned centrally 

at T9/T10 over the spinal cord midline, and the contusion was applied by pressing it 

against the dorsal surface of the tissue. When a force of 2 N was reached, the rod was 
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immediately retracted (zero dwell time). The device was calibrated before every 

experiment. We checked the procedure visually (hematoma) and by monitoring the IH 

displacement/time and force/time plots. In two cases, where the impactor rod hit a bone, 

the laminectomy was extended and the contusion injury repeated. 

Following this procedure, the rats were released from the IH clamps. The wound 

was covered with subcutaneous fat tissue from the same animal. Overlying muscles 

were re-apposed and sutured, and the skin was closed with a non-interrupted 

intradermal suture (resorbable thread 4.0) and disinfected with iodine. Animals were 

then disconnected from anesthesia and received 2 X 2.5 mL isotonic saline s.c. and 

antibiotic treatment marbofloxacine 5 mg/kg (Marbocyl 10 mg/mL, s.c.). 

 

4.3.3 Postoperative treatment and care 

Following surgery, rats were housed individually to prevent biting at skin sutures. 

Throughout the study, we performed daily overall health assessments, including 

inspection of the animals’ well-being, body weight, urodynamic assessments and 

routine checks to detect urinary tract infections. For the first 3 days animals received 

two daily s.c. injections of buprenorfine 0.05 mg/kg for pain relief. Subcutaneous 

injections of 5 mg/kg marbofloxacine were given at the day of surgery, at 2 and 4 days 

post operation (dpo). Postsurgical care also included food pellets soaked in water and a 

water bottle with longer tube. The bladders were checked twice daily and voided 

manually until the rats were urinating spontaneously. The volume of retained urine was 

recorded. In case of urinary infection, the animals were treated with marbofloxacine 5 

mg/kg s.c. every 48 hrs until the urine was clear and without blood. Euthanasia at the end 

of the study was induced by i.p. injection of 100 mg/kg of sodium pentobarbital 

(Dolethal). 
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4.3.4 Experimental groups 

Animals were pseudo-randomly assigned to four experimental groups, which all 

received the same SCI but differed in the treatment procedure (Fig. 1). Group 1 received 

five NaCl i.p. injections, the first immediately after SCI and subsequently every 8 hrs; 

group 2 received one 100 μL NaCl injection into the cisterna magna at 1-2 hrs after SCI; 

group 3 was treated with five MP injections i.p., one after SCI and subsequently every 

8 hrs; group 4 was treated with one 100 μL bmSC injection into the cisterna magna at 

1-2 hrs after SCI. Rats were assigned random identifiers, which were written with 

permanent marker on their tails. During the following 9 weeks of behavioral evaluation, 

care takers and investigators were blinded regarding the experimental condition of the 

individual animals. To keep the number of experimental animals low, the control groups 

(NaCl i.p. and per cisterna magna) were planned to be joined in one statistical group 

unless significant differences were found in the behavioral tests. 

 

4.3.5 Preparation of bmSC 

Bone marrow-derived cells for SCI treatment were prepared at the Neuroplast 

facility, Geleen, Netherlands, under GMP conditions. The cells were not expanded by 

cultivation (Neurocells, patent WO2015/059300A1). Recruitment of volunteers for bone 

marrow collection, procedures and documentation were approved by the ethics 

committee of Maastricht University Medical Center (METC 13-2-032). From two donors 

(BM31, BM33) 50 mL bone marrow was collected. Clotting was prevented by EDTA 

adjuvants. The fresh bone marrow was immediately processed, using automated Ficoll 

density gradient centrifugation to remove the erythrocytes and reactive proteins. 

Subsequently, B-cells (CD20+), T-cells (CD3+), monocytes (CD14+) and natural killer 

cells (CD56+) were removed using antibody-based cell sorting with magnetic beads 

(negative selection; CliniMacs Plus, Miltenyi Biotec GmbH). The viability and cell type 

composition of each batch was analyzed with flow cytometry (CD34, CD271, CD90, 

CD105, CD73). For the present study, cells were cryoprotected with DMSO, frozen in 
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liquid nitrogen, shipped on dry ice to Toledo, Spain, and then stored in liquid nitrogen 

until use. Cell viability was again determined after thawing, i.e. immediately before 

application in vivo (cytometry, propidium iodide exclusion). On average, cisterna magna 

injections contained 2.3 +/- 0.5 X 106 viable cells. 

 

4.3.6 Intrathecal infusion of bmSC, injections of MP or vehicle 

For cisterna magna injections of bmSC or saline, 1.5 hrs after SCI, animals were 

re-anesthetized with ketamine 50 mg/kg (Ketolar 50 mg/mL. i.p.) combined with 

xylacine 5 mg/kg (Sedaxylan 20 mg/mL, i.p.) and one i.p. injection of atropine 0.04 

mg/kg. The head and neck of anesthetized rats were shaved, and the animals were 

positioned in a stereotactic frame (Kopf) with the neck flexed to 70° at the atlanto-

occipital joint. Ophthalmic ointment was applied, and the skin was superficially 

disinfected with 70 % ethanol.  

Simultaneously, the bmSC were prepared for injection: For the treatment of two 

rats, one batch containing 1 mL of frozen cell suspension was thawed in a 37 °C water 

bath, spun down, washed with saline, centrifuged and resuspended in 210 µL saline. 

From this, 10 µL was removed for cytometric counting of cell numbers and 

determination of cell viability. The remaining 200 µL cell suspension was kept on ice 

until the rats were ready for receiving the injections. The setup for slow injection into 

the cisterna magna consisted of an electric syringe pump and a sterile 1 mL plastic 

syringe connected to a Fogarty arterial embolectomy catheter 0.67 mm, fixed to the 

stereotactic device. A steel canula 23G 0.6 mm was used to penetrate the atlanto-

occipital membrane before inserting the catheter. 

When the anesthetized rat was in place, the atlanto-occipital membrane was 

accessed by midline anterior-posterior incisions of skin and muscles, which were 

separated and fixed laterally. Syringe and catheter, previously flushed with sterile saline, 

were loaded with cell suspension (bmSC treatment) or saline (vehicle treatment) and 

placed in the holder of the microliter pump. Under microscopic control, the membrane 
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was then punctured and access to the cisterna magna confirmed by observing the 

appearance of clear cerebrospinal fluid. The catheter was inserted and its content slowly 

infused (100 µL/3 min) before retracting the catheter. Finally, the muscle and skin were 

sutured, wiped with Betadine, and the animal was placed in its cage, receiving post-

operative care as described for SCI. 

Rats belonging to the MP group received in total five i.p. injections of 30 mg/kg 

MP, given at 1 h after SCI and subsequently one every 8 hrs. Lyophilized MP was 

reconstituted to 20 mg/mL just prior to injection and kept at 4 °C for the remaining 

applications. Rats belonging to the second control group were treated with the same 

volume of saline, 150 µL/100 g, injected i.p. at the same times. 

 

4.3.7 Evaluation of locomotor functions in the open field 

Recovery of limb movements was evaluated using the Basso/Beattie/Bresnahan 

(BBB) locomotor function test (Basso et al., 1995) for five minutes/rat in an open field. 

The BBB scale ranges from 0 (no hind limb movement) to 21 (normal movements, 

coordinated gait with parallel paw placement). Scores from 0-7 indicate the return of 

isolated movements in the three joints (hip, knee and ankle). Scores from 8 to 13 

indicate the return of paw placement and coordinated movements with the forelimbs. 

Scores from 14 to 21 show the return of toe clearance during stepping, predominant 

paw position, trunk stability and tail position. Motor scores were measured pre-SCI 

(baseline), at 2 dpo, 4 dpo, and once per week for the next nine weeks after lesioning. 

At the beginning, we established a criterion of BBB < 2 at 2dpo for inclusion in the 

study because a higher score was considered to indicate incomplete SCI. Scoring was 

performed by two independent investigators who were blinded with respect to the 

treatment of the individual animal. Following independent assessment, both 

investigators discussed their reasons and independently awarded their score.  
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4.3.8 Rotarod locomotor function test 

The Rotarod test (Mann and Chesselet, 2015), which required the rats to maintain 

their body on a rotating rod, was performed according to the instruction manual of the 

manufacturer (Ugo Basile SRL, Gemonio, Italy). In four training sessions of 5 minutes 

each, which were administered two and 1 days before SCI surgery, all rats learned this 

task at a constant speed of 5 rpm of the rotating rod. Since balancing on the rotating bar 

cannot be performed by a rat with completely paralyzed hind legs, the first testing was 

performed at 4 dpo, subsequently at 7dpo and then once per week. In the test runs, the 

rotation speed was accelerated from 5 rpm to 15 rpm over a period of 3 min. Readout 

in this assay was the time that the rats were able to stay on the rotating rod before falling 

off (mean of two repetitions, separated by a break of ≥ 15 min). Data obtained from rats 

that refused to hold on to the bar were included in the evaluation because we lacked an 

independent criterion to distinguish between voluntary refusal and inability to perform 

the task. 

 

4.3.9 Von Frey test of mechanical allodynia/hyperalgesia 

Before SCI and at the end of the nine-week observation period, tactile 

allodynia/hyperalgesia was tested manually using a kit of von Frey filaments with a 

range of different diameters. For this, rats were placed individually in small cages with 

a wire mesh bottom. To deliver a constant force, a filament with specific diameter was 

pressed perpendicularly to the plantar surface of the hind paw until it buckled and held 

for 2-5s. A response was considered positive when the animal exhibited any nocifensive 

behavior such as brisk withdrawal or licking of the paw (Deuis et al., 2017). Both hind 

paws were stimulated from below, and the paw withdrawal threshold determined using 

the simplified up-down method (Bonin et al., 2014).  
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4.3.10 Tissue preparation and histological staining 

Ten weeks after SCI the rats were sacrificed with an overdose of sodium 

pentobarbital followed by transcardial perfusion with phosphate buffered saline (PBS) 

and 4% paraformaldehyde/PBS (PFA). Spinal cords were prepared, post-fixed for 1 h, 

then transferred to PBS and stored at 4 °C in PFA. For histological processing, 18 mm 

long spinal cord segments that included the lesion site were dissected, dehydrated, 

embedded in paraffin and cut in 3 μm transverse sections using a Leica RM2265 

microtome. Sections separated by 250 μm were mounted on polylysine-coated glass 

slides (Superfrost Plus) and stored at 4 ºC. To assess the extension of the lesion, the 

complete series of spinal cord sections of all rats were rehydrated, stained with 

hematoxylin/eosin (H&E), dehydrated again and cover slipped with Histomount 

(Merck). 

 

4.3.11 Immunohistochemistry 

Prior to immunohistochemical staining, rehydrated sections were incubated for 30 

min at 90 ºC (water bath) in 10 mM Na citrate/0.05% Tween 20, pH 6.0, for antigen 

retrieval. Standard procedure included blocking 1 h at RT with 5% normal goat 

serum/0.05% Tween 20 in Tris-buffered saline (TBS-T), incubation with primary 

antibodies for 12 hrs at 4 ºC in a humidified chamber and 2 hrs incubation with 

fluorescence-labeled secondary antibodies at RT. Nuclei were stained with 10 μg/mL 

Hoechst-33342 for 15 min at RT. Sections were cover slipped with Mowiol/DAPCO or 

ImmuMount (Thermoscientific). We used the following primary antibodies, usually in 

a double staining protocol in the dilutions indicated in parenthesis: 

Rabbit anti-GFAP, polyclonal (Sigma G9269; 1/500), rabbit anti-caspase-

3/activated (Calbiochem PC679; 1/200), rat anti-MBP, polyclonal (Abcam ab7349; 

1/1000), mouse anti-Smi32, monoclonal (Palex 23R-100; 1/2000), mouse anti-β(III) 

tubulin, monoclonal (Chemicon CBL412; 1/100), mouse anti-CD68, monoclonal 
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(Serotec MCA341R; 1/200), mouse anti-NeuN, monoclonal (Millipore MAB377; 

1/200), guinea pig anti-Iba1, polyclonal (Synaptic systems 234004; 1/500), mouse anti-

human mitochondria, monoclonal, fluorescence-labeled with Cy3 (Millipore 

MAB1273C3; 1/200). Secondary antibodies were labeled with fluorescent dyes: Goat 

anti-guinea pig IgG, Alexa-488 (Invitrogen A11073; 1/500), goat anti-rabbit IgG, 

TRITC (Sigma T5268; 1/500), goat anti-mouse IgG, Alexa-594 (Invitrogen A11005; 

1/500), goat anti-mouse IgG, Alexa-488 (Jackson 115-545003; 1/500), and goat anti-

rat IgG, polyclonal, Alexa-488 (1/500). 

 

4.3.12 Microscopy and image analysis 

Sections stained with H&E were photographed with a stereology microscope 

(Olympus BX61) using 4x and 10x objectives. For quantitative evaluation we 

determined the maximal anterior-posterior extension of the tissue lesion and the tissue 

loss in the lesion center of each rat. The latter was calculated by comparing the 

remaining tissue area in transverse spinal cord sections to corresponding sections of a 

rat without SCI. 

Immunohistochemical staining was evaluated using a Leica epifluorescence 

microscope. Following visual inspection, objectives and exposure times were selected 

to account for different signal intensities obtained with different antibodies. Exposure 

conditions were held constant for quantitative evaluation with GFAP (5x objective), 

CD68 (10x), Iba1, Smi32, MBP (20x) and activated caspase-3 (40x). Photographs were 

analyzed using Fuji Image-J, applying the same brightness/contrast adjustments and 

threshold values for each marker.  

The intensity of GFAP-immunoreactivity (IR) was measured as integrated density 

in regions of interest (ROI) in the glial scar around the lesion center; Iba-1: in the white 

matter in sections anterior and posterior of the lesion and in the lesion center; Smi32 

and CD68: in the dorsal columns and in the ventrolateral white matter in sections 

anterior and posterior of the lesion. Signal intensities were normalized to values found 
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in spinal cord sections from non-injured rats. For evaluation of apoptosis, we counted 

cell nuclei that were IR for activated caspase-3 and expressed data as percentage of all 

nuclei in the ROI, which were located in dorsal and ventral grey matter, anterior and 

posterior of the lesion center (supplementary Fig. S1).  

 

Fig. S1 Evaluation of cellular apoptosis. Spinal cord sections were processed with 
double IHC against activated caspase-3/NeuN (neurons) and activated caspase-3/Iba1 
(microglía/macrophages) and combined with DAPI nuclear staining. a Drawing of 
spinal cord and transverse sections indicating the ROIs for evaluation in the grey matter 
(40 x objective). b Low power photograph of the dorsal horn of a rat with SCI, 
demonstrating the distribution of apoptotic nuclei (pink). Annotation indicates outline 
of grey matter, ROI, counted cell nuclei and scale bar = 100 μm. 

4.3.13 Statistical analysis 

Unless stated otherwise in the figure legends, data are presented as mean values 

+/- standard error of the mean (SEM). Non-parametric data are represented in a box and 

whiskers graph. The statistical analysis of weight and behavioral data (changes in time, 

effect of treatment), performed with GraphPad Prism v5 software, consisted of two-

factor ANOVA, followed by post-hoc Tukey tests. For histological data, the differences 

among means were analyzed with unpaired Student’s t-test, considering p < 0.05 as 

statistically significant. 
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4.4 Results 

4.4.1 Effect of bmSC implantation on the general health status, body weight and 

autonomic functions  

The general health condition of the animals was not compromised. No adverse 

effects such as sickness behavior or tissue reaction to the bmSC were observed. 

Unexpectedly, one (bmSC-treated) rat was found dead after 29 dpo and one (MP treated) 

after 50 dpo. Pathological inspection of these animals did not show any significant 

abnormality. In five cases, biting at hind limbs occurred, but no animal had to be 

sacrificed due to sickness behavior or urinary infection.  

Following SCI surgery, body weight in all rats typically fell by 10-15% during the 

first 4 days and subsequently recovered with an average weight gain of about 8% per 

week during the first 5 weeks of the study and then slowing declining to 2% per week 

(Fig. 2a). Treatment was found to have a significant effect on relative change in body 

weight in bmSC-treated rats versus the control groups (interaction effect time x group, 

repeated measure ANOVA, F (7,56) = 8.83, p < 0.001). Post-hoc testing revealed that 

bmSC-treated rats initially lost significantly more weight than MP and vehicle-treated 

controls, but that they later on gained significantly more body weight compared to those 

groups (3 weeks after surgery: p = 0.042; 4 weeks: p = 0.018; 5 weeks: p < 0.01).  

After SCI, animals needed assistance with bladder voiding, and all rats recovered 

autonomic bladder control within 2 weeks. Based on the volume of manually expelled 

urine, we found that the interventions with bmSC and MP did not significantly affect 

the return of spontaneous bladder control (Fig. 2b).  

The response to tactile stimulation of the hind paws was tested manually with von 

Frey hairs before SCI surgery and after 9 weeks at the end of the study. Confirming the 

observations on overall health, none of the bmSC treated animals showed mechanical 

allodynia/hyperalgesia (lowered threshold of the paw withdrawal response). This was, 

however, the case in three animals of the NaCl control group and one rat of the MP 
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treatment group (Fig. 2c). 

 

Fig. 2 Health status after SCI. No adverse events were attributed to bmSC treatment. 
a Changes of body weight following SCI: Initially, stem cell-treated rats lost more body 
weight while at a later stage (starting at 14 dpo) they gained more weight compared to 
MP- and vehicle-treated animals. Data were normalized to the body weight before 
surgery (mean +/- SEM; two factor ANOVA, post hoc Tukey test, * p < 0.05, ** p < 
0.01). b Recovery of the spontaneous micturition reflex: Displayed is the time after SCI 
[days] that passed until the animals no longer required manual voiding of the bladder 
by the experimenter (median, 25%/95% and range). There were no significant 
differences between treatment groups (H-test). c Testing of mechanical nociception 
(von Frey, reduced threshold of paw withdrawal response) at nine weeks after SCI 
showed no hyperalgesia/allodynia in bmSC implanted animals, while this occurred in 
1/5 rats treated with MP and 3/9 rats that had received NaCl injections. Treatments 
following SCI are designated as: control - injections of 0.8% saline solution; MP - of 
methyl prednisolone; bmSC - of human bone marrow-derived stem cells. 
 

4.4.2 Tissue damage caused by the SCI 

At the end of the study, the spinal cords of all animals were investigated with 

histology. Hematoxylin/eosin staining of transverse sections revealed extensive tissue 
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damage caused by the contusion injury (Fig. 3). At the lesion center, more than half of 

the tissue was destroyed in all cases. Cavitation occurred, and to a large extent the 

remaining tissue contained non-neuronal scar, necrotic tissue and infiltration of 

inflammatory cells (Fig. 3a-f). Ependymal cells, identified morphologically, appeared 

to have proliferated. There were no quantitative differences between the treatment 

groups regarding the tissue loss in the center of the lesion (Fig. 3g). The anterior-

posterior extension of the damage, which comprised all sections with pathological 

tissue alterations, was on average 4.7 mm (SD = 1.5 mm; Fig. 3h) without significant 

differences between treatment groups (t-tests, p > 0.05). The lesion centers, 

characterized by a fluid-filled cavity and scar formation, had an average size of 1.4 mm 

(SD = 1.1 mm) also without significant effect of treatment. 
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Fig. 3 Treatment with bmSC and MP did not affect tissue degeneration. Lesion size 
and extent of tissue degeneration were evaluated in H&E-stained spinal cord sections 
at 10 weeks after SCI. a-f Panels show representative tissue sections 0.9 cm anterior of 
the lesion site (a-c) and at the lesion center (d-f); treatment groups were: a, d injection 
of saline; b, e methylprednisolone; and c, f human bmSC; same magnification in all 
photographs. g Relative tissue loss in the center of the lesion (normalized to spinal cord 
sections without lesion). h Anterior to posterior extension of lesion size as identified in 
H&E-stained spinal cord sections. Bars show means and SEM, n = 5-7 animals, 
differences between treatment groups were not significant. 
 

4.4.3 Recovery of sensory-motor functions 

At 2 dpo, 23 successfully operated animals scored < 2 in the BBB locomotor 

function scale (none or only slight movements of one or two joints; mean score of both 

hind legs), demonstrating a reasonable degree of reliability of the SCI rat model in our 

hands. Scoring differences between two blinded independent investigators were low (0 

– 1), and in case of differences, the mean score of the two evaluators was recorded. 
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Due to spontaneous recovery, time significantly affected motor function in all 

treatment groups (Fig. 4; p < 0.001), and a significant interaction effect was found 

between the groups and the treatment over time (repeated measure ANOVA, F (7, 56) 

= 5.75, p < 0.001). Importantly, rats treated with bmSC had significantly better motor 

function (BBB scores) compared to MP-treated rats at 4 days (p = 0.015), 7 days (p = 

0.029), 2 weeks (p = 0.008), 3 weeks (p = 0.005), 4 weeks (p = 0.009) and 5 weeks (p 

= 0.015) after surgery (Fig. 4). After this time, mean score differences between bmSC 

and MP treatment remained in the same order of magnitude (ΔBBB was 4.5 at week 5 

and 3.9 at week 9). These results indicate that the bmSC implantation resulted in better 

motor improvement than standard MP therapy. The effect was noted already at 4 dpo 

and reaches highly significant levels during 5 weeks of recovery. Differences in 

recovery between bmSC and NaCl treatment, however, were smaller (ΔBBB was 0.8 

at week 5 and 1.5 at week 9) and did not reach significance.  

 

Fig. 4 Injection of bmSC caused better recovery of motor function than MP 
treatment. Mean BBB scores (± SEM) of the three treatment groups. All rats had BBB 
= 21 before SCI, and the first evaluation occurred two days after surgery. As indicated 
in Fig. 1, only animals with BBB < 2 at 2 dpo (SCI considered as complete) were 
included in the evaluation. Following a two-factor ANOVA that revealed effects of 
treatment and time after SCI, post hoc Tukey test showed significant differences 
between bmSC and MP treatment (* p < 0.05, ** p < 0.01) and between NaCl and MP 
treatment (♯ p < 0.05). 
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In addition to evaluation in the open field, rats were subjected to the Rotarod test. 

At 4 dpo none of the animals that met the inclusion criterion (BBB < 2) was able use 

their hindlimbs to maintain balance on the rotating bar. Spontaneous recovery caused a 

significant increase in Rotarod score during the first 4 weeks in all experimental groups 

(supplemantay Fig. S2). After 4 weeks, motor performance in this test did not improve 

further and in the saline treated animals actually deteriorated thereafter. Several rats 

refused the task as they did not grasp the bar with their fore paws. Their low score 

contributed to a very high variability. Thus, although bmSC treated animals had higher 

mean scores throughout the period of evaluation than both control groups, these 

differences were not significant (supplementary Fig. S2). 

 

Fig. S2 Motor recovery as revealed with the Rotarod test. Motor performance in the 
rotarod stepping test is expressed in the amount of time [sec] that the animals 
maintained themselves on the rotating bar (mean ± SEM); SCI + bmSC: treatment with 
human bone marrow-derived stem cells; SCI + MP: injections of methyl prednisolone; 
SCI control: injections of NaCl. Before SCI, all animals reached the maximum time of 
300 seconds. The first evaluation was performed at 4 dpo. Differences between groups 
were not significant. Rats that did not attempt to hold on to the bar and therefore 
received a score of zero sec were not excluded from the statistical evaluation. 

 

4.4.4 Effect of bmSC and MP treatment on the astrocytic scar 

Astrocytes were visualized with GFAP-IHC in spinal cord sections containing the 

lesion site and in anterior and posterior sections without tissue alterations. This showed 



Chapter IV: bmSC as a treatment for spinal cord injury 

- 122 - 

 

a dramatic increase of GFAP staining around the lesion center (Fig. 5a-g), indicating a 

persistent astrocytic scar in the chronic stage at 10 weeks after SCI. Treatment 

conditions had no significant effect on the GFAP-IR neither in white matter outside the 

lesion area nor in the center of SCI (Fig. 5h). 

 

Fig. 5 Astrogliosis was not affected by bmSC and MP treatment. Evaluation of 
GFAP-IR in spinal cord tissue ten weeks after SCI. a-b Overview of scar formation 
around the lesion center in a typical example; nuclear labeling with Hoechst-33342 (a) 
was combined with GFAP (b) immunostaining; 5x objective, scale bar 0.5 mm in a. c 
Reactive astrocytes in the grey matter outside of the lesion center. d-f Higher 
magnification of GFAP-IR close to the lesion site in SCI rats with control treatment (d), 
MP injections (e), bmSC implants (f), and g in the white matter of an animal without 
SCI; 20x objective, images d-g with the same times of exposure, scale bar 100 μm in g. 
h Quantification of GFAP-IR (integrated density) near the lesion site revealed no 
significant differences between SCI treatment groups (t-tests, p > 0.5). Data were 
normalized to GFAP-IR in the white matter of rats without lesion (statistical difference 
not indicated); bars show means and SEM, n = 5-6 rats/group. 
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4.4.5 Effect of bmSC and MP treatment on microglia and macrophages 

Microglia and macrophages were stained with antibodies against Iba1, again using 

sections including the lesion site, anterior and posterior of this region (Fig. 6a-g). In the 

white matter of spinal cord sections outside of the area directly affected by the SCI we 

found cells with typical microglia morphology. Their Iba1 expression was 2- to 5-fold 

stronger compared to the white matter of rats without SCI. In the lesion center, Iba1-IR 

increased about 10-fold in animals treated with saline or MP but only 4-fold in animals 

that had received bmSC implants (Fig. 6h). Compared to the control treatment (NaCl 

injections) the effect of bmSC was significant (t-test, p < 0.05), indicating that the 

injected cells might have reduced activation of microglia or macrophages. 

 

Fig. 6 Injection of bmSC reduced activation of microglia/macrophages. Evaluation 
of Iba1-IR in spinal cord tissue ten weeks after SCI. a-c Microglia in spinal cord white 
matter 0.5-0.7 cm anterior of the lesion center. d-f Microglia and macrophages in 



Chapter IV: bmSC as a treatment for spinal cord injury 

- 124 - 

 

sections containing the lesion center; representative examples from rats treated with 
saline (a, d), MP (b, e) and bmSC (c, f). g Microglia in the white matter of an animal 
without SCI; 20 objective, scale bar 100 μm valid for all photographs. h Quantification 
of Iba1-IR in the white matter ca. 0.8 cm anterior to and within the area close to the 
lesion center. Here, Iba1 expression was significantly lower after bmSC treatment 
compared to control treatment (t-test, * p < 0.5). Data were normalized to Iba1-IR in 
the white matter of rats without lesion (statistical difference not indicated); bars show 
means and SEM, n = 5-6 rats/group. 
 

4.4.6 Effect of bmSC and MP treatment on axon pathology 

Non-phosphorylated neurofilaments are associated with their disassembled state 

in neuronal cell somata. In mature axons, in contrast, neurofilaments are heavily 

phosphorylated. Since this depends on myelin signals, the presence of non-

phosphorylated neurofilaments in fiber tracts is indicative of demyelination and axonal 

damage (Trapp et al., 1998; Yuan et al., 2012). We investigated this using the 

monoclonal antibody Smi32, which labels non-phosphorylated neurofilament-M and -

H (Lee et al., 1988). Immune staining was observed in the white matter tracts of all SCI 

animals but not of non-injured rats. In the ascending dorsal columns, the local Smi32-

IR was particularly prominent in sections above the lesion site. In contrast, it was absent 

in the dorsal area of sections containing the lesion site, where all fiber tracts had 

completely degenerated, and also in the dorsal columns below the lesion, where these 

axons were not affected by the SCI (Fig. 7a-h). In ventrolateral fiber tracts, non-

phosphorylated neurofilament was found in all spinal cord sections of lesioned rats. In 

the grey matter, Smi32-IR was also visible in the somata of nerve cells, most strongly 

in the ventral horns (Fig. 7i). This could also be observed in tissue of non-injured 

animals and is not pathological.  
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Fig. 7 The presence of non-phosphorylated filaments as indicator of axonal 
damage. Ten weeks after SCI immune staining with Smi32 antibody (red) was 
combined with myelin basic protein-IR (green) and Hoechst-33342 nuclear staining 
(blue). a-f Overview of transverse spinal cord sections at intervals of approximately 3.2 
mm from 8 mm anterior to 8 mm posterior of the lesion site; 5X objective, scale bar in 
a. Note the presence of Smi32-binding in the ascending dorsal columns anterior but not 
posterior of the lesion site and in white matter tracts in all sections. g Non-
phosphorylated neurofilament in ascending fiber tracts anterior of the site of injury, 20X 
objective. h-i Higher magnification of Smi32-IR in white matter (h) and motor neurons 
in the ventral horn (i), 40X objective, scale bar in i. No Smi32 staining was observed in 
the white matter of animals without SCI (see Fig. 8). 
 

Quantification of the Smi32-IR revealed a significant effect of bmSC treatment in 

the dorsal columns anterior of the lesion site, where the ascending somatosensory axons 

were affected by the SCI (Fig. 8a-d, i). Stem cell treatment reduced the amount of 

axonal damage compared to saline treatment (t-test, p < 0.05). The strong expression of 

non-phosphorylated neurofilaments in ventral and lateral fiber tracts was not 

significantly different between treatments (Fig. 8e-h, i). 
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Fig. 8 Treatment with bmSC reduced axonal damage in ascending fiber tracts 
anterior of the lesion site. Staining with Smi32 (red) was combined with Iba1 (green) 
in spinal cord tissue ten weeks after SCI. a-h Smi32 IR in the dorsal columns (a-d) and 
ventrolateral white matter (e-h) of a rat without SCI (a, e), and of SCI animals treated 
with saline (b, f), MP (c, g) and bmSC injections (d, h); 20 objective, scale bar in a. 
Note the absence of non-phosphorylated neurofilament in control samples without SCI 
in a and e. i Quantification of Smi32-IR in the ascending dorsal columns anterior and 
posterior of the lesion site (dc ant, dc post), the ventrolateral white matter (v&l) and 
corresponding regions without SCI (no Smi32-IR, marked x). Bars show means and 
SEM, n = 5-6 rats/group. Treatment with bmSC was associated with reduced Smi32-IR 
in the anterior dorsal columns compared to saline treatment (t-test * p < 0.05), while 
MP had no effect and differences in dc post and vl were not significant. 
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4.4.7 Effect of bmSC and MP treatment on neuroinflammation 

To a large degree the devastating effects of SCI are due to a persistent 

neuroinflammatory response, one of its hallmarks being the lysosomal antigen CD68 

(ED1), which is present in activated microglia and macrophages (McKay et al., 2007). 

We found that activation of these myeloid cells was still very strong at ten weeks after 

SCI (Fig. 9a, b). The histological distribution of CD68 IR throughout the white matter 

resembled that of axonal damage. Chronic neuroinflammation was observed in fiber 

tracts distal of the lesion, such as ascending somatosensory fibers anterior and the 

descending corticospinal tract posterior of T9/T10 (Fig. 9c, d). Activated microglia and 

macrophages were also present in the lesion center and in ventral and lateral white 

matter tracts (Fig. 9e, f). Quantification of CD68-IR revealed that it was lower in MP 

treated animals than after NaCl treatment, while no significant effects were found after 

bmSC injection (Fig. 9g-k). 



Chapter IV: bmSC as a treatment for spinal cord injury 

- 128 - 

 

 

Fig. 9 Injections of MP mitigated SCI-induced neuroinflammation. Microglia 
activation and macrophage infiltration ten weeks after SCI were evaluated with immune 
staining of CD68 (ED1). a-b Overview of transverse spinal cord sections 0.8 cm 
anterior of the lesion site and at its center. CD68 (green) was combined with Hoechst-
33342 nuclear staining (blue), 5X objective, scale bar in b. Note very strong CD68-IR 
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everywhere in the white matter as well as its absence in the scar tissue (b). c-f Examples 
of activated microglia/macrophages in ascending fiber tracts in the dorsal columns 
anterior of the lesion site (c), in corticospinal tract posterior of the lesion center (d; 
marked with dotted ellipse in c and d), in the lesion center (e), and anterior ventrolateral 
white matter (f). g-j Examples of CD68-IR in dorsal columns of rats without SCI and 
after SCI treatments; 10X objective, scale bar in g. k Quantification of CD68-IR in the 
dorsal columns (dc) and ventrolateral white matter (vl) anterior and posterior of the 
lesion site and corresponding regions without SCI (no CD68-IR). Bars show means and 
SEM, n = 5 rats/group. As indicated (t-test * p < 0.05) treatment with MP was associated 
with reduced CD68-IR compared to saline treatment. Injections of bmSC had no 
significant effect.  
 

4.4.8 Effect of bmSC and MP treatment on apoptosis 

Apoptosis was evaluated using an antibody against activated caspase-3, which at 

10 weeks after SCI was clearly identified in cell nuclei (supplementary Fig. S1, Fig. 

10a-h). While some apoptotic cells were also detected in the grey matter of rats without 

SCI (7% of all nuclei), the percentage was much higher (15% – 20%) in the rats with 

spinal cord contusion. Treatment with bmSC significantly reduced apoptosis in the 

ventral horn (Fig. 10i).  
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Fig. 10 Injection of bmSC reduced apoptosis in the ventral horn. Ten weeks after 
SCI, cellular apoptosis was evaluated using activated caspase-3 as a marker. a-h 
Representative ROI containing apoptotic nuclei in the ventral horns of non-injured 
animals (a, b), after SCI/treatment with saline (c, d), with MP (e, f) and with bmSC (g, 
h). Immune staining of activated caspase-3 (red, all panels) was combined with 
Hoechst-33342 nuclear staining (blue, b, d, f, h, double exposure); 40x objective, scale 
bar in h. i Quantification of apoptosis in the grey matter is expressed as the percentage 
of activated caspase-3 IR nuclei of all nuclei. Bars show means and SEM, n = 5 
rats/group; statistical evaluation with ANOVA, post-hoc Tukey tests. More apoptosis 
was observed after SCI when rats were treated with saline (♯ p < 0.05, ♯♯ p < 0.01). 
This increase in number of apototic cells failed to be significant after MP treatment and 
in the ventral horn also after bmSC treatment. Compared to saline, bmSC injections 
caused a highly significant reduction of apoptosis in the ventral grey matter (** p < 
0.01). 
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4.5 Discussion 

The therapeutic benefit of human bmSC as a treatment of SCI was compared to 

high dose MP injections in adult rats. Within one hour after T9/T10 spinal cord 

contusion one dose of a dedicated human bmSC preparation (Neuroplast BV) was 

injected into the cisterna magna. These allogeneic implants were not rejected and 

significantly improved the recovery of motor functions compared to MP treatment. The 

mean BBB score of bmSC treated rats after 9 weeks was 10.8 compared to 6.8 after MP 

intervention. Differences between bmSC and saline injections (score of 9.3) were 

smaller and did not reach significance (Figs. 2, 4). On the histological level (Figs. 3, 5-

10), bmSC treatment was beneficial with respect to axonal degeneration and apoptosis, 

compared to both control groups, while MP only had an anti-inflammatory effect.  

To date, more than 25 studies have been published using bone marrow-derived 

stem cells to treat SCI in rats (Mukhamedshina et al., 2019; Romanelli et al., 2019; 

Shende and Subedi, 2017; Zhao et al., 2019). In the past, the cells were usually 

expanded before use and their phenotype was not characterized. For the present study, 

we prepared human bmSC solely by removing immune cells from the bone marrow 

extract and did not cultivate them before implantation. Based on characterization with 

flow cytometry the injected cell suspension contained about 8% stem cells with a 

roughly equal proportion of hematopoietic and mesenchymal cells. How effective was 

this treatment in comparison with previous approaches? Even with standardized 

methods of evaluating motor function (BBB, rotarod) it is difficult to compare the 

outcomes reported by different laboratories (cf. BBB-scores of SCI control groups in 

(de Munter et al., 2019; Maqueda and Rodriguez, 2020; Mukhamedshina et al., 2019). 

With this caveat we may conclude that the therapeutic benefit of the new human bmSC 

preparation in rats was similar to what has been achieved using autologous cells. In the 

rat SCI model of severe contusion injury, no stem cell treatment has so far succeeded 

in repairing the tissue loss in the lesion center. Despite this, a benefit on functional 

recovery is observed justifying clinical trials (Shende and Subedi, 2017; Srivastava et 
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al., 2019).  

 

Steroid treatment and limitations of the present study 

Many publications on SCI treatment with MP report small to moderate 

improvement of motor recovery in the first weeks compared to placebo treatment. 

These are attributed to a reduction of inflammation, oxidative stress and neuronal 

apoptosis (Lu et al., 2016). However, an absence of therapeutic benefit or even negative 

effects were also found (Lankhorst et al., 2000). In monkeys, MP inhibited the SCI-

induced proliferation of ependymal stem cells in the spinal cord (Ye et al., 2018). A 

meta-analysis of animal experiments concluded that “beneficial effects of MP 

administration were obtained in 34% of the studies, no effects in 58%, and mixed results 

in 8%. The results were inconsistent both among and within species, even when attempts 

were made to detect any patterns in the results through subgroup analyses” (Akhtar et 

al., 2009). Due to its privileged role as the only FDA-approved pharmacological 

intervention in human SCI patients, MP is nonetheless often included in pre-clinical 

research. Following consultation with the EMA, we treated our rats with five 

intraperitoneal injections of 30 mg/kg MP with the first dose immediately after surgery 

and the following over 24 hrs, similar to the NASCIS II trial (Bracken et al., 1998). 

Compared to saline injections, this treatment significantly attenuated inflammation as 

shown with CD68 staining ten weeks after SCI (Fig. 9). Unexpectedly, it reduced motor 

recovery of the rats (Fig. 4).  

Ethical principles in animal experimentation demand the largest possible reduction 

in the number of animals. Based on expected effect size and variance we planned eight 

rats for the treatment and six for the three different control groups. While a highly 

significant benefit of bmSC compared to MP treatment was reached (Fig. 4) and 

differences with all control groups were significant on the histological level (Figs. 6-

10), this design was underpowered to demonstrate a functional benefit of bmSC 

compared to saline treatment. Additional tests with the Rotarod assay indicated a 

positive influence of bmSC on motor recovery compared to both control groups, 
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however these data did not reach significance because of their high variability 

(supplementary Fig. S2). This was primarily caused by the fact that 1/2 to 1/3 of the 

rats, irrespective of treatment, did not try to hold on to the rotating bar, although all 

animals had successfully been trained to do the task prior to SCI. Increasing body 

weight of the animals appeared to make the task more difficult during the study.  

In a future clinical application the bmSC are intended to be extracted from the 

same person who suffered the SCI and will receive the treatment. The time between 

bmSC preparation and injection shall not exceed 48 hrs (Neuroplast, patent 

WO2015/059300A1). Deviating from this procedure we tested the human cells in rats. 

Since it was not possible to implant the cells immediately after their preparation, bmSC 

were cryopreserved and resuspended for implantation, and this reduced their viability. 

Of all nucleated cells in the bmSC preparation 3.3% were hematopoietic stem cells 

(CD34), 3.8% mesenchymal stem cells (CD271, CD90, CD105, CD73) and the rest 

were non-identified stroma cells also including dead cells (de Munter et al., 2019; de 

Munter et al., 2020). Despite these limitations, the implants were not rejected, the 

treated animals showed no sickness behavior and a better recovery of body weight than 

control groups (Fig. 2). We attribute this success to the properties of the human bmSC 

as modulators of innate immunity. 

 

The advantages of bmSC implants as a therapy of SCI  

Today, stem cell based therapies are among the most promising experimental 

strategies to treat neurodegenerative pathologies including SCI. As an advantage 

compared to other sources, such as embryonic and induced pluripotent stem cells 

(iPCS), adult stem cells are easily isolated from blood, bone marrow or adipose tissue. 

In contrast to iPSC (Gazdic et al., 2018; Nagoshi et al., 2019) they do not require genetic 

reprogramming and pose no risk of tumor formation. Several attempts using bmSC in 

rodents have achieved significant improvements in motor functions, which were in the 

same order of magnitude as in the present study (Shende and Subedi, 2017; Tetzlaff et 

al., 2011). Despite the inherent difficulties to publish negative results, some failures to 
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reach functional improvement have also come to light (Ankeny et al., 2004; Hofstetter 

et al., 2002; Tetzlaff et al., 2011), and this raises the question as to the best conditions 

for bmSC treatment of SCI. Three considerations deserve particular attention: 

preparation of the bmSC, mode and time of application.  

1) Following standard extraction of bone marrow from the iliac crest of human 

donors, we are using a novel procedure to prepare bmSC, which is based exclusively 

on the elimination of macrophages and lymphocytes without manipulation or expansion 

in vitro. This procedure allows implantation within 48 hrs after harvesting of the cells. 

In most of the previous studies bmSC were expanded to large numbers before use 

(Shende and Subedi, 2017; Tetzlaff et al., 2011) and this, unfortunately, reduces their 

growth potential (Hayflick limit (Schellenberg et al., 2011) as well as their anti-

inflammatory properties (Li et al., 2012). It also leads to the accumulation of stochastic 

mutations, such that the risk of malignant transformation cannot be ruled out (Wagner, 

2012). A major advantage of our approach is to avoid negative changes associated with 

long term cultivation.  

2) Cell implants that are intended for the therapy of CNS pathologies first need to 

reach their target tissues. While contusion SCI initially disrupts the blood-spinal cord 

barrier, this is restored by endogenous repair processes. Therefore, systemic 

applications of cells, such as by intravenous injection (Čížková et al., 2006b; Vaquero 

et al., 2006), may have only a limited time window, which in rodents lasts about one 

week for the gray matter (Donnelly and Popovich, 2008). Since we intend to explore 

treatment in the chronic phase in the future, we chose infusion into the cerebrospinal 

fluid (CSF). Stem cell injections into the CSF were shown to be more effective than 

into the blood circulation (Paul et al., 2009; Shin et al., 2013; Vaquero et al., 2006), and 

in the majority of clinical studies cells were transplanted via lumbar puncture (Bakshi 

et al., 2004; Shende and Subedi, 2017). In rats, we accessed the subarachnoid space via 

the cisterna magna (Shin et al., 2013), implying that the injected cells have to migrate 

toward the area of injury in the spinal cord. While the mechanisms of this are not well 

understood, homing to damaged areas has been shown to be a property of bmSC even 
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when injected into the blood stream (Čížková et al., 2006a). We considered the 

alternative to inject the cells directly below the dura mater of the spinal cord, as was 

done previously after dorsal column transection (Lu et al., 2005) and compression 

injury (de Munter et al., 2019). However, in preparatory experiments we found that 

spinal cord injection per se caused additional damage. This application may be more 

effective for interventions in the chronic phase, when cells can be implanted into the 

cavity within the spinal cord that has formed by then (Lu et al., 2012; Srivastava et al., 

2019).  

3) Thus, the time of intervention is another crucial parameter when considering 

stem cell therapy of SCI. By far the most animal experiments have been carried out in 

the acute phase, and with bmSC this seems to be justified because their main benefit is 

expected to be neuroprotection by modulating the immediate inflammatory response 

(de Munter et al., 2019; de Munter et al., 2020; Donnelly and Popovich, 2008). Our 

histological evaluation indicates that the acute intervention, while not reducing gross 

tissue damage (Fig. 3), did have lasting cytoprotective effects as shown with a reduction 

in axonal damage (Fig. 8) and apoptosis (Fig. 10) ten weeks later. Since immune 

suppression of macrophages was larger after MP treatment (Fig. 9), we hypothesize that 

the bmSC elicited additional neurotrophic effects. These will be explored in future SCI 

experiments using intervention in the chronic state. In a delayed treatment protocol with 

intraspinal administration into the lesion cavity the integration of grafted cells promises 

to be better because the release of toxic compounds, lytic enzymes and free radicals of 

the early phase has somewhat subsided (Shende and Subedi, 2017).  

 

The putative mode of action of bmSC after SCI 

This raises the question regarding the mechanisms by which the injected bmSC 

were effective in our experiments. Increasing evidence suggests that extracellular 

vehicles (EVs) are important players in mediating the therapeutic effects of 

therapeutically applied stem cells (Rani et al., 2015; Romanelli et al., 2019; Ruppert et 

al., 2018; Zhao et al., 2019). Exosomes from mesenchymal stem cells exert immune-
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suppressive effects by enforcing M2 macrophage polarization, inhibiting complement 

activation and indirectly driving regulatory T cell induction (Zhang et al., 2015). In 

addition, classical mechanisms of paracrine release of cytokines and growth factors are 

likely to be involved (Gnecchi et al., 2016; Neuhuber et al., 2005), although attempts 

at isolating these factors so far have failed to replace stem cells with a pure 

pharmacological intervention. Stem cell-conditioned media which contain EVs as well 

as paracrine factors can be effective, although repeated delivery may be required (Rani 

et al., 2015; Romanelli et al., 2019). It is believed that beneficial effects of bmSC are 

derived rather from the mesenchymal and not the hematopoietic stem cell fraction 

(Shende and Subedi, 2017), and this view is linked to the expectation that the cells 

integrate and differentiate in the tissue (Gnecchi et al., 2016). Our bmSC preparation 

contained less than 5% mesenchymal stem cells. We have reason to believe that 

hematopoietic stem cells and remaining stromal cells (not expressing CD34, CD271, 

CD90, CD105, CD73) also released modulators that positively influenced recovery 

after SCI. Although the injected bmSC reduced Iba1 staining, their effect on CD68 did 

not reach significance. The fact that cell treatment improved motor recovery much 

better than MP, while the latter did reduce the number of CD68 positive macrophages, 

also indicates that bmSC may have acted on other than myeloid cells.  

The formation of fibrotic and glial scar is a major impediment to axonal 

regeneration after SCI. While reports with bmSC have claimed to reduce this (de 

Munter et al., 2019; Romanelli et al., 2019; Shende and Subedi, 2017), we did not see 

differences in scar formation or lesion size between different groups. Either there was 

a transient effect, not visible ten weeks after SCI, or the damage caused by a 200 Kdyn 

(2N) contusion injury was simply too large to put any scar reducing effects in evidence. 

Were there continuing effects in the chronic stage? The behavioral data show that 

almost all improvement in sensory-motor performance of the rats occurred within the 

first three weeks and that the therapeutic benefit of bmSC treatment also occurred in 

this period (Fig. 4). Using a specific antibody against human mitochondrial proteins 

(Millipore MAB1273C3, validated in vitro) we searched for the presence of human 
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cells in the spinal cords of all rats. At ten weeks after SCI we were not able to detect 

the implants. Although the absence of an IR signal is certainly not conclusive, it is more 

likely that the implanted bmSC were only effective in the acute and subacute phase 

after SCI. Differences observed after ten weeks on the histological level, such as lower 

microglial activation and reduced axonal damage may be the result of better recovery 

in the subacute phase. This must certainly be the case for the lingering anti-

inflammatory effect of acute MP injections. It is intriguing, though, that we observed a 

high level of apoptosis and a significant effect of bmSC on this phenomenon even at 

ten weeks after lesion. Double IHC with antibodies against activated caspase-3/Iba1 

and activated caspase-3/NeuN indicated that the apoptotic nuclei did not belong to 

microglia or neurons (data not shown). Previous studies found continuing apoptosis of 

oligodendrocytes in the chronic phase after SCI (Beattie et al., 2000). Other groups 

(Čížková et al., 2006b; Lu et al., 2005) were able to locate injected bmSC infiltrating 

the lesion site. In several cases, cells were found to have differentiated into 

oligodendrocytes, whereas the expression of neural markers was rare. Following the 

most thorough analysis of cellular transplantation therapies for SCI, Tetzlaff and 

colleagues  concluded that remyelination of demyelinated axons may be the most 

realistic therapeutic objective (Tetzlaff et al., 2011). 

 

Conclusions for improving SCI therapy based on bmSC implants 

Using acute intervention with bmSC we were able to improve the natural recovery 

process within the first three weeks after lesion compared with corticosteroid treatment 

without adverse effects due to a possible immunological rejection. By reaching these 

objectives, the results of this study confirmed the beneficial effects of stem cells that 

were obtained earlier using immune-compromised rats and balloon compression SCI 

(de Munter et al., 2019).  

In this and many other studies implanted stem cells could not be identified in the 

tissue when this was attempted in the chronic stages after SCI. Their failure to survive 

may be attributed to a hostile microenvironment created by the lesion (Khazaei et al., 
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2020; Li et al., 2019). It is therefore an objective to modify the tissue response such that 

implanted cells remain functional. Since the bmSC themselves modulate the innate 

immune system (de Munter et al., 2020; Ruppert et al., 2018; Zhao et al., 2019), we 

suggest that a combination of pharmacological/cell-based therapies should complement 

the signals released from the bmSC by activating different molecular targets. 

In the past, even the most promising results of preclinical studies with rodents 

could not be translated to clinical therapies of SCI or any other neurodegenerative 

disease. Depending on the physiological question and the risk of treatment, additional 

studies with non-human primates may therefore be necessary before a clinical trial is 

justified (Tsintou et al., 2020). Since large mammals are expensive, sample sizes are 

usually small. Such experiments are ethically justified only to the extent that the animal 

models are more predictive for clinical interventions than experiments with rodents. A 

recent comparative study with bmSC injections after SCI in 115 rats and 17 pigs arrived 

at similar results in both species (Mukhamedshina et al., 2019). The present results 

demonstrate that our bmSC preparation had benefits and no negative side effects even 

when implanted in a different species and with a considerable percentage of non-viable 

cells due to one freezing/thawing cycle before implantation. 

In a clinical trial, bmSC would be prepared from the same patient and implanted 

without cryopreservation and within 48 hrs after injury. Since the potential risk for the 

patient is minimal we do not see the necessity of an intermediate study with large 

mammals or non-human primates, especially since differences in the motor systems 

between different primate species are also not negligible (Lemon and Griffiths, 2005). 

Exaggerated promises are a recurrent phenomenon in SCI research. Our conclusion, 

while optimistic, is more modest: The intrathecal transplantation of human bone 

marrow-derived cells prepared via negative selection and without cultivation will 

contribute to a combinatorial therapy of SCI. 
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Abbreviations 

BBB: Basso, Beatty, Bresnahan locomotor rating scale; bmSC: bone marrow-derived 

stromal cells; CD: cluster of differentiation; CSF: cerebrospinal fluid; DMSO: dimethyl 

sulfoxide; dpo: days post operation; EDTA: ethylenediamine tetraacetic acid; EMA: 

European Medicines Agency; FDA: U.S. Food and Drug Administration; GFAP: glial 

fibrillary acidic protein; GMP: good manufacturing practice; HSC: hematopoietic stem 

cells; Iba1: ionized calcium-binding adapter molecule 1; IH: Infinite Horizon spinal 

cord impactor; IHC: immunohistochemistry; IR: immunoreactivity; MBP: myelin basic 

protein; MP: methylprednisolone; NASCIS: national acute spinal cord injury study; 

PBS: phosphate buffered saline; RT: room temperature; SCI: spinal cord injury; TRITC: 

tetramethyl rhodamine iso-thiocyanate; TBS-T: Trisaminomethane-buffered 

saline/0.05% Tween 20. 
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5.1 Abstract  

Background: Tauroursodeoxycholic acid (TUDCA) is a bile acid with anti-

inflammatory effects on microglia and macrophages, which has been tested as treatment 

in animal models of neurodegenerative diseases. Implants of bone marrow-derived 

stromal cells (bmSC) are currently under investigation in clinical trials of spinal cord 

injury (SCI). We suggested that the therapeutic efficacy of bmSC treatment could be 

improved by combining it with systemic anti-inflammatory treatment. The objective of 

the present study was to test TUDCA in a rat model of SCI and use it in combination 

with transplantation of human bmSC.  

Methods: Spinal cord contusion injury was induced in adult male rats at thoracic 

level T9 using the Infinite Horizon impactor. Immediately after the lesion, animals 

received one intraperitoneal injection of 100 mg/kg TUDCA, which was repeated 24 

hrs later. One hour after SCI, the animals were treated with a sub-occipital injection of 

human bmSC into the cisterna magna. No immune suppression was used. Two 

additional treatment regimens were applied, consisting of either two or five 

intraperitoneal injections of 300 mg/kg TUDCA. The recovery of motor functions was 

assessed during a surveillance period of six weeks. Adverse events as well as general 

health, body weight and urodynamic functions were monitored daily. Rats were 

sacrificed after 4 days for biochemical and histological investigation or after 6 weeks 

for histology of the tissue.  

Results: Treatment with TUDCA improved the recovery of autonomic bladder 

control. TUDCA also had a positive effect on motor functions in the subacute phase, at 

1-4 days post operation, and biochemical analysis of spinal cord tissue confirmed an 

anti-inflammatory activity of TUDCA in the acute phase. Effects on motor function 

were only transient, however, such that no significant differences between vehicle and 

TUDCA-treated animals were observed 1-6 weeks after operation. Combinatorial 

treatment with TUDCA and bmSC failed to have an additional effect compared to 

treatment with bmSC only.  
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5.2 Introduction 

 Lesions of the spinal cord, due to traumatic injury, tumors, or vascular ischemia 

frequently cause paralysis and the loss of autonomic functions. No disease modifying 

therapy of this pathology is currently available. The severe consequences of spinal cord 

injury (SCI) are to a large part due to a secondary inflammatory reaction, which is borne 

by local microglia cells, macrophages and lymphocytes that infiltrate the lesion area. 

This reaction in conjunction with increasing vascular permeability causes cell death of 

neurons and glia cells (Donnelly and Popovich, 2008). For this reason, anti-

inflammatory treatment is an important strategy for SCI and has been used in the clinic 

(Falavigna et al., 2018). Unfortunately, the approved treatment option, 

methylprednisolone, is often ineffective and causes severe side effects such as higher 

incidence of sepsis, gastrointestinal haemorrhage or pulmonary embolism (Hugenholtz 

et al., 2002). Therefore, new therapies of SCI are needed, and one of the most promising 

lines of research with this aim consists in the application of stem cells (Shende and 

Subedi, 2017; Tetzlaff et al., 2011; Tsintou et al., 2020). We have recently tested the 

safety and therapeutic benefits of human bone marrow-derived stromal cells (bmSC), 

which are prepared solely by negative selection without expansion in vitro (Neuroplast 

BV, patent WO2015/059300A1). In a rat contusion model of SCI, intrathecal infusion 

of these cells reduced chronic inflammation and neural degeneration and provided a 

benefit on the functional level (Romero-Ramírez et al., 2020). However, as in all other 

studies (Shende and Subedi, 2017), the beneficial effect was limited. In comparison 

with control treatments, the recovery of sensory-motor function improved by 1.5 points 

(BBB scale) (Basso et al., 1995), and even at nine weeks after SCI most rats did not 

recover beyond BBB 9-11 (Romero-Ramírez et al., 2020). We concluded that a 

combinatorial therapy of bmSC implantation with additional cytoprotective measures 

would be advantageous to support the integration of implanted bmSC. 

A recent strategy of cytoprotection for neuropathologies is based on bile acids 

which have long been used in traditional Chinese medicine (Feng et al., 2009; Grant 
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and DeMorrow, 2020). These are amphipathic molecules synthesized from cholesterol, 

whose biological effects are mediated via the Takeda G protein-coupled receptor-5 

(TGR5)(Eggink et al., 2014; Keitel et al., 2010) as well as nuclear receptors farnesol X 

receptor, pregnane receptor and liver X receptors (De Marino et al., 2017; Pols et al., 

2011). While bile acids play important roles in lipid metabolism (Chiang, 2013), , they 

also have anti-inflammatory effects by suppressing NFkB signaling which make them 

interesting candidates as treatment of neuropathologies (Yanguas-Casás et al., 2017). 

One particular bile acid, tauroursodeoxycholic acid (TUDCA), has been tested in 

animal models of Parkinson’s disease (Rosa et al., 2018), multiple sclerosis (Bhargava 

et al., 2020) and a clinical trial of amyotrophic lateral sclerosis (Elia et al., 2016). In 

rodent models of SCI, TUDCA reduced cellular apoptosis (Çolak et al., 2008; Dong et 

al., 2015; Dong et al., 2020; Miao et al., 2018; Zhang et al., 2018). With rats, 

improvements on the functional level were observed in the subacute phase, but in the 

experiments with rat models of SCI it is not clear whether these have a lasting effect 

after SCI.  

Our objectives in the present study were 1) to assess effects of TUDCA on neuro-

inflammation and astrogliosis in the subacute phase, 2) to clarify long term therapeutic 

benefit of TUDCA treatment after SCI on the recovery sensory-motor function, bladder 

control and neuropathic pain, and 3) to test whether a combinatorial therapy of TUDCA 

and bmSC transplantation provides additional benefit. 
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5.3 Materials and Methods 

5.3.1 Experimental Animals 

Experimental protocol, surgical procedures and post-operational care were 

reviewed by the ethics committee for Animal Care of the Hospital Nacional de 

Parapléjicos (163CEEA/2017) and approved by the Consejería de Agricultura y 

Ganadería de Castilla-la Mancha (ref. 210498, following EU directive 2010/63/EU). 

We used male wistar rats (Rattus norwegicus), six to eight weeks of age, which had 

been bred in the animal facility of the hospital. Until the day of surgery animals were 

kept in pairs and subsequently in individual cages. Standard housing conditions 

consisted in 12 hrs light/dark cycle, humidity 40–60%, temperature 22 °C with ad 

libitum access to food and water. A total of 62 animals entered the study (Fig. 1a). In 

addition, the spinal cords of three non-injured rats were processed for comparison of 

histological results. Data from eight animals treated with SCI and injections of bmSC 

without bile acid treatment, which were part of a previous study (Romero-Ramírez et 

al., 2020), have been included in the evaluation according to the 3Rs of animal 

experimentation. 
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Fig. 1. Experimental plan. Animals were pseudo-randomly assigned to the different treatment 

groups. a For evaluation with biochemistry at 4 dpo, three treatment groups were evaluated: 

laminectomy only (sham), SCI with saline injection, and SCI with 2 x 300 mg/kg TUDCA treatment. 

Functional analysis was carried out during a recovery period of six weeks for additional groups of 

SCI/treatment with 2 x 100 mg/kg TUDCA, SCI/treatment with 5 x 300 mg/kg TUDCA, and 

SCI/treatment with bmSC plus 2 x 100 mg/kg TUDCA. In histology (at 4 dpo and 6 weeks), spinal 

cord tissue was also compared to tissue from non-lesioned rats. Two animals had to be excluded 

from the study because open field evaluation at 1 dpo suggested an incomplete lesion (red arrows a: 

BBB=7, b: BBB=8). b Changes of body weight following SCI: Animals in all treatment groups 

suffered from similar weight loss during the first 4 dpo and subsequently had a similar rate of 

recovery (all TUDCA treatend groups are combined in this graph as there were also no significant 

differences between them). 
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5.3.2 Surgical procedures and postoperative treatment  

Spinal cord contusion injury and injections of bmSC were performed as described 

previously in detail (Romero-Ramírez et al., 2020). In short, anesthesia consisted of 2.5% 

isoflurane/97.5% oxygen at 0.5 L/min SCI or, for the injections of bmSC, of one i.p. 

injection of ketamine 50 mg/kg combined with xylacine 5 mg/kg. Fifteen minutes before 

surgery, rats received one s.c. injection of buprenorfine 0.05 mg/kg to reduce pain. 

Corneal dehydration was prevented with ophthalmic ointment (Lubrithal). With ketamine 

anesthesia, 0.04 mg/kg atropin was given. Following laminectomy at thoracic level T8-

10, a spinal cord contusion of 2 N (200 K dyn, zero dwell time) was inflicted with the 

Infinite Horizon (IH) spinal cord impactor. We checked the procedure visually 

(hematoma) and by monitoring the IH displacement/time and force/time plots. To 

compare biochemical data at 4 days post operation (dpo), a control group was operated 

using the laminectomy procedure without SCI. Immediately after surgery, all animals 

received 2 x 2.5 mL isotonic saline s.c. and antibiotic treatment marbofloxacin 5 mg/kg 

(Marbocyl 10 mg/mL, s.c.). 

The transplantation of bmSC was done at 2 hrs after SCI and performed exactly as in the 

study cited above. Briefly, the anesthetized animals were positioned in a stereotactic 

frame. The atlanto-occipital membrane was exposed and penetrated with a pointed 

scalpel blade. A catheter was then inserted and the cell suspension slowly infused with 

syringe pump (100 µL/3 min) into the cisterna magna. While the rat was being prepared 

by one researcher a second person removed one batch of bmSC from storage in liquid 

nitrogen, thawed and washed the cells with saline and resuspended them in 110 µL saline. 

From this, 10 µl was removed for cytometric counting of cell numbers and determination 

of cell viability. On average, one injection of 100 µL contained 2.6 +/- 0.6 x 106 viable 

cells. 

Postoperative care, including analgesic and antibiotic treatment, was done as previously 

described (Romero-Ramírez et al., 2020). The bladders were checked and voided 

manually every 12 hrs until the rats were urinating spontaneously. The volume of 

retained and manually expelled urine was recorded. Euthanasia at the end of the study 
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was induced by i.p. injection of 100 mg/kg of sodium pentobarbital (Dolethal). 

5.3.3 Experimental groups 

Animals were assigned to six experimental groups, five of which received the 

same SCI but differed in the treatment procedure (Fig. 1a). One group (sham) had T8-

10 laminectomy but underwent no contusion injury. Group 2 (SCI-control) received 

two NaCl i.p. injections, the first immediately after SCI (t0) and the second 24 hrs later 

(1 dpo). Group 3 (SCI-T200) was treated with two i.p. injections of TUDCA 100 mg/kg 

body weight at t0 and 1 dpo. Group 4 (SCI-T600) had two i.p. injections of TUDCA 

300 mg/kg at t0 and 1 dpo. Group 5 (SCI-T1500) received five injections of TDCA 300 

mg/kg at t0, 1 dpo, 2 dpo, 4 dpo and 6 dpo. Group 6 (SCI-bmSC+T) were transplanted 

with bmSC at t0+2hrs and, in addition, received two injections of TUDCA as group 3. 

During the following six weeks, the investigators who performed the behavioral 

evaluation were blinded regarding the experimental condition of the individual animals. 

Nine animals each of the SCI-control and SCI-T600 groups were sacrificed at 4 dpo for 

biochemical and histological analyses. The animals with the laminectomy procedure 

only survived four days and served as controls for biochemical investigation. Additional 

spinal cord sections from non-injured rats were used for comparing histological data. 

  

5.3.4 Preparation of bmSC 

Human bmSC for SCI treatment were prepared by negative selection eliminating 

erythrocytes with Ficoll density gradient gradient centrifugation and, subsequently, B-

cells (CD20), T-cells (CD3), monocytes (CD14) and natural killer cells (CD56) using 

antibody-based cell sorting with magnetic beads under GMP conditions. Cell were not 

expanded by cultivation (Neuroplast BV, patent WO2015/059300A1). All procedures 

for collection of human bone marrow were approved by the ethics committee of 

Maastricht University Medical Center (METC 13-2-032). The viability and cell type 

composition of each batch was analyzed with flow cytometry (CD34, CD271, CD90, 
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CD105, CD73). For the present study, bmSC were prepared at the Neuroplast facility 

in Geleen, NL, cryoprotected with DMSO, frozen in liquid nitrogen, shipped on dry ice 

to Toledo, Spain, and then stored in liquid nitrogen until use. Cell viability was again 

determined after thawing, i.e. immediately before application in vivo (exclusion of 7-

amino-actinomycin D, cytometry). 

 

5.3.5 Bile acid treatment 

Tauroursodeoxycholic acid (Calbiochem CAS 14605-22-2, Millipore) was 

dissolved at 150 mg/mL in 0.9% saline immediately before the intraperitoneal injection 

or stored no longer than 24 hrs at 4°C. 

5.3.6 Evaluation of locomotor functions 

Recovery of limb movements was evaluated in the open field using the 

Basso/Beattie/Bresnahan (BBB) locomotor function test (Basso et al., 1995). This was 

done before surgery (baseline), at 1 dpo, 2 dpo, 3 dpo, 4 dpo, 7 dpo and subsequently 

once per week until six weeks after SCI. At the beginning, we established a criterion of 

BBB < 2 at 1 dpo for inclusion in the study because a higher score was considered to 

indicate incomplete SCI. Scoring was performed independently by two independent 

investigators who were blinded with respect to the treatment of the individual animal. 

Following assessment, both investigators compared their assessments, and in cases 

where different scores were given the average of both was recorded.  

A second assessment was made using the Rotarod test (Ugo Basile SRL, Gemonio, 

Italy). In this task, rats are positioned on a slowly rotating rod, which obliges them to 

use the hind legs in order to keep their balance (Mann and Chesselet, 2015). In six 

training sessions of 5 minutes each, at three, two and one days before SCI, all rats 

learned this task at a constant speed of 5 rpm of the rotating rod. During tests, which 

were administered at 4 dpo, 7dpo and then once per week, the rotation speed was 

accelerated from 5 rpm to 15 rpm over a period of 5 minutes. Readout in this assay was 
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the time that the rats were able to stay on the rotating rod before falling off (two 

repetitions, separated by a break of ≥ 15 min).  

 

5.3.7 Von Frey test of mechanical allodynia/hyperalgesia 

Tactile allodynia/hyperalgesia (von Frey test) was evaluated using a dynamic 

plantar aesthesiometer (Hugo Basile 37550). For each hind leg, a paw withdrawal 

threshold (PWT) was determined up to a maximum force of 50 g. This was done five 

times with at least five min intervals between tests. The lowest and highest values of 

these readings were excluded and then the mean calculated as PWT. This test was 

administered at five weeks after SCI, when all animals were physically able to respond 

to the stimulation. Based on measurements before the lesion we considered a PWT of 

below 20 g as indication of neurogenic pain. 

 

5.3.8 Quantification of gene expression 

Animals for biochemical evaluation were sacrificed at 4 dpo with an overdose of 

sodium pentobarbital. After opening the thoracic cavity a blood sample of 1 mL was 

taken from the heart, mixed with 100 μL 0.5 M EDTA to prevent coagulation, spun 

down and the supernatant frozen. This was followed by transcardial perfusion with 

phosphate buffered saline (PBS; 200 mL/rat, 25 mL/min), preparation of brains and 

spinal cords. Spinal cord samples consisted of a 2 cm segment with the lesion site in 

the center. 

Tissues were homogenized mechanically with Trizol (Invitrogen, 15596018) and 

the RNA extracted according to manufacturer’s instructions. To remove genomic DNA, 

purified RNA was digested with DNase I (ThermoScientific, EN0521). An aliquot 

corresponding to 0.5 μg of purified RNA was used for first-strand cDNA synthesis using 

Superscript III reverse transcriptase and oligo (dT) primers in a final volume of 40 μL 
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(Invitrogen Life Technologies, K1632). Real-time quantification of genes was 

performed using a SYBR Green RT-PCR assay. Each 15 μl SYBR green reaction 

mixture consisted of 1 μl cDNA, 7.5 μl SYBR Green PCR-mix (2×), 0.75 μl forward 

and reverse primers (10 pM) and 4.75 μl distilled water. PCR was performed with 5 

min at 95ºC, followed by 40 cycles of 15 sec at 95ºC, 60 sec at 60°C and a separate 

dissociation step for the melting curve. Specificity of the PCR product was confirmed 

by ascertaining a single melting peak in the temperature dissociation plots. All samples 

were run in triplicates and the level of expression of each gene was compared with the 

expression of acidic  

ribosomal phosphoprotein P0 (36B4). Amplification, detection of specific gene 

products and quantitative analysis were performed using an ABI 7500 sequence 

detection system (Applied Biosystems, USA). PCR efficiency was verified by dilution 

series (1, 1/3, 1/9, 1/27, 1/81 and 1/243) and relative mRNA levels were calculated 

using the comparative ΔCt method with normalization to 36B4. Gene identifiers, primer 

sequences, product sizes and melting temperatures are listed in Tab. 1.  

Tab. 1: Primer sequences used in quantitative RT-PCR 

Gene Gene ID (NCBI 

Reference 

Sequence) 

Primer sequences Product 

Tm [ºC] 

Produ

ct size 

[bp] 

36B4 AC130745.3 sense: TTCCCACTGGCTGAAAAGGT 

antisense: CGCAGCCGCAAATGC 

60 60 

IL-6 NM_012589 sense: TAGTCCTTCCTACCCCAATTTCC 

antisense: TTGGTCCTTAGCCACTCCTTC 

60 76 

CCL-2 NM_031530 sense: TGCTGTCTCAGCCAGATGCAGTTA 

antisense: TACAGCTTCTTTGGGACACCTGCT 

64 131 

Arg-1 NM_017134 sense: GCAGAGACCCAGAAGAATGGAAC 

antisense: CGGAGTGTTGATGTCAGTGTGAGC 

62 144 

IL-4R NM_133380   sense: GATCTTCTGAGCCCGGTTGA 

antisense: CTCTCCGCTTGCTGCATT 

59 59 

IL-10 NM_012854 sense: GATGCCCCAGGCAGAGAA 

antisense: CCCAGGGAATTCAAATGCT 

61 57 

CD11b NM_012711.1 sense: CTGCCTCAGGGATCCGTAAAG 60 150 
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See list for abbreviations, all gene sequences are from rat. 
 

5.3.9 Tissue preparation and histological staining 

At four days or six weeks after SCI rats were sacrificed with an overdose of sodium 

pentobarbital followed by transcardial perfusion with PBS and 4% 

paraformaldehyde/PBS (PFA). Spinal cords were prepared, post-fixed for 1 h, then 

stored at 4 °C in PFA for several days. For histological processing, 2 cm long spinal 

cord segments that included the lesion site in the center were dissected, dehydrated, 

embedded in paraffin and cut in 3 μm parasagittal sections using a Leica RM2265 

microtome. Sections were mounted on polylysine-coated glass slides (Superfrost Plus) 

and stored at room temperature (RT). 

 

5.3.10 Immunohistochemistry 

For immunohistochemical (IHC) staining, sections were rehydrated and incubated 

in for 30 min at 90 ºC (water bath) in 10 mM Na citrate/0.05% Tween 20, pH 6.0, for 

antigen retrieval. Standard procedure included blocking 30 min at RT with 5% normal 

antisense: CCTCTGCCTCAGGAATGACATC 

CD31 NM_031591 sense: GAGGTATCGAATGGGCAGAA 

antisense: GTGGAAGACCCGAGACTGAG 

55 174 

GFAP NM_017009 sense: TGGCCACCAGTAACATGCAA 

antisense: CAGTTGGCGGCGATAGTCAT 

60 134 

CD20 NM_001107578 sense: TCTTGGGCATTCTGTCGGTG 

antisense: TCTACAACACCGGCTGTCAC 

60 70 

CD3ζ NM_170789 sense: TCATACCCCAGCCCAGTTCT 

antisense: CGGCTCTGGGGACTTTACAA 

60 148 

FoxP3 NM_001108250 sense: TCATCACTGGCTTTCTGCGT 

antisense: GCTTTTAGCCTGAACCCCCT 

60 95 

TGR5 NM_177936 sense: AAAGGTGGCTACAAGTGCTTC 

antisense: TTCAAGTCCAAGTCAGTGCTG 

58 103 
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goat serum/0.05% Tween 20 in Tris-buffered saline (TBS-T), incubation with primary 

antibodies for 12 hrs at 4 ºC in a humidified chamber and 1 h incubation with 

fluorescence-labeled secondary antibodies at RT. Nuclei were stained with 10 μg/mL 

Hoechst-33342 for 15 min at RT. Sections were cover slipped with ImmuMount 

(Thermoscientific). The following primary antibodies were used in double staining 

experiments: 

Rabbit anti-GFAP, polyclonal (Sigma G9269; 1/500), rabbit anti-caspase-

3/activated (Calbiochem PC679; 1/200), guinea pig anti-Iba1, polyclonal (Synaptic 

systems 234004; 1/500), mouse anti CD38 (Serotec MCA341R1; 1/250). Secondary 

antibodies were labeled with fluorescent dyes: Goat anti-guinea pig IgG, Alexa-488 

(Invitrogen A11073; 1/500), goat anti-rabbit IgG, TRITC (Sigma T5268; 1/500), goat 

anti-mouse IgG, Alexa-594 (Invitrogen A11005; 1/500), goat anti-mouse IgG, Alexa-

488 (Jackson 115-545003; 1/500). 

 

5.3.11 Microscopy and image analysis 

Immunohistochemical staining was evaluated using a Leica epifluorescence 

microscope (20x, 40x objective). Exposure conditions were kept constant for 

quantitative evaluation with GFAP, CD68, Iba-1 and activated caspase-3. Photographs 

were analyzed using Fuji Image-J, applying the same brightness/contrast adjustments 

and threshold values for each marker.  

The intensity of immunoreactivity was measured as integrated density in regions 

of interest (ROI 0.3 mm2) in the ventral white matter at 4 mm and 8 mm distance 

anterior and posterior of the lesion center. The number of CD68 positive cells was 

counted the same ROIs and within the lesion center (ROI 0.075 mm2). Signal intensities 

were normalized to values found in spinal cord sections from sham-operated rats (4 dpo) 

or rats without SCI (6 W survival). For evaluation of apoptosis we counted cell nuclei 

that were IR for activated caspase-3 and expressed data as percentage of all nuclei in 

the ROI, which were located in ventral grey matter, anterior and posterior of the lesion 
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center.  

 

5.3.12 Statistical analysis 

Unless stated otherwise in the figure legends, data are presented as mean values ± 

standard error of the mean (SEM). The statistical analysis of weight and behavioral data 

(changes in time, effect of treatment), performed with GraphPad Prism v5 software, 

consisted of one-factor or two-factor ANOVA, followed by post-hoc Tukey or Dunnett's 

tests. For histological and biochemical data, the differences among means were 

analyzed with unpaired Student’s t-test, considering p < 0.05 as statistically significant.  
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5.4 Results 

5.4.1 Effects of TUDCA and TUDCA/bmSC combinatorial treatment on the 

general health status and body weight of the animals  

General health condition of the rats was not affected by either treatment with 

TUDCA alone or in combination with human bmSC, and no adverse effects such as 

sickness behavior or urinary infections were observed. During the first four days 

following SCI surgery, the animals lost 9-11% of their weight, which they recovered 

with a weight gain of 9.5% in the second week (W1-2), subsequently 8.2% (W2-3), 7.3% 

(W3-4), 4.9% (W4-5) and 2.2% (W5-6). There were no significant differences in weight 

loss or gain between SCI treatment groups (Fig. 1b). Laminectomy without SCI caused 

an initial weight loss of 4%. Five weeks after SCI, two animals, one treated with 

TUDCA 5 x 300 mg/mL and one in the saline control group, had wounds at their flanks 

due to biting and were treated topically with antibiotic ointment.  

 

5.4.2 Expression of TGR5 after SCI 

In the rat brain, astrocytes and neurons are immunoreactive for the bile acid 

receptor TGR5 (Keitel et al. 2010). We confirmed expression in the spinal cord with 

quantitative RT-PCR and found the level of TGR5 mRNA at 0.6 +/- 0.2 ‰ (mean +/- 

SD) compared to the ribosomal gene 36B4, which was approximately the same as in 

cerebral cortex (0.7 +/- 0.2 ‰). It did not change significantly after SCI with or without 

TUDCA treatment.  

 

5.4.3 Improved recovery of bladder control with TUDCA treatment 

Normal micturition requires coordinated activation of the detrusor muscle of the 

bladder and relaxation of the external urethral sphincter, which are controlled by spinal 

and supraspinal centers (Pikov and Wrathall, 2001). Since these connections were 
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affected by the spinal cord contusion, the animals with SCI were unable to urinate 

spontaneously and needed manual assistance with bladder voiding during the first days 

after surgery. Laminectomy alone did not cause urinary retention. The volume of 

manually expelled urine was evaluated to assess the recovery of bladder control (Fig. 

2). One positive effect of TUDCA treatment was that recovery of this function occurred 

faster than in rats with saline injection (Fig. 2a, b). The total volume of urine retained 

during the post-acute period was not significantly different between groups, but the 

average duration of compromised bladder control was longer for animals not treated 

with TUDCA (Fig. 2c). Recovery of areflexive bladder in the group treated with 

additional bmSC was similar to the group treated with TUDCA only. 

 

5.4.4 Effect of TUDCA and bmSC treatment on allodynia/hyperalgesia 

Spinal cord injury can lead to neuropathic pain. This was assessed at five weeks 

after SCI by determining the withdrawal threshold to mechanical stimulation of the 

hind paws using an automated von Frey test. Although we found no significant 

differences between experimental groups (Fig. 2d; ANOVA, F (5, 62) = 2.14, n.s.) the 

number of rats that had a PWT below 20 g, which we considered indicative of allodynia 

or hyperalgesia, was higher after SCI than after the laminectomy operation. This 

measure did not improve with any of the treatments, and even appeared to become 

worse with higher doses of TUDCA (Fig. 2e). 
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Fig. 2 Autonomic functions and neuropathic pain. a Percentage of rats that required manual 

bladder voiding each day in the post treatment period. Bladders were voided manually every 12 hrs. 

b Average volume of retained urine per day and rat. Data shown here are for the SCI rats treated 

with saline and with five injections of TUDCA (mean +/- SEM). c Time after SCI that passed until 

the animals no longer required manual voiding of the bladder by the experimenters. Data from a 

previous experiment with rats that had only received implantation of bmSC are included for 

comparison (mean +/- SEM; * p < 0.05 compared with saline treated controls). Treatments following 

SCI are abbreviated as follows. SCI-control: two injections of saline; SCI-T200: two 

injections of 100 mg/kg TUDCA at the time of surgery (t0) and 24 hours later; SCI-

T600: two injections of 300 mg/kg TUDCA at t0 and 24 hours later; SCI-T1500: five 

injections of 300 mg/kg TUDCA at t0, 1 dpo, 2 dpo, 4 dpo and 6 dpo; SCI-bmSC: one 

injection of bone marrow-derived stromal cells at t0; SCI-bmSC+T: combinatorial 

treatment with bmSC and two injections of 100 mg/kg TUDCA at t0 and 24 hours later. 

d To assess neuropathic pain we measured the paw withdrawal threshold of the 

hindpaws to mechanical stimulation (von Frey test; left and right columns represent the 

respective hind legs). e Percentage of rats that had a PWT of below 20 g, which was 

considered as an indication of allodynia. 
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5.4.5 Recovery of sensory-motor functions 

One day after SCI the rats' ability to use their hind legs was assessed in the open 

field (Basso et al., 1995) revealing paralysis, as indicated by no or only slight movement 

of one or two joints. Laminectomy without contusion resulted in temporary gait 

instability in some cases. Two TUDCA-treated SCI animals, which presented a BBB 

score above 2 at 1 dpo, were excluded from the analysis because we considered this an 

indication of a less severe SCI rather than an effect of treatment (indicated in Fig. 1a). 

During the first 4 dpo, the majority of treated animals recovered the ability to move 

their hind legs, resulting in a significantly higher BBB at 4 dpo in all groups (two-way 

ANOVA, F (3, 60) = 17.5, p < 0.001). After treatment with 300 mg/kg TUDCA, this 

recovery occurred faster, such that BBB scores were significantly higher at 2 and 4 dpo 

compared to saline treatment (Fig. 3a). Improvements after two injections of 100 mg/kg 

TUDCA or in combination with bmSC were not distinguishable from results after saline 

injections. Recovery of motor function improved further between one and three weeks 

after lesion, when all rats showed plantar stepping and weight support at least in stance 

but usually no coordination between fore and hind limbs (BBB 9-11). No improvement 

beyond this level and no significant differences between groups were observed in the 

chronic phase (Fig. 3b). Combinatorial therapy with TUDCA and bmSC achieved 

higher BBB scores at 1-6 weeks (ΔBBB 0.6 to 1.6 higher than SCI-control, ΔBBB 0.7 

to 1.8 higher than SCI-T200). While these differences did not reach significance, they 

confirmed experiments with bmSC injection only (ΔBBB of bmSC+T200 vs. bmSC, 

n.s.;) (Romero-Ramírez et al., 2020).  

In addition to the assessment in the open field, rats were subjected to the Rotarod 

test, which measures their ability to maintain equilibrium on a rotating bar. Before SCI, 

all rats had been trained to perform this task for at least 300 sec, and at 4 dpo none of 

the animals that met the BBB inclusion criterion was able to do so. Spontaneous 

recovery caused a significant increase in Rotarod score during the first four weeks in 

all animals, and no further improvement occurred subsequently. There were no 

significant differences between experimental groups (Fig. 3c). Despite perfect ability 
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to perform the task before SCI, some animals which showed weight supported plantar 

steps in the open field refused to hold on to the bar. In the absence of an independent 

criterion to distinguish between voluntary refusal and inability to perform the task, no 

data were excluded from the evaluation resulting in a high variability in this assay. 

 

Fig. 3 Effect of TUDCA and combined TUDCA-bmSC treatment on the recovery of motor 

functions. a Mean BBB scores were monitored daily during the first 4 dpo after SCI or laminectomy. 

All rats included in the evaluation had BBB = 21 before SCI and BBB ≤ 2 at 24 hrs after surgery. 

Differences between groups treated with saline and with high doses of TUDCA were significant at 

2 and 4 dpo (* SCI-T600, # SCI-T1500, p < 0.05; error bars indicate SEM). b Mean BBB scores 

during 6 weeks of evaluation. Recovery of motor function improved until a plateau was reached 

after three weeks without significant differences between treatment groups. c Rotarod evaluation 

showed improvement from the acute (4 dpo), subacute (7 dpo) to chronic phase (5 weeks) after SCI. 

Data show time in seconds that animals were able to maintain themselves on the accelerating rod. 

The ability to perform this task improved with time, but no significant differences were observed 

between treatment groups (shown: SCI, SCI-T600, SCI-bmSC+T200; symbols and abbreviations 

as indicated in Fig. 2; data SCI-bmSC+T200 are symbolized with blue squares.  

 



Chapter V: TUDCA improves early functional recovery of SCI 

- 168 - 

 

5.4.6 Effect of TUDCA treatment on neuroinflammation 

To a large degree the devastating effects of SCI are due the neuroinflammatory 

response of microglia and blood-derived macrophages. Since TUDCA is known for its 

anti-inflammatory effect on microglia (Yanguas-Casás et al., 2014) we wanted to 

confirm this by measuring the expression of marker genes in the spinal cord at 4 dpo. 

As in previous experiments, SCI caused mRNA upregulation of the inflammatory 

cytokine IL-6 and chemokine CCL-2 in extracts from spinal cord but not cerebral cortex 

(Fig. 4a, b). Treatment with TUDCA significantly reduced the expression of these 

inflammatory genes in the spinal cord. The lesion also caused alternative activation of 

microglia/macrophages, which was demonstrated by a highly significant increase in 

transcription of arginase-1 and IL-4R (Fig. 4c, d). Contrary to our expectation, the bile 

acid treatment also reduced this response, indicating that it did no promote 

differentiation of an M2 phenotype. The cytokine IL-10 promotes alternative activation 

of macrophages and is produced by a subpopulation of these cells. At 4 dpo we found 

a significant reduction of IL-10 transcripts in the spinal cord. This reduction compared 

to the control condition was not any longer significant after TUDCA treatment of SCI. 
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Fig. 4 Expression of marker genes for inflammation and alternative microglial activation. At 

4 dpo, RNA extracts from spinal cord and cerebral cortex were analyzed with quantitative RT-PCR 

(treatment conditions abbreviated as in Fig. 2). a Expression of IL-6 and b CCL-2 in spinal cord 

and cerebral cortex, c expression of arginase-1, d IL-4Rα, and e IL-10 in spinal cord (ANOVA, post 

hoc Tukey tests, n = 5 rats, * p < 0.05, ** p < 0.01, *** p < 0.001 comparison with the laminectomy 

group; ## p < 0.01, ### p < 0.001 comparison between SCI and SCI-T600). 

 

The inflammatory activation of microglia or macrophages was also reflected by 

the expression of the complement receptor 3A (integrin αM, CD11b), which increased 

7-fold after SCI. As for pro-inflammatory markers, its expression was significantly 

reduced after treatment with TUDCA (Fig. 5a). Platelet endothelial cell adhesion 

molecule-1 (CD31), is found on endothelial cells, macrophages and various 

lymphocytes. Its expression was detected in the control tissue, increased after SCI and, 

similar to CD11b was much reduced after TUDCA treatment (Fig. 5b). 

Activation of astrocytes in pathologies is associated by an upregulation of the glial 

fibrillary acidic protein (GFAP). Transcripts of this gene, which was highly expressed 
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in the spinal cord, increased 4-fold after SCI, and the response was also inhibited by 

bile acid injections (Fig. 5c). The validity of these effects on gene regulation can by 

appreciated by comparison with marker genes of other cell types, such as B 

lymphocytes (CD20; Fig. 5d), T lymphocytes (CD3ζ; Fig. 5e) and regulatory T-cells 

(FoxP3; Fig. 5f). Indicators of these cells did not significantly change at 4 dpo with or 

without TUDCA treatment.  

 

Fig. 5 Expression of marker genes for macrophages, glia and lymphocytes. At 4 dpo RNA 

extracts were prepared from spinal cord and analyzed with quantitative RT-PCR (treatment 

conditions abbreviated as in Fig. 2). a Expression of CD11b, marker of microglia and macrophages; 

b CD31, endothelial cells, macrophages and lymphocytes; c GFAP, astrocytes; d CD20, B-cells; e 

CD3ζ, T-cells; f FoxP3, regulatory T-cells (ANOVA, post hoc Tukey tests, n = 5 rats, * p < 0.05, ** 

p < 0.01, comparison with the laminectomy group; # p < 0.05, ## p < 0.01 comparison between SCI 

and SCI-T600). 
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The lesion-induced activation of microglia and astrocytes was confirmed by 

microscopical inspection using double-staining IHC for Iba-1, CD68 and GFAP. As 

expected from previous experiments, the SCI disrupted the blood spinal cord barrier, 

caused and influx of hematogenous macrophages, activated resident microglia and 

astrocytes. At 4 dpo and 6 weeks, under all treatment conditions, the center of the lesion 

was filled with cellular debris and Iba-1/CD68 positive cells. These made up 8.3 +/- 

1.1 % of the cell nuclei in the center of the lesion (ROI 0.075 mm2; Fig. 6a-c), whereas 

CD68 positive cells were completely absent in the spinal cords of animals that had 

received only the laminectomy. Already at this time the lesion center was devoid of 

neurons (NeuN IR) and astrocytes (GFAP IR). After TUDCA treatment, 5.7 +/- 1.0 % 

of the cells in this area were macrophages, whereas CD68 positive cells were 

completely absent in the spinal cords of animals that had received only the laminectomy. 

With increasing distance of the lesion center the number of CD68 positive cells 

decreased rapidly such that 8 mm posterior and anterior only a few macrophages were 

observed in the SCI animals. Distance to the lesion significantly affected the strength 

of the CD68 signal [2-factor ANOVA, F (2, 18) = 6.7, p < 0.01], while a treatment effect 

was only significant at the central location [F (2, 9) = 3.5, p = 0.08; interaction F (4, 18) 

= 3.3, p < 0.05] (Fig. 6d-h).  



Chapter V: TUDCA improves early functional recovery of SCI 

- 172 - 

 

 
Fig. 6. Activation of macrophages after SCI. a-c Confocal microscopy images show examples of 

macrophages in the SCI lesion center at 4 dpo. All cells are IR for Iba-1 (a, green) and most also for 

CD68 (b, red), shown in combination with nuclear staining (b, c, Hoechst 33342, blue). d-f CD68 

IR macrophages in the spinal cord after laminectomy (d, sham), SCI (e), and SCI 2 x 300 mg/kg 

TUDCA treatment (f). g Quantification of CD68 IR in areas 8 mm anterior and posterior of the 

lesion site and in the lesion center [2-factor ANOVA, location effect: F (2, 18) = 6.7, p < 0.01; 

treatment effect: F (2, 9) = 3.5, p = 0.08; interaction: p < 0.05; post hoc Tukey tests: *** p < 0.001 

vs. sham; # p < 0.05 SCI vs. SCI-T600]. h Density of CD68 IR macrophages in the lesion center in 

the three treatment goups (** p < 0.01 vs sham, t-test). 

 

5.4.7 Effect of TUDCA treatment on glial activation after SCI 

Increasing IR of GFAP (Fig. 7a-c, g-i) and Iba-1 (Fig. 7d-f, g-i) indicated 

activation of astrocytes and microglia. Anterior and posterior of the SCI site both 

signals were stronger then in animals that had only received the laminectomy. 
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Contusion injury caused a 30- to 40-fold increase of Iba-1 IR in and close to the lesion 

center compared to Iba-1 levels in sham-operated animals. After treatment with 

TUDCA, this activation anterior of the lesion site was reduced by half, such that 

differences with control levels were no longer significant [anterior -8 mm: ANOVA, F 

(2, 16) = 4.9, p < 0.02; -4 mm: F (2, 17) = 5.1, p < 0.05, post hoc Dunnett's tests] (Fig. 

8a). In the lesion centers, which was filled with Iba-1 IR macrophages, fluorescence 

levels reached saturation. At 6W after SCI, Iba-1 IR was no longer as elevated as at 4 

dpo, but still 15- to 20-fold higher than in non-lesioned tissue. Treatment with bmSC 

moderately attenuated this increase at the 4 mm marks, [anterior -4 mm: ANOVA, F (3, 

52) = 5.1, p < 0.01; posterior +4 mm: F (3, 47) = 10.3, p < 0.001; post hoc Dunnett's 

tests] while no significant differences between TUDCA-treated and saline-treated 

animals were observed in the chronic phase (Fig. 8b).  

Morphological changes of GFAP positive cells around the lesion site indicated 

activation of astrocytes at 4 dpo (Fig. 7j, k). At 6 weeks a prominent glial scar had 

formed in all SCI animals. Quantification of GFAP IR in the ventral white matter (Fig. 

8c, d) confirmed an increase from the acute to the chronic phase after SCI. This was 

significantly reduced by bile acid treatment. The injections of bmSC caused an 

additional effect [anterior -8 mm: ANOVA, F (3, 42) = 7.8, p < 0.001; posterior +8 mm: 

F (3, 39) = 2.9, p < 0.05, post hoc Dunnett's test].  
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Fig. 7. Activation of microglia and astrocytes after SCI. The IHC panels show examples of grey 

matter at 4 dpo and a distance of ca. 0.2 mm from the lesion center, which were double-stained for 

astrocytes (GFAP; a-c) and microglia (Iba-1; d-f). Photographs were superimposed with additional 

nuclear staining (Hoechst 33342; g-i). a, d, g Section from laminectomy-operated animal; b, e, h 

SCI with saline injection; c, f, i SCI treated with two injections of TUDA 300 mg/kg. j, k At 4 dpo 

under all SCI treatment conditions, astrocytes showed increased GFAP IR but a glial scar had not 

yet developed. Scale = 50 μm in i (for a-i, 40 x objective) and 100 μm in j (for j-k, 20 x objective). 

 

5.4.8 Effect of TUDCA treatment on SCI-induced apoptosis 

Several groups reported that TUDCA treatment reduced cell death after SCI 

(Çolak et al., 2008; Dong et al., 2020; Miao et al., 2018; Zhang et al., 2018). We found 
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previously that our bmSC preparation was also cytoprotective (Romero-Ramírez et al., 

2020). To allow comparison with these publications we evaluated cellular apoptosis at 

8 mm anterior and posterior of the lesion center using an antibody against activated 

caspase-3. Activated caspase-3 was found in 7.1 ± 1.2 % (mean ± SD) of the cell nuclei 

in the grey matter of sham-operated rats. In the subacute phase after SCI this percentage 

increased to 8.7 ± 4.1 % in the saline-treated but not the TUDCA-treated animals, where 

6.8 ± 2.6 % of the cells were caspase-3 IR. The effect of treatment was significant (t-

test, p < 0.05).  
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Fig. 8. Quantification of microglia, astrocyte and caspase-3 IR. Integrated density of IR signals 

of Iba-1 and GFAP were evaluated anterior and posterior of the lesion site at spinal cord level T9. 

As indicated IR was quantified at 8 mm, 4mm anterior of the lesion center, in the lesion center, at 4 

mm and 8 mm posterior of the lesion center. a Iba-1 IR at 4 dpo, data normalized to levels at 8 mm 

anterior of sham-lesioned animals. B b Iba-1 at 6 W, data normalized as for Iba-1; the lesion center 

contained no GFAP-IR. At each location differences were evaluated with 1- factor ANOVA followed 

by post-hoc Tukey tests: * p < 0.05, ** p < 0.01 vs. control; # p < 0.05, ## p < 0.01 vs SCI). 
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5.5 Discussion 

In the present study, we found short term but no lasting benefits of TUDCA 

treatment on the recovery of bladder control and motor function after SCI in rats. 

Transcripts of the bile acid receptor TGR5 were detected in the spinal cord at a similar 

level of expression as in the brain. When combined with bmSC implants, TUDCA did 

not provide additional therapeutic benefit. We confirmed previously reported anti-

inflammatory effects of TUDCA while, on the other hand, our data indicate that the bile 

acid also reduced expression of genes that are associated with the M2 phenotype.  

 

Are bile acids promising for the treatment of SCI? 

There is good evidence that bile acids, specifically TUDCA and the TGR5 ligand 

INT777 modulate the activity of macrophages and microglia. Activation of TGR5 

inhibits NFκB signaling and subsequent expression of inflammatory genes (Pols et al., 

2011; Yanguas-Casás et al., 2014; Yanguas-Casás et al., 2017). Anti-inflammatory 

treatment is currently the only pharmacological approach for SCI in patients. 

So far, five studies have been published to test TUDCA in rat models of SCI. The 

scientists used a weight drop device that caused contusion similar to the present 

experiments (Çolak et al., 2008; Dong et al., 2015; Dong et al., 2020; Miao et al., 2018) 

or a compression model, also at vertebral level T9, which was less severe and only 

damaged the dorsal columns (Kim et al., 2018). In these studies, motor recovery was 

monitored during the subacute phase (5 dpo)(Çolak et al., 2008; Dong et al., 2015; 

Dong et al., 2020); 7 dpo:(Kim et al., 2018); 10 dpo: (Miao et al., 2018). To the extent 

that data are comparable, i.e. severe T9 contusion injury and evaluation using the BBB 

scale, our present data confirm the reported outcomes. In addition, we found that 

TUDCA-treated rats recovered the autonomic control of bladder function earlier than 

under control conditions or after bmSC injection.  

Extending the previous studies, we investigated effects also in the chronic phase. 



Chapter V: TUDCA improves early functional recovery of SCI 

- 178 - 

 

Unfortunately, in all rats, the improvement of motor function reached a limit after 3-4 

weeks, which did not significantly different between treatment groups. High doses of 

TUDCA (5 x 300 mg/kg) were not more effective than lower ones, an observation that 

was also made with mice, where one injection of 100 mg/kg TUDCA gave better results 

than higher doses (Zhang et al., 2018).  

Most available data obtained with cell cultures indicate that TUDCA reduces 

inflammation and ER stress by binding TGR5, subsequent cAMP synthesis and PKA 

activation (Eggink et al., 2014; Yanguas-Casás et al., 2014). Our rationale for the 

combinatorial therapy of TUDCA with bmSC was that the moderating influence on 

macrophages may improve survival of the stem cells. In a recent experiment we found 

a beneficial effect of bmSC treatment compared to methylprednisolone but were not 

able to detect the implanted cells later in the tissue (Romero-Ramírez et al., 2020). The 

present experiments revealed no additional benefit of TUDCA with stem cells 

compared to stem cells alone. While the inhibitory effect of TUDCA on the release of 

inflammatory mediators was confirmed, there are more potent anti-inflammatory drugs 

available, which also do not provide a satisfactory therapy of SCI (Falavigna et al., 

2018; Hayta and Elden, 2018). Furthermore, we found that TUDCA treatment rather 

decreased the alternative activation in the tissue. It is questionable whether the transient 

improvement of motor recovery observed with TUDCA is meaningful from a clinical 

point of view.  

 

How does TUDCA influence the recovery of urinary function? 

Autonomic dysfunctions, which have a large impact on the quality of life of SCI 

patients, include impairments of bladder storage and emptying. Contraction of the 

bladder is mediated by parasympathetic efferents from the sacral spinal cord via the 

pelvic nerve to the detrusor muscle of the bladder. Relaxation of the external urethral 

sphincter is controlled by somatic innervation from sacral segments via the pudendal 

nerve. These neural circuits are controlled by a coordination center in the reticular 
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formation in pons and midbrain (Benevento and Sipski, 2002). Its activity is required 

for the voiding reflex (Fowler et al., 2008). The thoracic SCI employed in the present 

study disconnects the pontine from the sacral micturition centers, and this may cause 

the rats' inability to urinate spontaneously (Mitsui et al., 2005). Additional sympathetic 

innervation of the urethra originates in lumbar segments of the spinal cord. These are 

also posterior to the SCI and therefore sparated from the supraspinal areas. While in 

human SCI patients, neurogenic bladder dysfunction is generally irreversible (Redshaw 

et al., 2018), all rats recovered their ability to urinate spontaneously. This, in our 

experience, is generally observed even after the severe contusion injury (2 N) 

performed with the Infinite Horizon impactor. In clinical terms, the transient depression 

of spinal reflexes caudal to a SCI has been defined as “spinal shock”. Why these 

reflexes return is not completely understood (Ditunno et al., 2004). 

Severed fibers in the spinal cord that connect with supraspinal centers are unlikely 

to be restored during the first two weeks after surgery, when the rats recover the ability 

to urinate spontaneously. Therefore, the most probable explanation for the functional 

regeneration is that spared fibers in ventral white matter tracts are dysfunctional during 

the subacute phase after SCI and recover from spinal shock in the subsequent days. 

Treatment with TUDCA may accelerate tissue remodeling, e.g. by increasing the 

release of TGFα (Yanguas‐Casás et al., 2017). It is also conceivable that plastic changes 

in the sacral micturition centers occur after the descending innervation is lost. As some 

neurons express TGR5 (Castro et al., 2019; Keitel et al., 2010), it is an intriguing 

possibility that bile acids may affect neuronal plasticity. To our knowledge this has not 

been investigated so far. Finally, the observed benefit may have been a non-specific 

side effect of a systemic anti-inflammatory activity of the TUDCA injections. 

 

How does TUDCA affect the inflammatory phenotype after SCI? 

Our data on gene expression of CD11b, GFAP, IL-6 and CCL-2 confirm the 

inhibitory effect of TUDCA on inflammatory pathways. These qRT-PCR measurements 
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at 4 dpo included a spinal cord segment of 2 cm including and surrounding the lesion 

site. Our histological evaluation of Iba-1 showed lower IR anterior of the lesion center, 

which is in accordance with the gene expression data, but not in the lesion center itself. 

This might be due to the fact that the density and Iba-1 IR of macrophages in this zone 

was so high that the data exceeded the dynamic range of the fluorescence measurements. 

Evaluation of CD68 IR demonstrated a significant anti-inflammatory effect of bile acid 

treatment in the lesion center, while at 8 mm distance CD68 positive cells were 

observed in some animals only, without significant differences between groups.   

In the context of neuro-inflammation, two phenotypes of macrophages and 

activated microglia are frequently distinguished, referred to as M1 (pro-inflammatory) 

and M2 (anti-inflammatory or alternative activation) (Freilich et al., 2013). The M2 

state has been subdivided further to accommodate differential patterns of gene 

expression. Experimentally, the M1 phenotype may be defined as the outcome of 

stimulation with TNFα and IFNγ, the M2a phenotype as the response to IL-4, and the 

M2c phenotype in response to IL-10 (Siddiqui et al., 2016). Based on the fact that 

cAMP induces M2 associated genes of microglia (Ghosh et al., 2016) and on 

histological data with a mouse model of systemic inflammation (Yanguas-Casás et al., 

2017) we expected the TUDCA injections not only to reduce inflammation in the spinal 

cord (Kim et al., 2018) but also to stimulate the differentiation of the alternative 

phenotype of microglia. This was not the case. Rather we observed at 4 dpo a significant 

reduction of two classical M2 markers (arginase-1, IL-4Rα) and no effect on the third 

(IL-10). In cell culture experiments with microglia, bacterial lipopolysaccharides (LPS) 

increased IL-4α and IL-10 expression. TUDCA did not change this significantly and 

had no effect in the absence of LPS (Yanguas-Casás et al., 2017). However, in the same 

study, in vivo injections of TUDCA induced arginase-1 IR and IL-10 mRNA (but not 

IL-4Rα) in the hippocampus of LPS-treated mice. Thus, the so-called “M2 phenotype” 

may not be a useful concept (Ransohoff, 2016), and it appears as if TGR5 activation 

has different effects depending on other prevailing stimuli in the environment. At this 

point we have no conclusive concept regarding the role of bile acids or even TGR5 in 
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microglia differentiation. 

Bile acids are also cytoprotective. This seems to involve signaling kinases of AKT 

and PI3K (Castro et al., 2004; Sun et al., 2017) and may be independent of the inhibition 

of NFκB and inflammatory signals. SCI studies with TUDCA showed a reduction of 

apoptosis (Çolak et al., 2008; Dong et al., 2020; Zhang et al., 2018), and our data with 

activated caspase-3 confirm them at least partially. Again, the absence of long lasting 

effects on motor recovery suggests that the relevance of this is limited.  

Despite this sobering recognition, TGR5 may still be considered a target in 

neuropathologies. In rodents and primates TUDCA is not a physiological, endogenous 

signal. It is conceivable that other bile acids and synthetic TGR5 ligands (Guo et al., 

2016; Terui et al., 2021) reduce apoptosis more potently and elicit unknown benefits 

because the second messenger of TGR5, cAMP, is implicated in multiple pro-

regenerative pathways. Recently, oleanolic acid was successfully tested in a mouse 

model of SCI (Wang et al., 2020) and bile acid applications in other neuropathologies 

are being investigated (Ackerman and Gerhard, 2016). Apart from TGR5 signaling, bile 

acids activate a variety of nuclear receptors (De Marino et al., 2017; Wang et al., 1999), 

and some of these are also promising targets in the context of SCI (Fandel et al., 2013; 

Paterniti et al., 2010; van Neerven and Mey, 2007).  
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GENERAL DISCUSSION 

 

6.1 Regulation of myelin phagocytosis 

In the CNS, myelin debris accumulates in the tissue and persists there for months, 

which is very different from the regenerative processes after peripheral nerve lesions. 

The clearance of myelin debris occurs via the process of phagocytosis, and after SCI, 

hemagotenous neutrophils, macrophages, activated microglia and astrocytes act as 

phagocytes. The most important cell population for this seem to be hematogenous 

macrophages (Miron and Franklin, 2014). Traditionally, two modes of differentiation 

of macrophages are distinguished, referred to as M1 (pro-inflammatory) and M2 

(alternative activation) (Freilich et al., 2013), and phagocytosis activity is associated 

with the M2 polarization (Wang et al., 2015). In order to increase myelin clearance and 

reduce cytotoxic inflammation, our objective was therefore to experimentally induce 

an M2-like phenotype. 

Retinoic acid plays an anti-inflammatory role in the nervous system, specifically 

reduce the expression of iNOS, of pro-inflammatory cytokines, chemokines and 

prostaglandins. A recent study revealed nuclear receptor RXR associated with myelin 

phagocytosis through analyzing transcriptional profiling (Natrajan et al., 2015). Based 

on these two points, we hypothesized that RA positively regulates the clearance of 

myelin. In accordance with this hypothesis, we did find that transcriptional activator 

tRA enhances the ability of macrophages, specifically murine BMDM and Raw264.7 

cells to phagocytose myelin (Chapter II) and reduced the expression of pro-

inflammatory genes. Retinoic acid significantly enhanced myelin clearance in the 

absence of inflammatory stimuli. We expected that stimulation of macrophage 

phagocytosis with retinoids is due to RA anti-inflammatory effects and induces them to 

develop a noninflammatory phenotype. Unfortunately, there was no influence of myelin 

or RA with respect to the anti-inflammatory markers IL-10 and Arg-1, which are 
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indicative of an M2 phenotype.  

In accordance with published results (Chen et al., 2019; Rébé et al., 2009; Van 

Neerven et al., 2010), expression of the enzyme TGM2 was induced by RA, and even 

stronger when macrophages were also exposed to myelin in our study (Chapter II). 

The inhibition of TGM2 enzyme activity reduced the internalization of myelin. TGM2 

might support the formation of the engulfing portals thereby increasing the efficiency 

of phagocytosis (Tóth et al., 2009). CD36, a fatty acid translocase, is involved in the 

phagocytosis of apoptotic cells (Fadok et al., 1998). Recently, CD36 was shown to be 

required for the uptake of myelin debris by microglia and macrophages (Grajchen et al., 

2020). In parallel, CD36 was upregulated when macrophages were pre-treated with RA 

and then exposed to myelin. We speculate that RA-dependent changes of TGM2 may 

affect the intracellular localization of CD36.  

So far there has been little agreement regarding the question whether inflammation 

improves or inhibits phagocytosis activity by macrophages. To study this question, a 

common model uses bacterial LPS because this stimulates the receptor TLR4 and 

thereby activates the transcription factor NFκB, which controls the regulation of pro-

inflammatory genes also after SCI and other neuropathologies (Kigerl and Popovich, 

2009). 

Several studies with macrophages proposed that LPS selectively enhanced 

phagocytosis and related functions. For instance, low concentrations of E. coli LPS 

enhanced phagocytosis of IgG-coated sheep erythrocytes phagocytosis in mouse bone 

marrow-derived macrophages (Cooper et al., 1984). LPS increased the chemotactic 

activity of murine Raw 264.7 cells and significantly augmented uptake of fluorescent 

particles (Wu et al., 2009). LPS could stimulate both the migration and myelin debris 

phagocytic activity of macrophages in SCI mouse model (Vallières et al., 2006). There 

are also results, however, that point to a reduction of phagocytosis activity when 

macrophages were exposed to inflammatory stimuli. LPS inhibited mouse peritoneal 

macrophage phagocytosis of apoptotic neutrophils by regulating the production of 

TNFα and Gas 6 (Feng et al., 2011). Bacterial lipopolysaccharides (LPS) or TNFα 
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inhibit efferocytosis (McPhillips et al., 2007; Michlewska et al., 2009). Thus, the issue 

of which mechanisms is responsible for the effects of myelin clearance stimulated by 

inflammatory treatments remains complicated. The results obtained in the present thesis 

with BMDM corroborate the model that the pro-inflammatory phenotype is 

characterized by a reduced ability to phagocytose (Chapter III). Treatment with LPS 

or IFNγ reduced myelin uptake, while RA, which also counteracts inflammatory 

activation, increased it. The experiments with bile acids while contradicting a simple 

polarization between M1 and M2 phenotype, point in the same direction, while at the 

same time. 

Bile acids, as traditional Chinese medicine, are amphipathic molecules 

synthesized from cholesterol (Eggink et al., 2014; Keitel et al., 2010). We investigated 

three kinds of bile acids (TLCA, TUDCA and HDCA) that affect myelin clearance by 

macrophages under inflammatory conditions. All three bile acids partially rescued 

myelin phagocytosis in Raw264.7 cells, when this activity was suppressed by LPS, but 

only TLCA had this effect in BMDM. These indicate that the influence of TLCA on 

endocytosis in the presence of LPS seems to involve other mechanism than TGR5-

cAMP signaling because this pathway is activated by all three bile acids at the 

concentrations used here. The most likely alternative pathways by which bile acids 

affect cell physiology is the activation of the transcription factor FXR (Ding et al., 2015; 

Wang et al., 1999). Since cAMP induces M2 associated genes (Ghosh et al., 2016), we 

expected the TGR5 agonists to promote this activation in our cells. Both bile acid 

signaling mechanisms, via TGR5 and via FXR, converge on the inhibition of the NFκB 

responsive element (Fiorucci et al., 2018), which is inhibited by the nuclear 

corepressor-1 (downstream of FXR), and affected by phospho-CREB (downstream of 

TGR5-cAMP) (Zhang et al., 2019). In addition, TGR5 can influence macrophage 

migration without involving NFκB (Perino et al., 2014). However, bile acid anti-

inflammatory profiles did not correlate with phagocytosis effects, and there were 

striking differences between the cell line and primary cultures (Chapter III). 
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6.2 Anti-inflammatory therapy of spinal cord injury 

Since cellular therapies of SCI were proposed in the 1980s (Laplane et al., 1981), 

giant strides have been made in their therapeutic application. This includes literally 

hundreds of publications with stem cells, including bmSC (Shende and Subedi, 2017; 

Tetzlaff et al., 2011). Failures to reach functional improvement have also come to light 

(Ankeny et al., 2004; Hofstetter et al., 2002; Tetzlaff et al., 2011), and this raises the 

question as to the best conditions for bmSC treatment of SCI. In our study, we are using 

a novel no expansion in vitro procedure to prepare bmSC, which is based exclusively 

on the elimination of macrophages and lymphocytes. A major advantage of our 

approach is to avoid negative changes associated with long-term cultivation. Since 

immune suppression of macrophages was larger after MP treatment, we hypothesize 

that the bmSC elicited additional neurotrophic effects (Chapter IV). Another crucial 

parameter is the time of intervention. By far the most animal experiments have been 

carried out in the acute phase, and with bmSC this seems to be justified because their 

main benefit is expected to be neuroprotection by modulating the immediate 

inflammatory response (de Munter et al., 2019; de Munter et al., 2020; Donnelly and 

Popovich, 2008). In the experiments reported here, animals were treated almost 

immediately after SCI and sacrificed after 4 days, 6 weeks and 10 weeks. This revealed 

that functional effects of the bile acid were only transient (Chapter V), while effects of 

bmSC implants occurred in the first three weeks but lead to a persisting benefit in 

comparison with the control treatment using methylprednisolone (Chapter IV). Future 

SCI experiments should use interventions in the chronic state as well. 

In vitro assays demonstrated that bile acids are neuroprotective (unpublished 

results). Bile acids were tested as a treatment in animal models of neurodegenerative 

pathologies. TLCA has the highest affinity to TGR5 (Chiang, 2013) and performed 

better in our phagocytosis assay in vitro. Unfortunately, TLCA itself does not lend itself 

to clinical applications because it causes liver cholestasis (Denk et al., 2010) and the 

growth of cholangiocarcinoma cells (Amonyingcharoen et al., 2015). So far, five 

studies have been published to test TUDCA in rat models of SCI. The scientists used a 
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weight drop device that caused contusion similar to the present experiments (Çolak et 

al., 2008; Dong et al., 2015; Dong et al., 2020; Miao et al., 2018) or a compression 

model, also at vertebral level T9, which was less severe and only damaged the dorsal 

columns (Kim et al., 2018). We found that TUDCA-treated rats recovered the 

autonomic control of bladder function earlier than under control conditions or after 

bmSC injection. Unfortunately, in all rats, the improvement of motor function reached 

a limit after 3-4 weeks. These results do not support to pursue TUDCA as a treatment 

approach for SCI neither in isolation nor in combination with cellular therapies. The 

cell culture experiments, which were done in parallel, clearly demonstrated a superior 

efficacy of TLCA compared to TUDCA. It is therefore too early to reject therapeutic 

approaches of SCI with bile acids, which activate nuclear receptors, as well as the G-

protein coupled receptor TGR5. In order to provide a regenerative therapy to patients 

suffering from SCI, it will be crucial to disentangle the differential effects of 

endogenous and synthetic bile acids on intracellular pathways. 
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Impact 

IMPACT 

 

Spinal cord injury (SCI) is a neurological condition which severely affects the 

quality of life of the patients and constitutes a heavy financial burden for the individual 

and society. Current medical treatment focuses exclusively on rehabilitation. Anti-

inflammatory treatment of SCI with corticosteroids was introduced in the 1980s, but 

due to side effects, and limited benefits and the need to initiate this treatment within 

eight hours after injury, it is no longer recommended [1]. No curative, disease-

modifying treatment of SCI is presently available. The experiments reported in the 

present thesis addressed this important medical need. 

Myelin is an insulating sheath that forms around nerves. After SCI, myelin 

breakdown and accumulation can trigger inflammatory responses in the lesion site and 

be an obstacle for axon regeneration. This thesis found two compounds, retinoic acid 

(RA) and bile acid, as anti-inflammatory treatments that could improve myelin 

clearance by macrophage in vitro experiments. Retinoic acid, as a potential 

pharmacotherapy for SCI, has several advantages. Compared with other signaling 

proteins, RA has a much lower molecular weight of approximately 300 Da. Considering 

its molecular structures, RA is highly oil-soluble and able to diffuse across the cell 

membrane. Bile acids obtained from forty-four different animals (including human bile) 

have been used as a host of maladies in traditional Chinese medicine for centuries. Its 

roots can be traced back to the Zhou dynasty (c. 1046-256 BCE) [2].  With the 

development of times, the composition of various animal biles was based on rigorous 

separatory and advanced chemical identification techniques. Bile acids can easily cross 

the blood-brain barrier, based on their presently known principal chemical components. 

Therefore, they are also very interesting therapeutic tools for SCI treatments. Our data 

support that RA and bile acid have an anti-inflammatory effect on the myelin clearance 
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process. However, additional research is needed to establish their clinical utility.  

Plenty of preclinical and clinical studies with various stem cells suggest their use 

as a promising strategy for the treatment of SCI. Mesenchymal stem cells (MSCs) are 

so far the best candidates for use in regenerative medicine. MSC are easily harvested 

and can be isolated from different types of tissues (including bone marrow, umbilical 

cord, adipose tissue, and placenta). However, the main shortcomings of MSC therapies 

lie in their unsatisfactory translation from small animal experimental models (mice and 

rats) into human clinical practice. This thesis tested a new human bone marrow-derived 

stromal cell (bmSC) as a therapy in animal SCI models. Our results showed that human 

bmSC has neuroprotective properties after SCI at molecular and tissue level, but was 

not sufficient to induce motor function recovery at individual level. For the clinical trial, 

Neuro-Cells is an autologous fresh stem cells containing product which modulates the 

secondary inflammation following a TSCI, reduces apoptosis (cell death) in the injured 

spinal cord, reduces scar tissue formation in the damaged spinal cord and creates a cell 

regenerative environment in the injured spinal cord. Human bmSC, which we used in 

this thesis, was prepared the same way as neuro-cells in the clinical trial. Phase I clinical 

study is an open clinical trial to investigate the safety of the intrathecal application of 

Neuro-Cells in the treatment of end stage (chronic), traumatic complete (AIS grade A) 

and incomplete (AIS grade B/C) SCI patients. As the clinical trial is still in progress, 

the final conclusion is not yet known. 

 The societal impact of the present thesis derives primarily from potential clinical 

applications that may lead to successful treatments of SCI. On a second level, the 

commercial exploitation of these therapies is likely to confer an economical benefit. 

In chapter II we identified retinoic acid as a regulator of myelin clearance by 

macrophages, and the results in chapter III indicate that the bile acid TLCA rescues 

phagocytosis activity under inflammatory conditions. Therefore, clinical strategies may 

be developed based on these molecular targets that benefit not only SCI but also other 

neuropathologies where the accumulation of myelin and cellular debris is involved. A 

new preparation of bmSC was investigated, whose effective mechanism of action most 
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likely depends on their anti-inflammatory effects. Based on the data reported in chapter 

IV, a phase I clinical trial was initiated to test the safety of a new bmSC preparation in 

SCI patients (Protocol A2019SCI04, EudraCT 2019-003366-40). Following a 

successful completion of this study at the Hospital Nacional de Parapléjicos, Toledo, 

Spain, a phase II/III multi-center RCT has been applied for in 2021 (Protocol 

A2017SCI03, EudraCT 2018-000805-22). The results of chapter V revealed the 

limitations of TUDCA in a preclinical setting of SCI. Since this bile acid is currently 

being explored in several other neuropathologies, these findings are as important as a 

positive therapeutic effect would have been. 

The bmSC preparation investigated in chapters IV and V is intellectual property 

of Neuroplast BV, Geleen, Netherlands (patent WO2015/059300A1). A successful 

outcome of the intended clinical trial will lead to a commercial exploitation of this 

product with possible benefits to local employment and tax revenue. 

In conclusion, the current thesis is a significant step forward to a more 

comprehensive and creative therapy for spinal cord injury. 

 

1. Short DJ, El Masry WS, Jones PW. High dose methylprednisolone in the management of acute 

spinal cord injury – a systematic review from a clinical perspective. Spinal Cord 38 (2000): 273-286. 

2.Wang DQH, Carey MC. Therapeutic uses of animal biles in traditional Chinese medicine: An 

ethnopharmacological, biophysical chemical and medicinal review. World J Gastroenterol 2014; 20(29): 

9952-997 

 

 

  



 

 

 

 



Appendix II: Summary 

 

SUMMARY 

SUMMARY 

 

Spinal cord injury causes severe and irreversible motor and sensory 

dysfunction. A major reason for this dysfunction is neuro-inflammation, which 

plays a complex role in all stages of SCI. The accumulation of debris from 

degenerating cells and fiber tracts contributes to these inflammatory responses, 

which spread the damage to the surrounding tissue. This further exacerbates 

apoptotic cell death and impairs spontaneous regeneration and functional recovery. 

The present study was designed to reduce these detrimental consequences of SCI-

induced inflammation. Two approaches were used for this end: Improving the 

phagocytosis capacity reducing local inflammation by macrophages. 

In this thesis, we found that two anti-inflammatory treatments, retinoic acid 

(RA) and taurolithocholic acid (TLCA) enhanced myelin phagocytosis by bone 

marrow-derived macrophages (BMDM). Using the phagocytosis of fluorescence 

labeled myelin by BMDM as the principal readout, we discovered that this 

important physiological function was significantly improved by activating nuclear 

receptors RAR and RXR. Other nuclear receptor ligands were not effective. On the 

molecular level, the activation of gene and protein expression of transglutaminase-

2 and the scavenger receptor CD36 were involved (Chapter II). We conclude that 

treatment with RA, which also reduced neuroinflammation, may improve myelin 

clearance after SCI and therefore should be considered for therapeutic approaches.  

Bile acids have recently been described to suppress the inflammatory 

activation of NFkB pathway. In addition, they regulate lipid metabolism, such as 

occurs in the degradation of phagocytosed myelin. We simulated an inflammatory 

stress condition in vitro to investigate how this influences myelin clearance by 

macrophages and whether it could be modified with bile acids (Chapter III). Cells 
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were pretreated with TLCA, tauroursodeoxycholic acid (TUDCA) or 

hyodeoxycholic acid (HDCA) and subsequently stimulated with LPS. All three bile 

acids partially rescued myelin phagocytosis in Raw264.7 cells, when this activity 

was suppressed by LPS, but only TLCA had this effect in BMDM. The results 

suggest two conclusions: activation of the LPS-TLR4/NFκB pathway reduces 

myelin phagocytosis by BMDM in vitro; TLCA rescues myelin phagocytosis when 

suppressed by LPS in BMDM. These findings suggest that activation of bile acid 

receptors may be used to improve myelin clearance in neuropathologies. 

We studied two anti-inflammatory treatments, TUDCA and bone marrow-

derive stromal cells (bmSC) and their combination in an animal model of SCI. The 

main outcome was that the transplantation of bmSC significantly improved the 

recovery of motor functions in comparison to antiphlogistic treatment with 

methylprednisolone. Adult male rats were subjected to T9 spinal cord contusion 

injury. Their urinary and sensory-motor functions were monitored for a duration of 

9 weeks after surgery. In addition, effects were characterized with histological and 

gene expression experiments. As treatment we implanted bmSC by injection into 

the cisterna magna. A novel preparation of bmSC by negative selection without 

expansion in culture was used.  Animals displayed a better recovery of SCI-

induced motor deficit in bmSC treatment group than the group which received 

methylprednisolone, an approved clinical drug for SCI (Chapter IV). In 

conclusion, human bmSC has neuroprotective properties after SCI, but was not 

sufficient to induce motor function recovery when implanted in the acute phase. 

Due to their immune modulatory properties, however, allogeneic implants of bmSC 

can be used in combinatorial therapies of SCI.  

One such approach was perused using bile acids (Chapter V). Animals were 

treated with TUDCA and in combination with transplantation of human bmSC. 

Immediately after the lesion, animals received one intraperitoneal injection of TUDCA, 

consisting of either two or five injections. The recovery of motor functions was assessed 

during a surveillance period of six weeks. Rats were sacrificed after four days for 
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biochemical and histological investigation or after six weeks for histology of the tissue. 

There was short term but no lasting benefits of TUDCA treatment on the recovery of 

bladder control and motor function, but no additional therapeutic benefit when 

combined with bmSC implants. Bile acid also reduced the transcription of genes that 

are associated with the M2 phenotype. Finally, the main results and findings in chapters 

II to V are discussed in a broader context (Chapter VI). 

Overall, our results suggest that neuroprotection by reducing neuroinflammation 

and increasing the clearance of myelin debris could be used as a therapy for spinal cord 

injury.
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Samenvatting 

SAMENVATTING 

 

Ruggenmergletsel veroorzaakt ernstige en onomkeerbare motorische en 

sensorische stoornissen. Een belangrijke reden voor deze disfunctie is neuro-

inflammatie, die een complexe rol speelt in alle stadia van spinal cord injury [SCI]. De 

ophoping van afval van degenererende cellen en vezelkanalen draagt bij aan deze 

ontstekingsreacties, die de schade naar het omringende weefsel verspreiden. Dit 

verergert apoptotische celdood verder en schaadt spontane regeneratie en functioneel 

herstel. De huidige studie was bedoeld om deze nadelige gevolgen van SCI-

geïnduceerde ontsteking te verminderen. Hiervoor werden twee benaderingen gebruikt: 

Verbetering van de fagocytosecapaciteit door lokale ontsteking door macrofagen te 

verminderen. 

In dit proefschrift ontdekten we dat twee ontstekingsremmende behandelingen, 

retinoïnezuur (retinoic acid, RA) en taurolithocholzuur (taurolithocholacid, TLCA), de 

fagocytose van myeline versterkten door uit beenmerg afkomstige macrofagen (bone 

marrow derived macrophages; BMDM). Gebruikmakend van de fagocytose van 

fluorescentie gelabeld myeline door BMDM als de belangrijkste uitlezing, ontdekten 

we dat deze belangrijke fysiologische functie significant werd verbeterd door de 

nucleaire receptoren RAR en RXR te activeren. Andere nucleaire receptorliganden 

waren niet effectief. Op moleculair niveau waren de activering van gen- en 

eiwitexpressie van transglutaminase-2 en de scavenger receptor CD36 betrokken 

(Hoofdstuk II). We concluderen dat behandeling met RA, die ook neuro-inflammatie 

verminderde, de myeline-klaring na SCI kan verbeteren en daarom moet worden 

overwogen voor therapeutische benaderingen. 

Van galzuren is onlangs beschreven dat ze de inflammatoire activering van de 

NFB-route onderdrukken. Bovendien reguleren ze het lipidenmetabolisme, zoals dat 
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gebeurt bij de afbraak van gefagocyteerd myeline. We hebben in vitro een 

inflammatoire stressconditie gesimuleerd om te onderzoeken hoe dit de klaring van 

myeline door macrofagen beïnvloedt en of het kan worden gemodificeerd met galzuren 

(Hoofdstuk III). Cellen werden voorbehandeld met TLCA, tauroursodeoxycholzuur 

(TUDCA) of hyodeoxycholzuur (hyodeoxycholacid, HDCA) en vervolgens 

gestimuleerd met lipopolysaccharide van E.coli (LPS). Alle drie de galzuren redden 

gedeeltelijk myeline-fagocytose in Raw264.7-cellen, toen deze activiteit werd 

onderdrukt door LPS. Maar alleen TLCA had dit effect bij BMDM. De resultaten 

suggereren twee conclusies: activering van de LPS-TLR4 / NFB-route vermindert 

myeline-fagocytose door BMDM in vitro; TLCA redt myeline-fagocytose wanneer het 

wordt onderdrukt door LPS bij BMDM. Deze bevindingen suggereren dat activering 

van galzuurreceptoren kan worden gebruikt om de klaring van myeline bij 

neuropathologie te verbeteren. 

We bestudeerden twee ontstekingsremmende behandelingen, TUDCA en 

beenmerg-afgeleide stromacellen (bmSC) en hun combinatie in een diermodel van SCI. 

Een nieuwe bereiding van bmSC door negatieve selectie zonder uitbreiding in kweek 

werd gebruikt.  De belangrijkste uitkomst was dat de transplantatie van bmSC het 

herstel van motorische functies significant verbeterde in vergelijking met 

antiflogistische behandeling met methylprednisolon. Volwassen mannelijke ratten 

worden onderworpen aan T9-verwondingen aan het ruggenmerg. Hun urinaire en 

sensorische motorische functies werden gedurende 9 weken na de operatie gevolgd. 

Bovendien werden effecten gekarakteriseerd met histologische en genexpressie-

experimenten. Als behandeling hebben we bmSC geïmplanteerd door middel van 

injectie in de cisterna magna. Dieren vertoonden een beter herstel van SCI-

geïnduceerde motorische stoornissen in de bmSC-behandelde groep dan de groep die 

methylprednisolon kreeg, een goedgekeurd klinisch medicijn voor SCI (Hoofdstuk IV). 

Concluderend, menselijk bmSC heeft neuroprotectieve eigenschappen na SCI, maar 

was niet voldoende om herstel van de motorische functie te induceren bij implantatie 

in de acute fase. Vanwege hun immuun modulerende eigenschappen kunnen allogene 



Appendix III: Samenvatting 

- 207 - 

 

implantaten van bmSC echter worden gebruikt in combinatorische therapieën van SCI. 

Een van die benaderingen werd bestudeerd met behulp van galzuren (Hoofdstuk 

V). Ratten worden behandeld met TUDCA en in combinatie met transplantatie van 

menselijk bmSC. Direct na de laesie kregen de dieren één intraperitoneale injectie met 

TUDCA, bestaande uit twee of vijf injecties. Het herstel van motorische functies werd 

beoordeeld gedurende een bewakingsperiode van zes weken. Ratten werden na vier 

dagen opgeofferd voor biochemisch en histologisch onderzoek of na zes weken voor 

histologie van het weefsel. Er waren korte termijn maar geen blijvende voordelen van 

TUDCA-behandeling op het herstel van blaascontrole en motorische functie, maar geen 

bijkomend therapeutisch voordeel in combinatie met bmSC-implantaten. Galzuur 

verminderde ook de transcriptie van genen die geassocieerd zijn met het M2-fenotype. 

Ten slotte worden de belangrijkste resultaten en bevindingen in de hoofdstukken II t / 

m V in een bredere context besproken (Hoofdstuk VI). 

Over het algemeen suggereren onze resultaten dat neuroprotectie door het 

verminderen van neuro-inflammatie en het vergroten van de klaring van myeline-afval 

kan worden gebruikt als een therapie voor ruggenmergletsel. 
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