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Introduction 

Spinal cord injury (SCI) is one of the major traumas of the central nervous system 

(CNS). Traumatic SCI can lead to paralysis with complete or partial loss of neurological 

function below the injury site. The overall impact of SCI on both the patient and the society 

depends on a range of factors, including: the age of patient, the extent of the injury, the 

availability and timing of appropriate health care, services and the environment in which the 

person lives (physical, social, economic and attitudinal). Symptomatology treatment and 

physiotherapy care of patients with spinal cord injury requires high financial costs not only for 

the patient and his or her family but also for society. Statistics indicate that the U.S. has an 

annual growth of 11000 patients, which represents approximately 1.3 million people with a 

spinal cord injury. The economic costs of health care of a 25 years old patients are around $3 

mil U.S. In the European Union, there are about five hundred thousand people affected by SCI. 

The incidence of SCI in France is roughly 20 cases per million inhabitants per year or 934 cases 

per year (Albert and Ravaud 2005). In Europe the most commonly injured age group is 16-34 

years olds (43%), followed by 31-45 years olds (28%).  

Traumatic SCI can be the result of several different causes such as traffic accidents, 

falls, violence and sports injuries. SCI can be induced by non-traumatic causes involving 

communicable diseases such as tuberculosis and human immunodeficiency virus (HIV), and 

non-communicable diseases such as osteoarthritis leading to spinal stenosis, cardiovascular 

disease, nutritional deficiencies, neural tube defects, vitamin B12 deficiency and complication 

of medical care. The neurological outcomes depend on the range of damaged neuronal 

populations at the injury site, the level of disconnection of ascending and descending neuronal 

pathways, the secondary damage (edema, inflammation, ischemia) and the activation of 

regenerative processes (endogenous production of trophic factors, revascularization).  

Currently there is no effective therapy available for patients with SCI. One of the 

approved clinical treatments for SCI is the administration of methylprednisolone in order to 

modulate inflammation. However, high-doses of this drug are often associated with severe 

immunosuppression and side effects, such as pulmonary or urinary tract infections. The central 
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nervous system has a limited regenerative capacity due to the inflammatory response, inhibitory 

molecules and scar tissue. 

Different molecules and therapies have been used by many laboratories to preserve 

healthy tissue, to stimulate and reactivate spared tissue and to promote neuronal survival and 

axonal outgrowth. Injury to the spinal cord leads to an acute inflammatory response (Phillip G 

Popovich, Wei, and Stokes 1997). In parallel, immune response regulates the inflammation by 

the production of anti-inflammatory molecules (Riegger et al. 2007). Immune response is 

primordial to the preservation of tissue homeostasis.  

Acute phase (hours to days after injury) is directly linked to the trauma and results in 

neurodegeneration along with cell death at the lesion site. After primary trauma, cellular and 

molecular inflammatory cascades are initiated causing activation of resident microglia and 

astrocytes, as well as infiltration of innate immune cells such as lymphocytes, monocytes. The 

local release of cytokines and chemokines by microglia, macrophages and neurons induces a 

particular environment that can be either neurotoxic or neurotrophic. During acute phase, 

macrophages phagocyte cell debris and glial scar protect healthy tissue. 

Chronic inflammatory processes (weeks after trauma) lead to aberrant tissue remodeling 

and organ dysfunction. Among different mono-therapies, more complex-cellular therapy has 

several advantages targeting multiple aims: to bridge cavities or cysts, to replace dead cells, and 

to create a favorable environment allowing axonal regeneration (Rowland et al. 2008; Thuret, 

Moon, and Gage 2006). The transplantation of peripheral nerves, olfactory nervous system 

cells, embryonic CNS tissue, embryonic stem cells, adult stem cells (MSCs, NPCs), or activated 

macrophages (Thuret, Moon, and Gage 2006) has been studied to provide a solution to these 

aims. 

Molecular therapy is used to protect neurons from secondary process, to promote axon 

growth and to enhance conduction. Different types of molecules are used such as erythropoietin 

and minocycline (neuroprotective effect), growth factors (BDNF, GDNF, NGF, NT-3), 

chondroitinase ABC to eliminate chondroitin sulfate proteoglycans (CSPG) with the major 

component NG2 which inhibits the regeneration of damaged axons (Bradbury et al. 2002), and 

nogo-A is one of several neurite growth inhibitory molecules. Thereby, Nogo neutralizing 
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antibodies or blockers of the post-receptors components RhoA are used to improve long-

distance axon regeneration and sprouting (Martin E Schwab 2004). Rho pathway is important 

to control the neuronal response after CNS injury. A drug called cethrin that blocks activation 

of Rho is actually in phase I/IIa of clinical trials (Fehlings et al. 2011). However, among all 

these molecules and therapies currently used to ameliorate neuroprotection or neurite 

outgrowth, or to reduce inflammation, none of them allows a total understanding of the 

inflammation mechanism in the entire spinal cord to target specific segment at the appropriate 

time for SCI treatment. A lack of understanding of the molecular cross-talk occurring between 

cells at the lesion site and in the adjacent segments needs to be investigated. Such a study could 

give molecular targets taking into account both spatial and temporal data. Such an investigation 

could be performed by a proteomic approach which can be connected to cellular and 

physiological studies as well as to a global regeneration-activated gene (RAG) investigation. 

Mass spectrometry (MS) plays a central role among proteomic approaches. Several 

developments allow fast identification and relative quantification through label free 

quantification methods to thousands of proteins, allowing to identify such proteins of lower 

abundance as cytokines and chemokines (Meissner et al. 2013). MS is highly used in 

neuroscience to discover biomarker candidates and also to study the differential expressions of 

proteins at any given time in a proteome and they are then compared with the pattern of healthy 

ones (Singh et al. 2012).  

Hypothesis 

In the current biomedical research, it is important to understand the mechanisms of 

immune response, molecular and biological processes following injury to improve regeneration 

of nerve tissue, to promote axonal growth and to replace damaged nerve cells to create favorable 

conditions for regeneration. Therefore, it is crucial to the understanding of the physiopathology 

that occurs after SCI to use the strength of mass spectrometry in order to understand the 

microenvironment along the entire spinal cord throughout different stages of the injury 

evolution. It is necessary to find a new treatment that would better control: 

i) the second process involving inflammation leading to the expansion of the central 

lesion which affects the rostro-caudal spinal segments that have not been damaged by the 

primary lesion 
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ii) the formation of the glial scar at the lesion representing a chemical and mechanical 

barrier for a number of molecules involved in axonal regrowth 

iii) the production of trophic factors, both spatially and temporally to stimulate axonal 

growth, plasticity, and demyelination causing irreparable damage. 

Objectives 

My PhD thesis was divided into 2 main parts.  

The first objective of my PhD thesis focuses on the understanding of the biological 

process occurring after a spinal cord injury through a spatial and temporal point of view 

during the first stage of the injury. Spatial and temporal analyses along the rostro-caudal axis 

were performed by mass spectrometry without preconditions. Based on in vitro and proteomics 

data, factors with immuno-modulatory efficiency on primary microglia and microglia cell line 

were characterized. Activation of microglial cells is carried out in the presence of the 

conditioned medium of the spinal cord to recreate the in vivo microenvironment. The switch 

M1 / M2 of microglial cells was studied to determine whether the phenotype would be pro or 

anti-inflammatory according to the position of the lesion site 

The second part aims to promote the regeneration in vitro using cell therapy, followed 

by in vivo stimulation of the regeneration process and spinal cord plasticity.  Bone marrow 

derived- mesenchymal stromal cells are known for their immuno-modulatory effects after 

injury. In this context, we analyze the BMSCs secreted factors by mass spectrometry to identify 

the molecules involved in the modulation of the microglia. In vitro studies on primary microglia 

and BV2 cell line confirmed the high modulatory potential on inflammation and microglia 

polarization. Then the in vivo stimulation of the regeneration process and spinal cord 

plasticity will be studied with the aim to increase the number of axons going through the lesion 

site which are able to create connections between each other. In vivo, the injection of alginate 

biomaterial, directly into the lesion site fills the cavity to produce a scaffold for the growth of 

neurons and axons. Alginate coupled with trophic growth factors (GF) such as Epidermal 

Growth Factor (EGF) and Fibroblast Growth Factor 2 (FGF2) significantly enhanced the 

sparing of spinal cord tissue and increased the number of surviving neurons. 
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1. Spinal cord organization 

The spinal cord is part of the central nervous system which controls the voluntary 

movement of the limbs and trunk, and which receives sensory information from these regions. 

The spinal cord is located in the vertebral canal. In humans, the spinal cord is approximately 

1cm thick and around 42 cm long and occupies the upper two-thirds of the vertebral canal. The 

spinal cord is cylindrical but also slightly flattened dorso-ventrally. The human spinal cord is 

composed of 31 segments in total: 8 cervical segments, 12 thoracic segments, 5 lumbar 

segments, 5 sacral segments and 1 coccygeal segment. Conversely, in rats, the spinal cord is 

made up of 34 segments: 8 cervical, 13 thoracic, 6 lumbar, 4 sacral, 3 coccygeal. The 

consequences of spinal cord injuries such as tetraplegia and paraplegia are dependent on the 

location of the trauma (Figure 1). 

 

Figure 1: Consequences of the localization of the lesion (adapted myhealth.alberta.ca). 

The spinal nerves run along the entire spinal cord- in humans there are 31 pairs of spinal 

nerves as supposed to 34 pairs in rats. The spinal nerves transmit sensory information from the 

target organs to the central nervous system, and send motor commands from the central nervous 
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system to muscles and target organs. Each spinal nerve is attached by a ventral and a dorsal 

root. One root is formed by six to eight rootlets. The ventral rootlets are made up of axons of 

motor neurons and the dorsal rootlets are made up of the axons of the sensory neurons. Each 

dorsal root bears an ovoid swelling named dorsal root ganglion (DRG) that contains primary 

sensory neurons. These neurons have pseudo-unipolar morphology with a single short axon that 

divides into a peripheral and central branch. The central branch enters the spinal cord via the 

dorsal roots and carries information from the cell body of the DRG neuron to the spinal cord. 

The peripheral branch conveys sensory information from the body to the DRG neuron. The 

spinal cord is composed of gray and white matter. A transverse section shows that the gray 

matter is arranged in the form of a butterfly which is surrounded by the white matter. The white 

matter is composed of longitudinally running axons and glial cells. The gray matter is made up 

of neuronal cell bodies, dendrites, axons and glial cells. The neurons are mostly multipolar, but 

vary greatly in size in different laminae. The laminae were first described by Rexed in 1954 in 

the cat. Afterwards, these were used to describe cyto architectonic boundaries in the spinal cord 

in rats by Molander in 1984. Ten laminae are described and these are organized in a series of 

layers from dorsal to ventral axis. The spinal cord is enclosed in the meninges and consists of 

three layers: the dura mater, the intermediate arachnoid mater and the pia mater. These 

membranes and the cerebrospinal fluid provide a protection and nourishment for the spinal cord 

and spinal nerve roots. 

2. Model of injury 

SCI can result from three main causes which lead to tissue damage: compression caused 

by spinal discs or bone material pressing against the cord, destruction from direct trauma, and 

reduction in blood flow from the initial damage (ischemia). The injuries can be divided in two 

main categories: complete and incomplete. According to the American Association of Spinal 

Cord Injury Nurses (AASCIN), complete SCI refers to no preservation of motor and/or sensory 

function that exists more than three segments below the level of injury, whereas as incomplete 

SCI refers to some preservation of motor or/and sensory function existing more than three 

segments below the level of the injury. Complete transection is clinically rare. Most injured 

spinal cords maintain some tissue continuity across the area of injury to create an environment 

more tractable for regeneration. Several animal models have been developed with the aim to 
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reproduce the complete or incomplete SCI in order to understand the anatomical and biological 

consequences. The rat model is widely used because the studies are inexpensive, the incidence 

of post-surgical infections are rare and rats are easy to care. Mouse models are also largely 

studied. Larger mammals such as dogs and cats are rarely used since they require expensive 

after care and housing, and due to the fact that stringent ethical restrictions are in place. Several 

animal models are used in research to mimic clinical human SCI. 

The majority of human SCIs are due to motor vehicle accidents, falls and sport injuries, 

and involve a sudden compression of the spinal cord, usually as a result of vertebral column 

damage that allows bone or disc material to intrude on the spinal canal space. Compression 

injuries occur as a secondary consequence of injury or as a result of tumor growth. The 

laminectomy allows the exposition of the spinal cord by removing the bone. 

Complete transection injury reflects clinical symptoms of complete SCI patients. This 

model is performed after laminectomy with spring scissors. It offers the advantage of complete 

damage to a given tract at a defined place and time. The complete transection model, when 

performed accurately, excludes the possibility that axonal sparing results in improved 

functional outcomes. However most of the traumas after injuries are not complete transections 

of the spinal cord. 

Clip compression is processed with calibrated clip to exert a specific force- 50g for a 

severe response and 35g for a moderate response (Bruce, Oatway, and Weaver 2002) (Figure 

2) but this method does not truly mimic the injury seen in humans.  
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Figure 2: a. Clip compression. b. An intraoperative picture showing a clip compressing the spinal cord at T2 

to create the injury (Poon et al. 2007). 

The balloon compression model was first described by Tarlov in 1953 in dogs (Tarlov, 

Klinger, and Vitale 1953). The method uses different volumes to inflate the balloon and 

different compression durations in order to induce different grades of damage (Figure 3). After 

laminectomy, a 2-French Fogarty catheter is inserted into the dorsal epidural space through a 

small hole made in the T10 vertebral arch, which is then advanced cranially to the T8-9 spinal 

level and inflated for 5 min. A volume of 15µL of saline produced complete paraplegia followed 

by gradual recovery. 

 

Figure 3: Balloon compression model. a. A photograph representing the size of the T9 vertebra and catheters 

inflated with different volumes of saline 10, 15 and 20µL respectively. b. Locomotor function recovery after SCI 

graded on an expanded scale (BBB score). 21 is normal locomotor function, 0 represents no locomotor function. 

(adapted from Vanicky et al. 2001) 
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Computer controlled contusion consists of an animal trap that reproducibly delivers a 

defined weight to the exposed spinal cord with a computer monitoring the dynamics impact 

(Stokes, Noyes, and Behrmann 1992). This method is reproducible but the equipment is 

expensive. The transaction model mimics a complete spinal transaction (rare in clinic) which is 

performed by using spring scissors following laminectomy, producing a laceration of the cord 

(Nakae et al. 2011).  

The behavioral patterns are correlated with the severity of the injury and are evaluated 

in animals by using the BBB score, which is an open field locomotor activity test that was 

originally developed at the Ohio State University (Basso, Beattie, and Bresnahan 1995). The 

scale ranges from 0 to 21 with 0 indicating complete paraplegia and 21 indicating physiological 

locomotor movement (Table 1). 

BBB 

score 
Observations 

0 No movement 

Movements only 

1 Slight moveent of 1-2 joints 

2 Extensive movement of 1 joint (+ slight momvement of another) 

3 Extensive movement of 2 joints 

4 Slight movement of all 3 joints 

5 Slight movement of 2 joints AND extensive movement of 1 

6 Extensive movement of 2 joints AND slight movement of 1 

7 Extensive movement of all 3 joints 

8 Sweeping OR plantar placement (No weight support) Plantar 

placement 9 Plantar placement (weight support in stance only) OR weight supporting dorsal stepping 

10 Occasional steps, No coordination 

Coordination 
11 Frequent-consistent steps, no coordination 

12 Frequent-consistent steps, occasional coordination 

13 Frequent-consistent steps, frequent coordination 

14 Consistent steps, consistent coordination, paw position rotated OR occasional stepping 

Paw position, 

Toe clearance 

15 Consistent steps, consistent coordination, No or occasional toe clearance 

16 Consistent steps, consistent coordination, frequent toe clearance, paw rotated at lift off 

17 Consistent steps, consistent coordination, frequent toe clearance, paw is predominantly 

parallel 

18 Consistent steps, consistent coordination, consistent toe clearance, paw is parallel at 

initial contact, and rotated at lift off 

19 Consistent steps, consistent coordination, consistent toe clearance, paw is parallel at 

initial contact and at lift off tail is down part or all time Tail, trunk 

stability 20 Tail consistently up, trunk instability 

21 Trunk stability 

 

Table 1: The 21-point Basso, Beattie, Bresnahan locomotor rating scale (Adapted from Bassso et al. 1995). 
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The BBB score evaluates the movements of the hind limb of an animal after injury to 

express a state of recovery. A method for gait analysis called catwalk is used to evaluate the 

paw position of the animal after injury and the improvement after treatment (Hamers et al. 

2001). Each front and hind paw of animal that makes contact with the glass floor is 

automatically detected. The software registers footprints and calculates a wide range of 

parameters relative to the individual footprints (stand, print length), the relative positions of 

footprints (stride length, base of support), the time-based relationship between footprints 

(cadence), toe spread and paw angle. 

3. Pathophysiology 

Spinal cord injury is one of the major injuries of the central nervous system. The 

pathological mechanisms consist of two phases; the primary and the secondary phase (Figure 

4). The most common form of acute SCI is a compressive type of injury in which displaced 

inter-vertebral discs and ligaments exert force on the cord causing immediate traumatic injury 

and often sustained compression (Sekhon and Fehlings 2001). 

 

Figure 4: Schema of events following spinal cord injury 

3.1. Primary injury 

Primary injury is the result of the mechanical trauma which produces traction and 

compression forces. Primary mechanisms rarely transect or fully disrupt the anatomical 

continuity of the cord. Blood vessels are directly damaged and the axons are disrupted. Axons 

are present to traverse the lesion site with a demyelinated long tract axon. A few minutes after 

injury, micro-hemorrhages start to develop in the central grey matter and spread out radially 
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and axially over the next hours. The swelling of the spinal cord is observed at the injury site 

and it occupies the entire space of the spinal canal. Ischemia occurs when cord swelling exceeds 

venous blood pressure. Microglia cells are the first glial cells to be activated following injury, 

in less than two hours (Figure 4). These pathological events, such as damages to axons, cells 

and blood vessels, leads to the release of toxic chemicals and factors that attack intact 

neighboring cells within the early acute phase (after 48 hours). 

3.2. Secondary injury 

Secondary injury refers to the molecular and cellular cascade causing 

neuroinflammation (Donnelly and Popovich 2008), immune associated neurotoxicity which 

contributes to axonal and neuronal necrosis, edema, glutamate mediated excitotoxicity, ROS 

production and vascular dysfunction (Figure 4). The secondary phase results in tissue 

destruction whereas neurological deficits are present immediately following injury. Resident 

microglia respond immediately to the injury (Watanabe et al. 1999). Between 2 and 7 days most 

of the cells in the lesion are infiltrating macrophages (Phillip G Popovich, Wei, and Stokes 

1997; Donnelly and Popovich 2008). This period of macrophages infiltration corresponds to 

the ascending sensory axon retraction. This process is not permanent, because when axons lost 

macrophages contact after retraction, they were able to extend (Horn et al. 2008).  

Reactive astrocytes deposited proteoglycans (CSPGs), including neurocan and 

phosphacan, are major factors that inhibit regeneration by forming the glia scar within hours 

after injury. The glial scar serves to compact inflammatory cells to demarcate the injury site 

from the healthy tissue (Faulkner et al. 2004) and re-seal the blood brain barrier after the injury. 

Astrocytes become hypertrophic after moving away from the center of the lesion and 

dramatically upregulate the production of inhibitory chondroitin sulfate proteoglycans (CSPGs) 

that prevent regeneration (Silver and Miller 2004). But the glial scar seems to also have 

beneficial functions for stabilizing fragile CNS tissue by separating the injury from healthy 

tissue and preventing a cascading wave of uncontrolled tissue damage (Faulkner et al. 2004). 

Scar tissue together with CSPGs and NG2 are known for their inhibitory effect on axonal 

growth (Fidler et al. 1999; McKeon, R J et al. 1991; Smith-thomas et al. 1994). The degradation 
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of CSPGs by using inhibitors or specific enzymes shows an increase in axonal growth and 

regeneration (Caggiano et al. 2005; Smith-thomas et al. 1995; Tom and Houlé 2008). 

After injury, neurons are exposed to a microenvironment that contains toxic factors, 

which results in neuronal loss and degeneration. Astrocytes have an important scavenging 

function, for example the regulation of excessive levels of glutamate. CSPGs produced by 

activated astrocytes in the lesion area create a diffusion barrier for molecules that are harmful 

to the healthy tissue and attenuate the spread of neurotoxicity (Roitbak and Syková 1999; 

Vorísek et al. 2002). Astrocytes provide trophic support at the injury site (White, Yin, and 

Jakeman 2008). Glial scar could be crucial for neuronal survival by filling the gaps in the lesion 

area, creating a scaffold for the vascularization network. Astrocytes are known to have a direct 

effect on the intensity of blood flow (Parri and Crunelli 2003).  

Neuroinflammation is one of mechanisms involved after injury. An immune response is 

important to protect the organism but immune activity in the CNS could have deleterious effects 

by accelerating tissue damage. In the CNS, immune cells acquire diverse phenotypes depending 

on the microenvironment. Among glial cells, microglia cells, first to be recruited, are able to 

play a bifunctional role by secreting toxic factors and contributing to tissue damage, but they 

are also able to release neuroprotective and neurotrophic molecules to allow tissue repair (Aloisi 

2001). 

4. Immune response after SCI 

The central nervous system has a highly specialized immune-modulatory 

microenvironment to protect itself from immune-mediated inflammation. The blood-brain-

barrier (BBB) is a physiological and anatomical element to balance peripheral immune cells 

and molecules entry. 

Immune response in the CNS is mediated by resident microglia and astrocytes, which 

are innate immune cells without direct counterparts in the periphery. However, microglia and 

astrocytes are able to engage a cross-talk with CNS-infiltrating T cells, neurons and other 

components of the innate immune system. 
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Figure 5: Time recruitment of microglia, neutrophils, monocytes/macrophages and lymphocytes after SCI 

(Neirinckx et al. 2014). 

Inflammatory responses are the central point in the physiopathologic processes of acute 

and chronic phases of SCI. Neutrophils are the first inflammatory actors to invade the injury 

site with the peak appearing at 24h post injury. Circulating monocytes/macrophages are then 

recruited peaking at 7 days post-injury, with lymphocytes progressively invading the lesion 

epicenter thereafter. (Figure 5). 

4.1. Innate immune system 

After SCI, cells need restorative support, which is provided by inflammatory responses. 

However, excessive or chronic inflammation can become harmful. The micro-environment 

present at the lesion site confers this balance. This injured environment is composed of pro-

inflammatory cytokines as tumor necrosis factor α (TNFα), interleukins IL-1 and Il-6 at the 

early phase of the inflammation but also some anti-inflammatory molecules are released as 

transforming growth factor β1 (TGFβ), IL-10.  

4.1.1. Neutrophils recruitment 

Neutrophils are considered the first inflammatory cells to arrive at the site of injury with 

a peak at 24 hours after injury (Means and Anderson 1983). They are rapidly mobilized from 

the bone marrow in response to signals from pro-inflammatory CXC (CXCL8) family 

chemokines, IL-8 and cytokine-induced neutrophil chemo-attractant 1 (CINC-1) to mediate 

pleiotropic functions in the immune-inflammatory response (Tonai et al. 2001).  

Neutrophils adhere to post-capillary venules 6-12 hours post SCI and by 24h they 

migrate into the lesion site to phagocytose debris (Taoka et al. 1997). Neutrophils generate their 
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own cytokines after stimulation by pro-inflammatory mediators and produce proteases via the 

NF-kB translocation pathway. Phagocytic activity can induce NF-kB activation (McDonald and 

Cassatella 1997). Matrix metalloproteases (MMPs) as MMP-9 and cytokines TNFα, IL-1, IL-8 

and TGF-β are these mediators (Cassatella 1995).  

4.1.2. Microglia cells 

Through the production of inflammatory factors, microglia cells represent the archetypal 

cells. Microglia are a unique myeloid cell population, derived from the yolk sac during a narrow 

time window before vascularization or definitive hematopoiesis in the embryo (Figure 6). 

Microglia cells, in the CNS parenchyma, are sustained by proliferation of resident progenitors, 

independent of blood cells.  

Rio-Hortega was the first to use the term microglia in 1917. He observed that these cells 

were not stationary and were able to consume cellular debris. They scan the microenvironment 

with their branched processes to phagocyte cell and myelin debris. Microglia are small glial 

cells present in the brain and spinal cord. They have a small soma, little perinuclear cytoplasm 

and fine, branched processes. 

 

Figure 6: Microglia are the only hematopoietic cells found in the parenchyma of the CNS (Ransohoff and 

Cardona 2010). 

Resident microglia cells express myeloid-monocytic markers such as Fc receptors-

cluster of differentiation (CD32 and CD64), complement receptors CD11b and CD11c 
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integrins, major histocompatibility complex MHC class I and II, and CD45 (Tambuyzer, 

Ponsaerts, and Nouwen 2009). After injury, the resident ramified microglia morphologically 

transform into cells with retracted processes and enlarged cell bodies, and increase in number 

at the affected site. Microglia cells with this particular shape are generally referred to as 

“activated microglia or reactive microglia”.  Even if macrophages and microglia have different 

origins, microglia are related to resident tissue macrophages.  

Microglia response following pathological stimuli is characterized by an accumulation 

at the lesion site and the release of various bioactive molecules. Two categories of molecules 

are released- some are cytotoxic or pro-inflammatory, and others may aid survival and 

regeneration. Resident monocytes are the first cell types to respond after injury within 1-2 

hours, which starts the initial acute inflammatory response accompanied by an expression of 

TNFα and IL-1 (M1 phenotype). This leads to the recruitment of other immune cells. M1 

macrophages promote phagocytosis. 8 hours after of the injury, the production of pro-

inflammatory cytokines is terminated, thus promoting the differentiation of macrophages into 

an anti-inflammatory M2 phenotype with the expression of arginase 1 and a mannose receptor 

(CD206). M2 macrophages promote angiogenesis and matrix remodeling while suppressing 

destructive immunity (Sica et al. 2006). The ratio M1/M2 varied in terms of microenvironment 

(Figure 7). 
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Figure 7: Macrophage polarization after SCI. At the early stage macrophages are predominantly M1 with 

the presence of pro-inflammatory molecules and M1 will release pro-inflammatory factors. At the later stage the ratio 

M1/M2 evolves to have an anti-inflammatory response and then cytotoxic effects (adapted from David & Kroner 

2011). 

4.1.3. Astrocytes 

Reactive astrocytes are a prominent feature of the cellular response to SCI. They allow 

for an exchange in gene expression, hypertrophy, process extension and cell division (Eddleston 

and Mucke 1993). Reactive astrocytes are involved in scar tissue formation which prevents 

axonal regeneration (Rudge and Silver 1990). Therefore, they are often considered detrimental 

to the functional outcome after SCI. However, the action of reactive astrocytes is conserved 

throughout the vertebrate evolution (Larner et al. 1995), suggesting a beneficial role.  

Astrocytes are able to clear glutamate and potassium ions from the extracellular space, 

representing a potential energy source and providing trophic support. All these factors are 

crucial for the survival of neurons located at the margins of the lesion site and are colocalized 

with the scar. Growth factors sucg as insulin growth factors (IGFs), nerve growth factor (NGF), 

brain-derived neurotrophic growth factor (BDNF) and neurotophin-3 (NT-3), as well 

metabolites including glucose and nutrients are produced by astrocytes to support the survival 

of the cells (Schwartz and Nishiyama 1994). It was shown that astrocytes can directly protect 

neurons from nitric oxide toxicity through a glutathione-dependent mechanism (Y. Chen et al. 

2001). Although astrocytes produce CSPGs in the lesion area, this molecule creates a diffusion 
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barrier for molecules that are potentially harmful to the spared tissue (Roitbak and Syková 

1999) and thereby attenuates the spread of neurotoxicity and prevents excitatory amino acid-

induced neuronal death (Sato et al. 2008). 

4.2. Relation between glial cells and neurons 

The communication between the neural and the immune system is obvious. The 

communication between the two is mediated by soluble factors such as neurotransmitters, 

neuromodulators, neuropeptides or through cell-cell contact by neuroimmune regulatory 

molecules that can reduce or inhibit any exacerbated inflammatory response (Tian et al. 2012). 

Glial cells, such as microglia, astrocytes and neurons can express pro- and anti-inflammatory 

molecules to modulate the injured environment and these molecules play a major role in their 

communication (Table 2). 

Properties Pro-inflammatory Anti-inflammatory 

Microglia soluble factors TNF, IFNγ, IL-1β, CXCL1,2,12 

CCL2,5,10,19, Glutamate, NO, 

ATP, MMPs, Complements, Heat-

shock proteins 

IL-4, IL-10, IFNβ, TGF-β, BDNF, 

GDNF, TIMPs 

Microglia membrane 

proteins 

TLRs, RAGE, LFA-1, MAC-1, 

FcRβ, NCAM 

CD45, CD91, CD200R, CD172a, 

CX3CR1, TREM-2, FasL, Fas 

Astrocytes soluble factors TNF, IFNγ, IL-1β, CXCL1, 2,12, 

CCL2,5,10,19, Glutamate, NO, 

ATP, MMPs, Complements, 

HMGB1, heat-shock proteins 

IL-4, IL-10, IFNβ, TGF-β, 

Proteoglycans, BDNF, GDNF, 

TIMPs 

Astrocytes membrane 

proteins 

TLRs, RAGE, ICAM-1 FasL, Complement inhibitors 

Neuronal soluble factors CXCL10, CCL21, Glutamate, 

Dopamine, NO, ATP, Substance-P, 

MMPs, HMGB1, heat-shock 

proteins 

TGF-β, CX3CL1, GABA, VIP, 

Proteoglycans, NGF, BDNF, NT3, 

GDNF, CNTF 

Neuronal membrane proteins TLRs CD22, CD47, CD200, ICAM-5, 

FasL 

Table 2: Soluble factors and membrane proteins expressed by microglia, astrocytes and neurons and their 

pro- or anti-inflammatory properties (adapted Tian et al., 2012). 
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4.2.1. Cellular interactions 

Neurons possess several membrane molecules to control local immune functions by 

targeting local immune cells such as microglia, astrocytes and peripheral immune cells, which 

are present in the CNS. Neurons might indirectly suppress T-cell activation by restricting 

antigen, presenting properties of glial cells, directly suppressing T-cell activation, favoring a 

Th2 profile or promoting apoptosis of activated microglia and T cells (Tian et al. 2012).  

The microglia activation may be beneficial, deleterious or neutral. Neurons express cell 

surface glycoproteins (CD22, CD47, CD200, NCAM) (Table 1) to prevent microglia activation. 

A relationship between the nervous and the immune system has been studied this past decade. 

Indeed, glial cells (microglia and astrocytes) not only serve supportive and nutritive roles for 

neurons, but serve also to defend the CNS. An excessive and prolonged glial cells activation 

results in more severe and chronic neuronal damage, which leads to neuroinflammation and 

neurodegeneration. 

The interaction in healthy CNS between neurons and astrocytes allows regulation of 

blood supply control, neurotransmission, synaptic formation and plasticity and metabolic 

support. In healthy CNS, neurons-microglia communication allows for debris clearance and 

immune surveillance. After a CNS injury, the balance is broken which gives way to 

excitotoxicity, glial scar and inflammatory damage. 

4.2.2. Molecular interactions 

The neuronal cell adhesion molecule (NCAM/CD56) is expressed on the surface of 

neurons, astrocytes and microglia (Chang, Hudson, Wilson, Liu, et al. 2000; Chang, Hudson, 

Wilson, Haddon, et al. 2000). NCAM is involved in cell-cell adhesion, synaptic plasticity, 

neurite outgrowth and others processes. The astrocytes-neuronal interactions via NCAM lead 

to the modulation of glial scar formation by the inhibition of astrocyte proliferation (Krushel et 

al. 1998). Furthermore, NCAM modulate microglial activation by decreasing TNFα and nitric 

oxide (NO) after glial stimulation with lipopolysaccharides (LPS) (Chang, Hudson, Wilson, 

Liu, et al. 2000; Chang, Hudson, Wilson, Haddon, et al. 2000).  
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CD200 (OX2) is an important molecule which contributes to the anti-inflammatory and 

regulatory environment (Table 2). CD200 expression has been detected in oligodendrocytes, 

reactive astrocytes and neurons, but not in astrocytes or microglia (Koning et al. 2009). 

Microglia possess CD200 receptors (CD200R), thus neuronal CD200 down-modulates the 

activation state of perivascular macrophages and microglia (Hoek et al. 2000). Defects in the 

CD200-CD200R pathway play a critical role in neurodegenerative disease development as 

Multiple sclerosis and Parkinson’s disease (Koning et al. 2007; S. Zhang et al. 2011). 

The expression of chemokine CX3CL1 (fractalkine) and its receptor CX3CR1 is limited 

to neurons and microglia (Hughes et al. 2002). Microglia are characterized by a prominent 

expression of the chemokine receptor CX3CR1. CX3CR1 is a conventional Gαi-coupled seven 

transmembrane receptor. CX3CL1, the ligand of CX3CR1, is synthesized by a transmembrane 

protein with the CX3C chemokine domain displayed on an extended highly glycosylated, 

mucin-like stalk (Bazan et al. 1997). Under inflammatory processes, proteolytic cleavage of 

CX3CL1 occurs by disintegrin-like metalloproteinase ADAM 10 or 17 (Hundhausen et al. 

2003; Garton et al. 2001) (Figure 8).  

CX3CR1 receptor expression has also been demonstrated for an NK cell subset and 

certain T cell populations (Imai et al. 1997). Cocultures of neuron-microglia with CX3CL1 

exposure reduced inflammatory neuronal death in vitro (Mizuno et al. 2003). A higher level of 

microglia activity was observed in mice with a CX3CR1 deficiency in three models of brain 

diseases, and this was also accompanied by increased neuronal vulnerability (Cardona et al. 

2006). These studies have shown that in normal mice, neurotoxic microglia activity is 

suppressed by CX3CL1-CX3CR1 signaling. 
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Figure 8: CX3CR1 receptor in microglia and its ligand CX3CL1 expressed by a neuron. A) Fractalkine 

composition and the proteo cleavage by ADAM10/17. B) Different effects of the cleavage of CX3CL1 on microglia 

activity (Wolf et al. 2013). 

Neurons are able to control microglia with two types of signals; “On” or “Off” (Biber 

et al. 2007) (Table 3). Off signals (TGF-β, CD22, CX3CL1, neurotransmitters, CD20) are found 

in healthy conditions to maintain homeostasis and also restrict microglia activities under 

inflammatory conditions to prevent damage to healthy tissue. Conversely, “On” signals 

(CCL21, CXCL10, MMP3 (from apoptotic neurons) are produced by damaged and impaired 

neurons to activate microglia (pro- or anti-inflammatory). 

Neuron signals Released signals Membrane signals 

Off signals 

TGF-β, CD22, CX3CL1, 

neurotransmitters, NGF, 

BDNF, NT-3 

CD200, CD22, CD47, 

CX3CL1? 

On signals 
CCL21, CXCL10, ATP, 

UTP, Glutamate, MMP3 

TREM2 ligand 

Table 3 : Neuron-mediated Off and On signals to modulate microglia activity (Adapted from Biber et al., 

2007). 
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4.3. T cells and innate immune cells 

Lymphocytes represent the adaptive cellular arm of the immune system (Figure 9). 

Lymphocytic infiltration of the injury site occurs during the first week post-injury and is 

maintained chronically (Beck et al. 2010). Some lymphocytes can react with CNS proteins and 

the activation of CNS–reactive T cells leads to the demyelinating disorder in multiple sclerosis 

(Martin, McFarland, and McFarlin 1992). Popovich in 1996 demonstrated that CNS-reactive T 

cells are activated in SCI (P G Popovich, Stokes, and Whitacre 1996).  

 

Figure 9: Recruitment of innate immune cells and adaptive immune cells after SCI and the progression to 

the chronic phase (Phillip G. Popovich and Jones 2003). 
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Lymphocytes respond to myelin protein after SCI and may contribute to post-traumatic 

secondary damages. However, there is increasing evidence that autoreactive T-lymphocytes 

may also convey neuroprotection and promote functional recovery after a CNS injury. Myelin 

basic protein (MBP)-reactive T cells are increased in SCI and stroke patients, which provides 

evidence of an association between CNS trauma and the activation of CNS reactive T cells (Kil 

et al. 1999). 

In order to explain the effects of MBP-reactive T cells, Lewis rats and transgenic mice 

enriched in MBP-reactive T cells were used. These studies demonstrated that CNS-reactive T 

cells can exacerbate axonal injury, demyelination and functional loss after SCI (P G Popovich, 

Stokes, and Whitacre 1996; T. B. Jones et al. 2002). T-cells reactions against CNS proteins 

exacerbate acute tissue damage while simultaneously triggering the induction of chronic 

immunoregulatory networks. Surprisingly, autoimmune cells originally considered as 

pathogenic in autoimmune diseases were shown to be neuroprotective after CNS trauma. In 

contrast, several studies have suggested that T cells were beneficial to disease progression and 

survival after amyotrophic lateral sclerosis (Chiu et al. 2008; Beers et al. 2008). The presence 

of CD4+ T cells provides supportive neuroprotection by modulating the trophic/cytotoxic 

balance of glia. These contradictory results may be explained by the distinct roles of each T-

lymphocyte subset. 

5. Treatments for spinal cord injury 

Spinal cord injuries induce several complications; patients suffer from motor and 

sensory impairments leading to complications in their lives. Over the last two decades, 

numerous clinical trials have been fully evaluated to restore damaged spinal cords. Despite 

broad research on animals, only few studies lead to pharmacological therapies due to the side 

effects that occur, or to the lack of regeneration or functional recovery. After SCI, many 

molecules are involved in motor and sensory dysfunction. Therefore, therapy should target 

several points, such as neuroprotection, plasticity, regeneration and replacement of lost cells 

(Figure 10).   
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Several molecules are studied for their various properties, such as neuroregeneration 

and the sprouting of spinal tracts (BDNF, GDNF, NT-3), remyelination (Withanoside IV, 4-

Aminipyridine), antagonization of inhibitory factors from myelin or glial scar (Cethrin, 

Chondroitinase ABC, Y27632), protection of neuronal death, inhibition of inflammatory 

responses in the chronic phase (Minocycline, Estrogen, MPSS), plasticity: rewiring of 

propriospinal interneurons, and cells and tissue transplantation (OECs, BMSCs, Peripheral 

nerve cells, hNSCs, nerve grafts). 

5.1. Myelin neurite growth inhibitors 

Axonal regeneration is one of the important key factors after SCI.  Three criteria bring 

out the crucial role of myelin-associated neurite growth inhibitors in preventing CNS 

regeneration. The depletion of oligodendrocytes and myelin enhances the regeneration of 

descending tracts in the differentiated spinal cord of rats (M E Schwab and Bartholdi 1996). 

Antibodies against Nogo-A enhance regenerative sprouting and long distance elongation 

(Schnell and Schwab 1990). Finally, the autoimmunization of rats with myelin or spinal cord 

homogenates allows for regenerative sprouting and axonal growth after SCI (D. W. Huang et 

al. 1999).  

Nogo (Martin E Schwab 2004), myelin associated glycoprotein (MAG, (McKerracher 

et al. 1994)) and oligodendrocyte myelin glycoprotein (OMgp, (K. C. Wang et al. 2002)) are 

all neurite growth inhibitory components found in white matter of the CNS. Nogo-A is 

Figure 10: Several parameters are involved in spinal cord repair 
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principally expressed by CNS oligodendrocytes, whereas Nogo-B is expressed in the central 

and peripheral nervous system and other peripheral tissues and Nogo-C is found in muscle. By 

binding to an axonal Nogo-66 receptor (NgR) protein, Nogo, MAG and OMgp cause the 

collapse of axonal growth cones and stop axonal extension (McKerracher et al. 1994; M. S. 

Chen, Huber, van der Haar, et al. 2000; K. C. Wang et al. 2002). Diverse studies have used 

peptides that competitively inhibit Nogo-66 interaction with NgR (S. Li and Strittmatter 2003), 

anti-Nogo-A antibodies (Schnell and Schwab 1990) and soluble ectodomain fragments of the 

NgR (Fournier et al. 2002). P-75, the receptor for nerve growth factor (NGF), may act as a 

signal transducing subunit. Nogo-A can interact with different receptors such as nogo-A 

receptors, NgR, p75 and is similar for MAG and OMgp (Figure 11). Both calcium and RhoA/ 

Rho kinase (ROCK) pathway are linked with Nogo (Bandtlow et al. 1993; Fournier, Takizawa, 

and Strittmatter 2003). The inhibition of one of these components has been shown to prevent 

myelin and Nogo-A induced growth cone collapse and growth inhibition (Niederost et al. 

2002). 

 

Figure 11: Myelin neurite growth inhibitors Nogo-A, MAG and OMgp and their different receptors NgR, 

p75. Inhibition of Nogo-A is possible by the different processes in red (Martin E Schwab 2004). 

 

The inhibition effects of Nogo can be prevented by using antibodies against Nogo-A, 

Nogo gene deletions, soluble NgR fragments, NgR blocking peptides, inhibition of Rho-A, 
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inhibition of the intracellular calcium rise or through a high concentration of cAMP (Figure11). 

Deleting one of the three major myelin inhibitors i.e. Nogo, Mag or OMgp, results in an 

enhancement of corticospinal sprouting in mice. However, no behavioral improvements or 

synergistic effects occur after the deletion of these three molecules (J. K. Lee et al. 2010). This 

study shows that even if these molecules are involved in axonal growth inhibition and their 

inhibition allows axonal sprouting, they do not play a central role in CNS injury, and these 

inhibitors should be used in combination with other drugs or molecules. 

A study by David and Aguayo in 1981 showed that components of the CNS environment 

must inhibit axonal regrowth after injury, and that CNS neurons have the capacity to regenerate 

their disrupted axons (S David and Aguayo 1981). Two molecules that have reached clinical 

trials (to inhibit Nogo) are ATI-355 and Cethrin. Oligodendrocytes and their myelin membranes 

have been demonstrated to be major inhibitors of axonal growth in the CNS (Caroni, Savio, and 

Schwab 1988; Caroni and Schwab 1988). Caroni and Schwab developed a monoclonal antibody 

IN-1, after the biochemical separation 35- and 250 kDa inhibitory fraction within CNS myelin 

(NI-35 and NI-250). This antibody has proven to be effective in vivo in rodents, as revealed by 

axonal sprouting and corticospinal axonal regeneration within the mammalian CNS (Schnell 

and Schwab 1990). This treatment has also shown some improvement in locomotion, rope 

climbing and food pellet reaching (Bregman et al. 1995; Merkler et al. 2001). The target antigen 

of an IN-1 antibody was analyzed by Spillmann et al., 1998, which is known as Nogo (M. S. 

Chen, Huber, Van der Haar, et al. 2000; GrandPré et al. 2000). 

The human anti-Nogo antibody (ATI-335) has been shown to promote axonal sprouting 

and functional recovery following SCI in animal models, including in primates (Freund et al. 

2006). In May 2006, a human phase I clinical trial was initiated by Novartis in Europe to assess 

the safety, feasibility and pharmacokinetics of this antibody in patients with complete SCI 

between C5 and T12, who were 4-14 days post injury. Neutropenia was reported as a severe 

adverse effect associated with this therapy. 

The three myelin inhibitors are known to signal via the activation of the guaninosine 

triphosphate Rho. After activation, Rho binds to Rho kinase (ROCK), a key regulator of axonal 

growth cone dynamic and cellular apoptosis. C3 transferase, a toxin produced by Clostridium 

botulinum, is a specific inhibitor of Rho. This inhibition is due to the ADP-ribosylation on 
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asparagines 41 in the effector binding domain of the GTPase interruption of this final common 

pathway, Rho-ROCK. This thus has the potential to be more potent than efforts to antagonize 

any single myelin inhibitor. Axonal growth and functional recovery is facilitated by this 

inhibitor in the mouse model (Dergham et al. 2002). Another study of Dubreuil et al., in 2003 

demonstrated a reduction in p75-dependent apoptosis in association with their therapy. 

McKerracher’s group created a recombinant version incorporating a transport sequence 

to improve cellular permeability. This protein, called BA-210, was commercialized by 

BioAxone Therapeutic and brought for clinical trial. In the human application, BA-210 is mixed 

with Tisseal (the combination being called Cethrin), which is applied to the dura at the time of 

spinal decompression. A phase I/IIa multicenter dose escalation trial in humans was initiated at 

the University of Toronto. No significant adverse effects were reported wih the administration 

of Cethrin. More importantly, a 27% conversion rate from ASIA Grade A to B, C or D was 

observed (Fehlings et al. 2011). 

5.2. Proteoglycan inhibitor 

Chondroitin sulfate proteoglycans (CSPGs) are a family of macromolecules consisting 

of a core protein and one or more covalently attached glycosaminoglycans (GAG). CSPGs are 

present in glial scar after injury (Fawcett and Asher 1999). CSPGs represent an inhibitory 

extracellular matrix for axonal growth in vitro (McKeon et al. 1991; Smith-thomas et al. 1994), 

as well as in vivo, and are especially secreted by astrocytes. It is known that CSPGs activate the 

Rho-Rho kinase pathway, leading to the suppression of axonal growth (Borisoff et al. 2003). 

Chondroitinase ABC, a bacterial enzyme, is able to degrade the CSPGs.  

An intrathecal treatment at the injury site allows for an upregulation of regeneration 

associated proteins in injured neurons and for the promotion of regeneration of both ascending 

sensory projection and descending corticospinal tract axons (Bradbury et al. 2002). Post 

synaptic activity below the lesion is also restored after ChABC. All of these data have shown 

that CSPGs are important inhibitory molecules in vivo. A study SCI in cats showed that 

intraspinal cleavage of CSPGs can enhance functional recovery with sophisticated motor 

behaviors and axonal growth (Tester and Howland 2008). ChABC has been combined 
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experimentally with nerve or cellular transplantation (Fouad et al. 2005; Karimi-Abdolrezaee 

et al. 2010; Houle et al. 2006) and rehabilitation (García-Alías et al. 2009).  

However, even if preclinical essays show evidence that ChABC is beneficial for CNS 

repair, many obstacles remain in terms of its clinical translation. The first one is the safety and 

immunogenicity of delivering a bacterial protein to human beings. The second is concerned 

with dose effects of the treatment, because since the enzymatic activity diminishes over time, 

tmultiple doses are required. This repeated administration increases the risk of infection. One 

study by Bartus et al., 2014 showed that ChABC gene therapy promoted tissue repair and 

improved hind limb function and spinal conduction in SCI rats. A significant reduction of 

secondary injury pathology in adult rats after spinal cord contusion injury was observed with 

reduced cavitation and enhanced preservation of spinal neurons and axons 12 weeks post injury. 

The gene therapy allowed for a change in the immune response following SCI by increasing 

the presence of reparative M2 macrophages at the epicenter of the injury, which resulted in 

neuroprotection (Bartus et al. 2014). 

Another glycosaminoglycan associated with the glial scar is keratan sulfate (KS). It is 

composed of repeating disaccharide units of galactose and N-acetylglucosamine (GlcNAc), 

where a C6 position of GlcNAc is always sulfated. By using mice deficient in N-

acetylglucosamine 6-O-sulfotransferase-1 that lack 5D4-reactive KS in the CNS, (Ito et al. 

2010), an investigation into the role of KS in functional recovery after contusion at thoracic 

level can be conducted. The level of CSPG and CD11b- positive inflammatory cells recruitment 

was similar in wild-type and deficient mice. However, motor function recovery and axonal 

regrowth of both the corticospinal and raphespinal tracts was significantly better in deficient 

mice. KS has a primordial role in functional disturbance after SCI. 

5.3. Cellular therapy 

5.3.1. Autologous Schwann cell transplantation 

An inhibitory environment is present after injury. One approach is to replace the 

negative environment by a permissive environment. Schwann cell transplantation emerged to 

be a candidate for supporting axonal regeneration after SCI. Schwann cell transplantation 
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research is studied by the Miami Project to Cure Paralysis (Bunge and Wood 2012). Schwann 

cells support and encourage the growth of news axons and they also repair myelination. Phase 

1 trial of autologous Schwann cells for SCI is underway (Guest et al. 2013). After nerve injury, 

nerves are able to recover spontaneously. However, if a graft is depleted of Schwann cells by 

freezing, then the graft did not support CNS axonal growth, and so viable Schwann cells are 

essential (Smith and Stevenson 1988). The suspension of Schwann cells cultured from 

peripheral nerve biopsies can be delivered with less surgical spinal tissue manipulation and has 

several advantages. Schwann cells can be highly characterized by their phenotype markers, 

purified to remove fibroblasts, and expanded exponentially to provide the large cell numbers 

that are necessary for adequate engraftment in SCI. Schwann cells can form bridging tissue and 

fill the injury region. 

5.3.2. Olfactory ensheathing cells (OECs) 

OECs are specialized glial cells of the olfactory system. The OECs allow regenerating 

axons of olfactory receptor neurons from the PNS of the nasal epithelium to the CNS of the 

olfactory bulb. Several preclinical studies have shown the potential of OECs as a promising cell 

type for SCI (Y. Li et al. 1997; Raisman et al. 2012). The main benefits involve the modulation 

of reactive astrocytes and the reduction of proteoglycan expression, the promotion of neo-

angiogenesis, and the release of neurotrophic factors by transplanted OECs. They also promote 

axonal regeneration after SCI, collateral sprouting and remyelination. A recent study showed 

the dangers of transplantation with inadequate monitoring and follow-up when a woman who 

received an autograft of nasal epithelium developed a painful intramedullary mass that required 

resection 8 years after transplantation (Dlouhy et al. 2014), but the transplant was not purified 

OECs. 

Purified OECs were grafted into SCI dogs (Granger et al. 2012) with no voluntary 

locomotion. Human OECs can be autologously isolated and purified and safely transplanted 

into a human spinal cord as was shown in a 2013 phase 1 clinical trial (Tabakow et al. 2013). 

This group has published a study of one patient with complete transaction SCI and reported 

functional repair following OEC transplantation combined with peripheral nerve bridges 

(Tabakow et al. 2014). 
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5.3.3. Human embryonic stem cells, induced pluripotent stem cells 

Stem cells are widely studied for their regenerative properties in medicine. Stem cells 

might bridge the lesion site, produce growth promoting factors and replace lost neurons, glia 

and other cells. Human embryonic stem cells (hESCs) and human induced pluripotent stem 

cells (iPSCs) are considered as a renewable source of cells for regenerative medicine because 

of their potential to differentiate into all cell types found in the adult human body. hESCs are 

derived from the inner cell mass of developing embryos, whereas hiPSCs are reprogrammed 

from somatic cells. Several characteristics are common between hiPSCs and hESCs, such as 

their morphology, expression of pluripotency markers and their ability to differentiate into 

definitive cell lineage. The first study in rats with transplantation after 10 months post injury 

with hESC derived oligodendrocyte precursors cells has shown no improvement in functional 

recovery compared to early injection 7 days post injury, where remyelination and improvement 

of locomotor ability were observed (Keirstead et al. 2005). The second study with human fetal 

brain neural stem cell transplantation at 30 days after injury reported an improvement in 

locomotor recovery (Salazar et al. 2010). 

5.3.4. Neural stem cells 

Numerous studies have demonstrated the ability of human neural progenitor cells 

(NPCs) to promote functional recovery. NPCs derived from human embryonic and induced 

pluripotent stem cells have shown efficacy (Fujimomto et al. 2012). Using iPSCs, ethics points 

and host immune rejection are limited making these cells ideal resources for transplantation 

therapy. Neural stem cells have the capacity to self-renew and produce the 3 major cell types 

of the CNS. Reynolds in 1992 demonstrated that cells could be isolated from the CNS of adult 

and embryonic mice. In the presence of the EGF, they proliferate to large spheres of cells termed 

“neurospheres” (Reynolds et al. 1992). Neurospheres contain stem cells and progenitor cells 

with the ability to differentiate into astrocytes, oligodendrocytes and neurons (Reynolds and 

Weiss 1992). Stem cell mediated repair of the spinal cord is studied by transplanting neural 

stem cells isolated from the spinal cord of rats or human being into rats with complete 

transaction SCI (Lu et al. 2012). Neural stem cells were co-grafted in a supportive fibrin matrix 

containing a growth factor cocktail. Axons grew a remarkably long distance (1-2mm per day), 

and they even grew through inhibitory environments to form connections with host axons. NSC 
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grafts demonstrated an improvement on hind limb recovery. Three months after the C5 lateral 

hemisection, iPSCs survived and differentiated into neurons and glia. Several axonal 

outgrowths and synapses were observed (Lu et al. 2014). The first phase I safety trial was 

approved in 2009 by the FDA for the direct intraspinal transplantation of NSC into patients 

with amyotrophic lateral sclerosis (Boulis et al. 2011). 

5.3.5. Bone marrow stromal cells (BMSCs) 

BMSCs are non-hematopoietic multipotent progenitor cells with a self-renewing 

capacity (Caplan 1991; Caplan 1994). In a physiological environment they provide support for 

developing hematopoietic cells by producing erythropoietin (EPO) and granulocyte-colony 

stimulating factor (G-CSF). They can differentiate into cells of mesodermal lineage, such as 

adipocytes, osteocytes, chondrocytes and also cells of other embryonic lineages (Figure 12).  

 

Figure 12: The multi-potentiality of MSCs (Uccelli et al. 2008). 

BMSCs have potent immunomodulatory and anti-inflammatory effects. 

Immunomodulatory effects were described following the observation that BMSCs suppressed 

T-cell proliferation (Bartholomew et al. 2002). BMSCs have the ability to migrate to the lesion 

site following intravascular or intrathecal administration. A study of Cizkova et al., in 2011 

compared the intrathecal administration of BMSCs with three daily injections (3, 4, 5 days or 

7, 8, 9 days following SCI) to a single injection (3 or 7 days post injury) (Cížková et al. 2011). 

A non-significant improvement in function and a low survival of grafted BMSCs could be 
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observed in the rat treated with single injection at 3 or 7 days post injury. In contrast, rats treated 

with three daily injections 7, 8 and 9 days post SCI showed significantly higher motor function 

recovery 14-28 days post injury. However, even if cells are able to migrate and incorporate to 

the lesion site, only a limited number of surviving BMSCs was observed within the damaged 

white matter. 

Recent studies showed that the transplantation of BMSCs in rats 9 days after complete 

transaction elicits an influx and survival of local cells at the injury site. These cells support the 

axonal regeneration and remyelination after SCI (P. Ding et al. 2014). BMSCs have been shown 

to secrete several growth factors as brain-derived growth factors (BDNF), glial-derived 

neurotrophic factor (GDNF), vascular endothelial growth factor (VEGF), fibroblast growth 

factor 2 (FGF-2), nerve growth factor (NGF) and neurotrophin-3 (NT-3). These molecules have 

various effects. NGF and BDNF increase survival and decrease apoptotic death of neurons and 

oligodendrocytes. GDNF is involved in the rescue of motor neurons. FGF-2 positively affects 

tissue sparing and promotes neuronal survival and angiogenesis. VEGF is known to be an 

angiogenic factor effective in tissue preservation. These factors can also positively affect 

remyelination and axonal growth.  

To improve BMSCs survival, biomaterials are used as scaffolds for BMSC transplants. 

The materials for transplantation can be hydrogels, fibronectin, agarose scaffolds, fibrin 

scaffolds or alginate supplemented with growth factors and survival factors. 

5.4. Pharmacotherapy 

5.4.1. Minocycline 

Minocycline is a semi-synthetic tetracycline antibiotic used in dermatological treatment. 

This molecule has also demonstrated neuroprotective effects in animal models of stroke, 

Parkinson’s disease, Huntington’s disease and multiple sclerosis (Yong et al. 2004). 

Minocycline was selected for its multifunctional properties in the hope that it would target 

several mediators involved in SCI. This molecule is known to inhibit the expression and activity 

of several mediators of tissue injury, including inflammatory cytokines, free radicals and matrix 

metalloproteinases. Work from Wells et al., 2003 showed that treatment with minocylcine 1h 
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after injury resulted in an improvement of hindlimb function, a significant reduction of the 

lesion size and axonal sparing (Wells et al. 2003). 

5.4.2. Withanoside IV 

Withanoside IV is a constituent in Ashwagandha (roots of Withaniasomnifera Dunal), 

an Indian traditional herbal drug that allows for an improvement in locomotor functions in mice 

which were injured by a contusion at the thoracic level (Nakayama and Tohda 2007). The mice 

were treated with 10µmol/kg 1hour after SCI and repeatedly administrated every day for 21 

days (orally) per os. The axonal density and astrocytes increased in the injured center during 

this treatment. In contrast, accumulated microglia cells were reduced in the lesion site. 

5.4.3. Neuroimmunophilin ligand 

FK506, an FDA-approved immunosuppressant macrolide drug that is isolated from the 

bacterium Streptomyces tsukubaensis, is usedto prevent allograft rejection in organ 

transplantations. FK506 blocks the activation of calcineurin through the formation of 

complexes with immunophilins. FK506 binds to a different immunophilin than cyclosporine A 

(CsA), called FK506 bonding protein (FKBP) (Powell and Zheng 2006). Furthermore, it has 

been demonstrated that the FK506-FKBP complex suppresses the activation of the calcineurin-

dependent NF-AT pathway (Figure 13) and calcineurin-independent activation pathway for 

JNK and p38 (Matsuda et al. 2000; Vafadari et al. 2012). 



45 

 

 

 

 

Figure 13: FK506-FKBP complex inhibits NF-AT pathway Elsevier Image 29832. 

FK506 has been found to increase nerve regeneration and functional re-innervation after 

peripheral nerve injury and to prevent axonal damage in toxic neuropathies (Udina et al. 2002). 

FK506 also protects from secondary injury and enhances axonal sprouting and regeneration 

after SCI in rats (Madsen et al. 1998; M. S. Wang and Gold 1999).  

In experimental autoimmune encephalomyelitis, FK506 protects against demyelination 

and axonal loss in the murine model (Gold and Zhong 2004). The timing and dosage 

administrated varied a lot in spinal cord studies (Saganová et al. 2012). FK506 had a beneficial 

effect on the spinal cord parenchyma and axonal sparing rostrally to traumatic lesion. FK506, 

as a potent inhibitor of activation T-cells that also infiltrates the injured spinal cord, can 

modulate inflammation within the spinal cord and ameliorate neuroprotection through its 

immunosuppressive action on immune cells (D P Ankeny and Popovich 2009). The 

immunosuppressant action of FK506 was proven by the prevention of graft rejection following 

spinal cord ischemia and SCI (Marsala et al. 2004; D Cizkova et al. 2007). 

5.4.4. Estrogen 

Estrogen treatment reduced the COX-2 activity, blocked NF-kB translocation, 

prevented glial reactivity, attenuated neuron death, inhibited activation and activity of calpain 
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and caspase-3, decreased axonal damage, reduced myelin loss in the lesion, and improved 

locomotor function compared with vehicle-treated animals (Eric A Sribnick et al. 2010). 

Microglia cells are involved in the activation of astrocytes and in the migration of 

peripheral immune cells in response to injury. Estrogen and estrogen receptor (ER) agonists are 

able to modulate the activation of many different cell types in the immune system (Straub 2007) 

and the CNS. 

Sribnick´s studies suggest that estrogen and ER agonists can protect neurons and inhibit 

axonal degeneration during the early phase (48h) following SCI in rats (Eric A Sribnick et al. 

2005). Estrogen can suppresses the activation of microglia and recruits blood-derived 

monocytes in rat brains after LPS stimulation (Vegeto et al. 2003). Inhibition of pro-

inflammatory cytokines such as IL-1β and TNF-α by estrogen occurs in primary astrocytes 

following LPS exposure (Lewis et al. 2008). Estrogen is able to attenuate neuroinflammation 

and neurodegeneration by inhibiting microglia and astrocytes activation (Figure14).  

 

Figure 14: Anti-inflammatory role of estrogen and ER agonists in CNS disorders. Injuries of CNS induce 

activation of microglia and astrocytes which leads to neuroinflammation with the release of cytokines and chemokines 

pro-inflammatory. Estrogen and ER agonists induce anti-inflammatory effects and the activation of Th1/Th17 to 

block neuroinflammation (Chakrabarti et al. 2014). 

CNS trauma -particularly SCI- is a complex injury associated with different 

neurodegenerative/regenerative/plasticity processes developed in time and in specific segments 

that need to be considered. Although many therapeutic strategies are evaluated and tested, 
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ranging from medical compounds (drugs) capable of blocking inflammation, enhancing axonal 

growth or treatments using stem cells or biomaterials, there is still no effective therapy 

available. Therefore, we need to study the spatial and temporal molecular environment after 

injury in order to distinguish the key factor in treating SCI. 

6. Proteomics  

The proteome refers to the entire set of proteins produced by an organism. The proteome 

is dynamic and interacts with the environment. Proteomic allows for the analysis of the total 

protein content of a cell or tissue in qualitative and quantitative ways during ongoing biological 

processes. Proteomics is highly used as an approach for biomarkers and therapeutic target 

discovery by following the type and the concentration of a proteins for a time period and looking 

at the correlation to healthy tissue. Proteomics take into account the abundance of proteins; 

proteins of interest are mostly rare compared to the predominant ones. At the beginning of 

proteomics, researchers focused on one or few proteins to identify quantify and characterize 

them by chromatography or electrophoresis. However, researchers needed to understand global 

biological process so laboratory techniques, statistical approaches and softwares were 

developed to analyze hundreds or thousands of proteins.  

6.1. Proteomic approach 

Mass spectrometry is becoming the most important of the proteomics technology. The 

introduction of soft ionization techniques such as matrix assisted laser desorption ionization 

(MALDI) (Karas et al. 1987) and electrospray ionization (ESI) (M. Yamashita and Fenn 1984) 

allows for the characterization of such biomolecules as proteins and peptides with greater 

sensitivity and speed than the older technology allowed for. ESI is an ideal ionization source 

due to its ability to produce multiple charged ions. It can also conveniently be coupled on-line 

with nano-liquid chromatography. Electrospray ionization with tandem mass spectrometry is 

one of the techniques used for protein identification.  

Two major approaches are used in proteomic studies: the bottom-up (or shot-gun) 

approach and the top down approach (Figure 15).  
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Figure 15: Proteomic strategies: the bottom-up, the shot-gun and the top-down approaches 

The bottom-up approach consists of an enzymatic digestion of the biological sample to 

cleave at the define site in order to get a peptide mixture. This mixture will be analyzed by 

liquid chromatography coupled with a mass spectrometer. The second approach is the top-down 

strategy, where intact proteins are first separated using liquid chromatography (Y. Zhang et al. 

2013). 

Several groups studied SCI using 2-D separation, followed by MS/MS to identify 

proteins after SCI (S. K. Kang et al. 2006; Yan et al. 2010; Q. Ding et al. 2006). For example, 

Ding et al., (2006) showed the up-regulation of 30 protein spots for whole tissue five days after 

SCI, which are involved in stress response, lipid and protein degeneration and neural survival 

and regeneration. They were also able to demonstrate the expression of 11-zinc finger protein 

and glypican, which may be involved in the neurite and regeneration inhibition. By analyzing 

tissues from the lesion site 24 hours after injury, Kang et al., (2006) demonstrated an over-

expression of 39 proteins such as neurofilament light chain, annexin 5, peripherin, 

apolipoprotein A and 21 proteins with an under-expression. Similarly, through the analysis of 

tissue from the lesion site, Yan et al., (2010) described 31 proteins, such as heat shot protein 

(HSP70-1B) over-expressed at 1 day after SCI, septin-7 up-regulated up to day 5 after SCI. 

However, even if an in-gel based proteomic study was used, this approach has inherent 

limitations such as its low reproducibility, poor representation of low abundant proteins, 
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difficulty with highly acid of basic protein, over sized or hydrophobic proteins. In addition, the 

co-migration of different protein in the same spot renders the quantification inaccurate. Other 

studies analyze cerebrospinal fluid (CSF) from rat or human to highlight biomarkers. CSF 

analyses allow the creation of real time molecular pictures after SCI. Lubieniecka et al., (2011) 

studied CSF from rats with the aim to find biomarkers of severity after a rat SCI. They identified 

10 potential biomarkers by LC-MS/MS, and validated 3 of them by Western-blot: 14-3-3 

protein zeta/delta (Ywhaz), Inter-alpha-trypsin inhibitor heavy chain H4 (Itih4), and 

Glutathione peroxidase 3 (Gpx3) (Lubieniecka et al. 2011). In 2014, Sengupta et al., proceeded 

to proteomics of CSF from secondary phase SCI in humans over two time periods (1-8 days 

and 15-60 days) after injury. They identified 8 proteins which where differentially abundant 

among the 2 severity groups (Sengupta et al. 2014).  

Taken together, all these proteomic studies did not take into account the spatial and 

temporal processes occurring in the time after SCI neither the cellular dynamic nor the plasticity 

occurring along the segments. Such information is necessary to better understand the molecular 

orchestra occurring during inflammation and the neurogenesis reexpression processes occurring 

after SCI and in time course of regeneration. These points are the main objectives of the thesis: 

 To understand the biological processes occurring after a spinal cord injury from 

a spatial and temporal point of view during the first stage of the injury.  

 To promote the regeneration, the neurite outgrowth and the modulation of the 

inflammation in vitro by modulating inflammation  

 To stimulate in vivo the regeneration process and spinal cord plasticity 
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 PART 1: SPATIAL AND TEMPORTAL ANALYSES AFTER 

SPINAL CORD INJURY 

 CHAPTER 1: Spatial and temporal analyses after spinal cord injury 

One of the major events at the beginning of the SCI is the development of an acute 

inflammatory process characterized by fluid accumulation and the recruitment of immune cells 

and microglia. Microglial cells normally function as sentinel immune cells regulating tissue 

homeostasis in the adult central nervous system (CNS) and participate in pathological 

processes, orchestrating tissue remodeling. Their functions appear to be complex as they exhibit 

both neuroprotective and neurotoxic effects. When the CNS is injured or affected by diseases, 

the resident ramified microglia morphologically transform into activated microglia” or 

“reactive microglia” with retracted processes and enlarged cell bodies, accumulate at the 

affected site and release various bioactive substances. Some are cytotoxic or pro-inflammatory 

and others may aid survival and regeneration. In fact, macrophages are divided in two sub-

populations i.e. the macrophages M1 and M2 type. The M1 macrophages type produces some 

pro-inflammatory mediators like TNF-α and nitric oxide (NO), whereas the M2 modulate the 

immune response through IL-10, IL-4 and IL-13 and is involved in tissues repair. Two sub-

populations of monocytes also exist i.e. which can be discriminated at the transcriptomic level 

by the presence of NOS2, CIITA, IL12, IL6 over-expressed genes for M1 cells or CX3CR1, 

arginase 1, CD206, Ym1, Fizz1 genes for M2 cells. The M1 population is involved in 

inflammatory response whereas the M2 plays a role in the neuron-glia cross-talk and maintains 

the microglial cells in physiological conditions to interact with neurons through the fractalkine 

linker. This data suggests the existence of a sub-population of microglial cells, one sharing a 

proinflammatory role and another one with an anti-inflammatory function, explaining the 

balancing effects of these cells when damage occurs. This is the reason why we will focus our 

attention on these cells during SCI. Thus, in order to understand molecular and cellular events 

occurring both spatially and temporally, proteomic approaches were undertaken in both tissue 

and secretome levels 3, 7 and 10 days after SCI at the lesion site and from the rostral to the 

caudal parts in order to determine the inflammatory profil (Articles 1 & 2).   

In this context, we established for the first time that molecular and cellular processes 

occurring after SCI are altered between the lesion proximity, i.e., rostral and caudal segments 
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nearby the lesion (R1-C1) whereas segments distant from R1-C1, i.e., R2-C2 and R3-C3 levels 

co-expressed factors implicated in neurogenesis. M2 orientated factors secretion such as 

CCL20 or CCL22 are produced 3 days after SCI in both R1 and L segments except in C1 

segment, where M1 immune factors (IL6, TNF, IFN , IL15), neurite outgrowth inhibitors in 

particular brevican, versican, neurocan, aggrecan, which act as scavengers, but also as 

immunoglobulins (IgG2a, IgHg3), or Ras homolog gene family, member A (RhoA) are over-

expressed. These results are in line with a quantitative study of the spatial and temporal in vivo 

analysis of immune cells in after SCI. We confirmed that microglia cells with neutrophils are 

the first ones recruited at the lesion site. Three days after SCI, microglia, neutrophils and 

macrophages cells are distributed along in both segments surrounding the SCI, whereas T 

regulator cells are only detected in R1 (FoxP3+) 3 days after SCI at 7 days after in C1, the 

number of immune cells diminished in both segments, except in C1. Thus, a delay in T 

regulators recruitment between R1 and C1 favors discrepancies between the two segments. 

Moreover, the presence of immunoglobulins (IgGs) in neurons at the lesion site at 3 days, 

validated by mass spectrometry, may present additional factors that contribute to limited 

regeneration. Treatment in vivo with anti-CD20 one hour after SCI did not improve locomotor 

function and decreased IgGs expression. Tests of collected secretome from each spinal segment 

in vitro, on microglial BV2 cell lines and DRGs explants, confirmed a lesion site-dependent 

impact on microglia activation and DRGs neurite outgrowth. In addition, while naive BV2 cells 

exhibited insignificant staining for CX3CR1 receptor, the level of CX3CR1 was strongly 

enhanced in some BV2 cells after their stimulation by secretome collected from SCI. The 

molecular data correlate to different polarization of activated microglia and macrophages along 

the rostro-caudal axis following acute injury. This was partially confirmed in vivo with 

CX3CR1 receptor, revealing higher expression in the R1, with potential neuroprotective action. 

In addition, the neurotrophic factors released from R1 and lesion segments enhanced outgrowth 

of DRGs explants. Taken together, we demonstrate that the C1 is the therapeutic target segment 

due to the fact that it presents all factors favoring the regeneration processes but inflammation 

occurring in this segment is deleterious and specific neurite outgrowth inhibitors (MEMO1, 

IgGs, Lectin proteins) are detected. This data is consequences of what's occuring at the tissue 

level. We thus established the presence of injury-induced gene transcription factors (TF) as well 

as several neurotrophic and synaptogenesis factors. It is well-known that the expression of 
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several TFs and co-factors changes after SCI. These play a role in orchestrating a regenerative 

cell body response. Activation of specific TF pathways is likely to be one of the first steps 

required to mount a cell-autonomous regenerative response and secreted factor in time course 

after SCI and reflects the specificity of TF pathways selected activation and synchronization. 
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Based on proteomic analyses we investigated the differences of released molecules in
the conditioned media (CM) from the spinal cord central lesion and adjacent rostral and
caudal segments at 3, 7, and 10 days after spinal cord injury (SCI), in order to specify the
molecular environment within greater extent of tissue damage. Proteins found in CM were
analyzed by shot-gun MS using nanoLC coupled to an orbitrap. The results showed some
specific proteins at each site of the lesion at 3days. Among the proteins from rostral
and lesion segments, some are related to chemokines, cytokines or to neurogenesis
factors. In contrast, proteins from caudal segments are more related to necrosis factors.
The CM from each spinal segment were used in vitro, on microglial BV2 cell lines and
DRGs explants, showing a lesion site-dependent impact on microglia activation and DRGs
neurite outgrowth. In addition, while naive BV2 cells exhibited insignificant staining for
CX3CR1 receptor, the level of CX3CR1 was strongly enhanced in some BV2 cells after
their stimulation by CM collected from SCI. The molecular data might correlate with
different polarization of activated microglia and macrophages along the rostro-caudal
axis following acute injury. This was partially confirmed in vivo with CX3CR1 receptor,
revealing higher expression in the rostral segment, with potential neuroprotective action.
In addition, the neurotrophic factors released from rostral and lesion segments enhanced
outgrowth of DRGs explants. Taken together these data suggest that regionalization in
terms of inflammatory and neurotrophic responses may occur between rostral and caudal
segments in acute SCI.

Keywords: microglia, proteomic analysis, inflammation, spinal cord injuries, dorsal root ganglion, chemokines,

neurotrophic, secreted protein

INTRODUCTION
Spinal cord injury (SCI) represents one of the most devastating
forms of trauma, often leading to permanent spastic paralysis in
humans (Beattie et al., 2002). After initial primary injury caused
by direct mechanical insult, the spinal cord tissue progressively
undergoes pathological changes that are associated with sec-
ondary damage affecting intact, neighboring tissue (Tator, 1995;
Schwab and Bartholdi, 1996). One of the key events of secondary
processes is related to the development of acute inflammation
characterized by fluid accumulation (edema) and the recruitment
of immune cells (neutrophils, T-cells, macrophages, and mono-
cytes) (Schwab and Bartholdi, 1996; Schwartz et al., 1999). In fact,
spinal cord microglial cells normally function as a kind of reactive
immune cells that begin to respond to signals after pathological
stimuli (injury, infection, or tumors) (Ransohoff et al., 2007) and
are activated at the lesion epicenter (Kreutzberg, 1996).

Although, it has been suggested that microglia/macrophages
can be polarized into M1-neurotoxic or M2-neuroprotective
states, and produce a variety of cytokines, chemokines and neu-
rotrophic factors, the mechanisms regulating microglial polarity
remain unclear (Aguzzi et al., 2013). In this context recent studies

indicate that macrophages can alter their phenotypes and func-
tions according to changes in the spinal cord microenvironment
during sub-acute and chronic phase. Thus, SCI triggers excessive
inflammatory response mediated by the invasion of predomi-
nantly M2 macrophages into and around the central lesion at
sub-acute phase, but not at chronic phase that is involved in
the formation of glial scar (Nishimura et al., 2013). These find-
ings correlate with accumulated data pointing to a chronological
time line expression of different degeneration and regeneration
associated genes that are involved in the pathogenesis and endoge-
nous repair or plasticity during days to months following SCI
(Gerin et al., 2011). However, not only microglia/macrophages
but also astrocytes, meningeal cells and fibroblasts together with
the increased production of inhibitory chondroitin sulfate pro-
teoglycans (CSPGs) are involved in the spinal cord pathogenesis
(Fitch and Silver, 1997).

Moreover, it seems that complex changes in gene and protein
expression as well as in cellular interactions are taking place not
only at the central lesion, but also in adjacent segments (above
and below central lesion). However, the exact mechanisms of
the proteins involved during secondary damage, inflammation,
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recruitment, and polarization of microglia, activation of astro-
cytes and glial scaring, remyelination, or axonal growth and
plasticity, remain to be further explored. Thus, to better under-
stand the secondary damage processes and plasticity, we used a
reliable and reproducible balloon-compression technique to pro-
duce SCI (Vanicky et al., 2001). Sham operated vs. SCI rat spinal
cord tissues were analyzed at 3 days post-lesion; when the polar-
ization of microglia into M2 phenotype seems to transiently (3–7
days) dominate (Kigerl et al., 2009). The collection of tissues from
epicenter and both adjacent segments above (rostral) and below
(caudal) the lesion allowed to study released molecules.

We, have taken advantages of proteomic technology to screen
and identify peptides in each spinal cord segment-derived con-
ditioned medium (CM), obtained in vitro, to better understand
protein composition changes along the rostro-caudal axis after
SCI with time (3, 7, 10 days). Afterwards, we have used these
CM for in vitro tests investigating the BV2 cells activation by
chemotaxis assay, western blot, and M1/M2 polarization through
CX3CR1 and CD206 expression, based on immunocytochemistry
in vitro and in vivo. Chemotaxis assays showed that BV2 cells
were highly responsive to the CM derived from rostral and lesion
segments, compared to CM from caudal site. Efficacy of neu-
rotrophic factors released from rostral and lesion segments was
confirmed on enhanced outgrowth of DRGs explants.

In summary we demonstrate that at 3 days after SCI, a clear
regionalization occurs between the rostral and caudal axes, with
expression of neurotrophic and immune modulatory factors in
the rostral region, in contrast to inflammatory and apoptotic
molecules in the caudal region.

EXPERIMENTAL PROCEDURES
CHEMICALS
All chemicals were of the highest purity obtainable. Water,
formic acid (FA), trifluoroacetic acid (TFA), acetonitrile (ACN),
and methanol (MeOH) were purchased from Biosolve B.V.
(Valkenswaard, the Netherlands). Sequencing grade, modified
porcine trypsin was purchased from Promega (Charbonnieres,
France).

ANIMALS
The study was performed with approval and in accordance to the
guidelines of the Institutional Animal Care and Use Committee
of the Slovak Academy of Sciences and with the European
Communities Council Directive (2010/63/EU) regarding the use
of animals in Research, Slovak Law for Animal Protection No.
377/2012 and 436/2012.

SPINAL CORD TRAUMA
The SCI was induced using the modified balloon compression
technique in adult male Wistar rats (n = 16), according to our
previous study (Vanicky et al., 2001). Manual bladder expres-
sion was required for 3–10 days after the injury. In the sham
group (control, n = 16) a 2-French Fogarty catheter was inserted
at the same level of spinal cord, but the balloon was not inflated
and no lesion was made. SCI animals (n = 16) were divided in
groups processed for immunohistochemistry (n = 4) and for CM
production (n = 12) with corresponding sham-controls.

TISSUE PROCESSING AND IMMUNOHISTOCHEMISTRY
Rats following SCI (n = 4) and sham surgery (n = 4) at day 3
were deeply anesthetized and perfused transcardially with saline,
followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate-
buffered saline. Spinal cords were removed, post-fixed in 4% PFA,
embedded in gelatin–egg albumin protein matrix (10% oval-
bumin, 0.75% gelatin, glutaraldehyde) and soaked overnight in
30% sucrose. Each spinal cord was dissected into 1.0 cm blocks
(lesion site, rostral, and caudal segments to the lesion) and 30-
μm thick transverse cryostat (Leica Instruments, Heidelberg,
Germany) sections were cut serially (100 μm interval) (n =
60 each segment) and standard immunohistochemistry (IHC)
technique was performed. Tissue sections were incubated in
the following primary antibodies: anti-Iba1 (a marker for
microglia/macrophages, rabbit IgG, 1:1000; Wako Pure Chemical
Industries, Osaka, Japan), anti-ED1 (a marker for monocytes,
mouse IgG,1:500; Chemicon, Millipore, Billerica, MA, USA),
anti-CX3CR1 receptor and anti-CD206 (a marker for M2 phe-
notype, rabbit IgG,1:100; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) that after wash in PBS was followed by secondary
fluorescent antibodies: goat anti-rabbit IgG conjugated with
Texas Red (Alexa Flour 594), goat anti-mouse IgG or goat anti-
rabbit IgG conjugated with Oregon Green dye (Alexa Flour 488).
Fluorescence conjugated secondary antibodies were purchased
from Molecular Probes, Oregon, USA. Omission of the primary
antibody served as the negative control. For nuclear staining,
we used 4-6-diaminidino-2-phenylindol (DAPI) (1:200). Finally,
sections were washed in 0.1M PBS, mounted, and cover slipped
with Vectashield mounting medium (Vector Laboratories, Inc.)
and observed under a fluorescence microscope (Nikon Eclipse Ti,
Japan) and confocal laser scanning microscope (Leica TCS SP5
AOBS, Leica Microsystems, Mannheim, Germany).

IHC QUANTIFICATION
Quantificative analyses of immunofluorescence staining for Iba1,
CX3CR1, and CD206 were performed on 8 sections/per ani-
mal (rostrally/caudally, n = 4 each; captured fluorescence digital
images) at 40× magnification and were analyzed by Image J soft-
ware according to the previous protocol (Jones et al., 2002). For
each SCI and sham group we analyzed totally 32 transverse sec-
tions (Iba1+/CX3CR1+/CD206+ n = 4). In the monochrome
8-bit images we have determined the mean gray level number
of black and white pixels within five identical sampling fields
(250 × 250 μm) in following regions: gray matter (summary dor-
sal + ventral areas), white matter divided into Dorsal, Lateral
and Ventral White Matter, and digitally subtracting a background
image of a control section from each image. The threshold values
were maintained at a constant level for all analyses.

COLLECTION OF CM FROM CONTROL AND LESIONED SPINAL CORD
SEGMENTS
Experimental SCI rats (n = 4) at 3, 7, and 10 days and sham-
operated-control rats (n = 4) were sacrificed by isoflurane anes-
thesia followed by decapitation. The spinal cord was pressure
expressed by injecting sterile saline (10 ml) throughout the ver-
tebrate canal, along the caudo-rostral axis. Each spinal cord was
macroscopically observed and the central lesion distinguished at
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the Th8-Th9 level. Samples (approximately 1.0 cm each) taken
from the central lesion (Th7-Th11) rostral (Th2-Th6) and cau-
dal (Th12-L3) segments to the site of injury were additionally
chopped into 0.3 cm thick sections/3 per segment and deposited
into a 12-well culture plate containing 1 ml DMEM without fetal
calf serum (FCS). After 24 h incubation in a humidified atmo-
sphere with 5% CO2 at 37◦C, 1 ml of SCI-derived conditioned
media CM (CM-SCI) were collected (rostral, lesion, caudal seg-
ments) and centrifuged 30 min at 15,000 rpm at 4◦C. The same
procedure was performed for obtaining CM from sham spinal
cord tissue. From the 1 ml stock 50 μL samples were then taken
and subjected to trypsin digestion (24 h, 37◦C) followed by desalt-
ing using C18 ziptips (Millipore). The solution was dried under
vacuum and resuspended in water /5% acetonitrile /0.1% formic
acid before injecting into nanoLC. Unused samples were stored
at −80◦C.

CHEMOTAXIS ASSAYS
The effects of CM obtained from control (CM CTR) or injured
spinal cord (CM SCI) along the rostral (CM RSCI), lesion
(CM LSCI) or caudal segments (CM CSCI) on microglial
recruitment were determined using the Boyden chambers (Cell
Biolabs, CytoSelect™ 96-Well Cell Migration Assay, 5 μm) (Smith
et al., 2008). The BV2 cells (Species: mouse, C57BL/6; Tissue:
brain, microglial cells) were purchased from the IRCCS Azienda
Ospedaliera, Universita San Martino (Italy) (Bocchini et al.,
1992) and initially cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium supplemented with 10% FCS and 1%
penicillin/streptomycin (P/S), and split twice a week to obtain
a sufficient number of BV2 cells. Before experiment, cells were
plated in Dulbecco’s Modified Eagle’s Medium (DMEM) with
P/S (all reagents from Invitrogen). Replacement of RPMI with
DMEM did not decrease the viability of BV2 cells nor changed
their morphological pattern (data not shown). In the first experi-
ment, BV2 cells at a concentration of 50,000 per insert were placed
into the upper chamber while the CM from control and from dif-
ferent segments (rostral, lesion and caudal) of the injured spinal
cord were filled into the lower one (1:3, CM: DMEM) and then
cultured for 3 h. Prior to application, the CM from each spinal
segment was centrifuged 10 min at 1500 rpm and sterilized with
0.22 μm filters. The protein concentration (2.15–2.8 μg/10 μl/per
each CM) was assessed by Bradford protein assay. ATP (10 μM)
was used as positive control for microglial cell recruitment. The
migrating BV2 cells were detected by Hoechst staining and the
number of cells was counted on dissected membranes trans-
ferred on glass slides and mounted with Vectashield mounting
medium (Vector Laboratories, Inc. on LinkedIn). Three different
counts were performed under a Nikon Eclipse Ti microscope with
motorized stage.

IMMUNOFLUORESCENCE ANALYSIS OF BV2 CELLS
For detection of CX3CR1 receptor, BV2 cells were grown on Poly-
L-Ornithine-Coated Glass Coverslips in DMEM with 10% FBS,
1% P/S, for 24 h and then washed and treated with CM LSCI
(1:3, CM LSCI:DMEM lacking FCS) or CM CTR, for 24 h BV2
cells were fixed with 4.0% paraformaldehyde, treated with 0.2%
Triton X-100, and blocked with 2% normal goat serum (NGS,

Sigma-Aldrich). Afterwards, they were sequentially incubated
with anti-CX3CR1 antibody (1:100, Santa Cruz, USA), followed
by FITC-conjugated goat anti-rabbit IgG, and 4,6-diamidino-
2 phenylindole (DAPI, Sigma-Aldrich, Germany) solution, and
examined using a fluorescence and confocal microscope (Leica,
Germany).

WESTERN BLOT ANALYSES
Western Blot analysis was carried out from BV2 cell extracts as
previously described (Salzet et al., 1993). Blots were blocked with
5% milk in PBS for 45 min and incubated overnight at 4◦C with
a rabbit CX3CR1 antibody diluted 1/200. Detection was per-
formed by enhanced chimioluminescence (Amersham, France)
after 1h incubation with a peroxidase-conjugated secondary anti-
body (Aventis, Sanofi Pasteur, France) diluted at 1/20,000.

DORSAL ROOT GANGLION EXPLANTS
DRGs were isolated from the thoracic and lumbar spinal levels
of a total of 3 Wistar rats (P2, n = 50). Under aseptic condi-
tions, the DRG explants were prepared by trimming nerve roots
using microsurgical scissors. Afterwards each explant was trans-
ferred to laminin pre-coated glass slides (0.1 mg/ml) in 12-well
tissue culture plates (Costar, Corning, USA) with DMEM/F12
culture medium supplemented with: (i) CM CTR, (ii) CM RSCI
segment, (iii) CM LSCI, (iv) CM CSCI (1:3, CM: DMEM) dur-
ing 7days in vitro (7DIV). Control DRGs neurite outgrowth was
induced with DMEM-F12 containing epidermal growth factor
(EGF) and basic fibroblast growth factor (bFGF) (20 ng/ml/ each
factor, 1% B27, 0.5% N2) during 7DIV. For all DRGs we have used
standard IHC procedures to visualize neurite outgrowth. Briefly,
DRGs were incubated in mouse anti-Neuron-specific class III
beta-tubulin (TUJ1) (1:200; Merck) for 24 h at 4◦C. Afterwards,
they were washed in 0.1 M PBS and incubated for 2 h with goat
anti-mouse IgG (Alexa Flour 488). For nuclear staining, we used
DAPI (1:200). Finally, they were mounted, and cover slipped
with Vectashield mounting medium (Vector Laboratories, Inc.).
Digitized images of DRGs/per treatment (n = 6) were captured
and saved with NIS-Elements Ar Microscope Imaging Software
(Nikon). The outgrowth of neurite was analyzed at identical
sampling fields, for each CM experiment by Image J software
according to the above mentioned method applied for primary
antibodies quantification.

STATISTICAL ANALYSIS
All data are reported as the mean ± s.e.m. One-Way ANOVA fol-
lowed by the Tukey-Kramer test for multiple comparisons was
used in the analyses of the Iba1+/CX3CR1+/CD206 in the spinal
sections and for the chemotaxic results. Repeated-measures Two-
Way ANOVA followed by the Tukey-Kramer test was used for the
DRGs/TUJ1+ neurite outgrowth analysis. Statistical significance
was set at ∗p < 0.05; ∗∗P < 0.01, ∗∗∗P < 0.001.

PROTEOMIC STUDIES
Digestion of CM
Fifty μL of the solution of CM obtained from the control spinal
cord and along the lesion or rostral and caudal segments after SCI
were added to 20 μL of a solution of DTT (50 mM) in NH4HCO3

buffer (50 mM) (pH = 8) and heated for 15 min at 95◦C. After
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cooling, 20 μL of a solution of IAA (100 mM) in NH4HCO3
buffer (50 mM) were added and the mixture was incubated for
15 min at room temperature in the dark. 10 μL of a solution of
trypsin (20 μg/mL) in NH4HCO3 (50 mM) were then added and
the sample was incubated overnight at 37◦C.

Tissue protein extraction
Twenty μm spinal cord tissue sections were mounted on a
parafilm covered glass slide and the tissue was microdissected
manually using a binocular. The pieces were extracted by incubat-
ing in 20 μL of 50 mM bicarbonate buffer containing 50mM DTT
and 1% SDS at 55◦C for 15 min. The extracts were then loaded
on 12% polyacrylamide gel and separated at 70V for 15 min and
then 120V until the dye front reaches the other end of the gel.
After migration, the gel was incubated in the gel fixative solu-
tion for 30 min and stained with colloidal Comassie brilliant blue
overnight. The stain was removed by washing the gel four times
with distilled deionized water.

In gel digestion
The gel was cut into ten pieces. Pieces were washed with 300 μL
of distilled deionized water for 15 min, 300 μL of ACN for 15 min
and 300 μL of NH4HCO3100mM (pH8) for 15 min. Then a mix
of 300 μL of NH4HCO3/ACN (1:1, v/v) for 15 min and 300 μL
of ACN for 5 min. Band pieces were dryed in a Speedvac for
5 min. The reduction of cystine residues was made with 50 μL of
10 mM of DTT in NH4HCO3 100 mM (pH8). Pieces were incu-
bated at 56◦C for 1 h. Alkylation of cystine was made with 50 μL
of 50 mM of IAA in NH4HCO3 100 mM (pH8). Pieces were incu-
bated at room temperature in the dark for 30 min. Band pieces
were washed a second time with 300 μL of NH4HCO3 100 mM
(pH8) for 15 min. Then a mix of 300 μL of NH4HCO3/ACN (1:1,
v/v) for 15 min and 300 μL of ACN for 5 min. Band pieces were
dryed in a Speedvac for 5min. A digestion of band pieces was
made with trypsin (12.5 μg/mL) in NH4HCO3 20 mM (pH8),
enough to cover pieces. Pieces were incubated at 37◦C overnight.
Peptides were extracted on shaking platform with 50 μL of FA
1% two times for 20 min, then 150 μL of ACN for 10 min. The
supernatant was transferred in new tube and dried with Speedvac.

NanoLC-HR-MS/MS
Samples were separated by online reversed-phase chromatog-
raphy using a Thermo Scientific Proxeon Easy-nLC system
equipped with a Proxeon trap column (100 μm ID × 2 cm,
Thermo Scientific) and a C18 packed-tip column (100 μm ID ×
15 cm, Nikkyo Technos Co. Ltd.). Peptides were separated using
an increasing amount of acetonitrile (5–40% over 110 min) at a
flow rate of 300 nL/min. The LC eluent was electrosprayed directly
from the analytical column and a voltage of 1.7 kV was applied
via the liquid junction of the nanospray source. The chromatog-
raphy system was coupled to a Thermo Scientific Orbitrap Elite
mass spectrometer programmed to acquire in a data-dependent
mode. The survey scans were acquired in the Orbitrap mass ana-
lyzer operated at 120,000 (FWHM) resolving power. A mass range
of 400–2000 m/z and a target of 1E6 ions were used for the sur-
vey scans. Precursors observed with an intensity over 500 counts
were selected “on the fly” for ion trap collision-induced dissocia-
tion (CID) fragmentation with an isolation window of 2 amu and

a normalized collision energy of 35%. A target of 5000 ions and a
maximum injection time of 200 ms were used for CID MS2 spec-
tra. The method was set to analyze the 20 most intense ions from
the survey scan and dynamic exclusion was enabled for 20 s.

Data analyses
Tandem mass spectra were processed with Thermo Scientific
Proteome Discoverer software version 1.3. Resultant spectra were
searched against the Swiss-Prot® Rattus norvergicus database (ver-
sion January 2012) using the SEQUEST® algorithm. The search
was performed choosing trypsin as the enzyme with two missed
cleavages allowed. Precursor mass tolerance was 10 ppm, and
fragment mass tolerance was 0.5 Da. N-terminal acetylation,
methionine oxidation and arginine deamination were set as vari-
able modifications. Peptide validation was performed with the
Percolator algorithm. Peptides were filtered based on a q-Value
below 0.01, which corresponds to a false discovery rate (FDR)
of 1%.

Label free quantification with Scaffold 4 software
Scaffold (version Scaffold 4.0.6.1, Proteome Software Inc.,
Portland, OR) was used to validate MS/MS based peptide and
protein identifications and label free quantification (Gstaiger
and Aebersold, 2009). Peptide identifications were accepted if
they could be established at greater than 50% probability by
the Peptide Prophet algorithm (Keller et al., 2002) with Scaffold
delta-mass correction. Protein identifications were accepted if
they could be established at greater than 90% probability and
contained at least 2 identified peptides. Protein probabilities
were assigned by the Protein Prophet algorithm (Choi et al.,
2008). Proteins that contained similar peptides and could not
be differentiated based on MS/MS analysis alone were grouped
to satisfy the principles of parsimony. Normalization was done
on top 3 total ion current (TIC) in addition to spectral
counting.

RESULTS
Here, we investigated nature of the factors released in CM derived
from three spinal cord segments (rostral, central lesion, cau-
dal) obtained 3, 7, and 10 days after SCI and correlated its
molecular composition with the in vitro and in vivo analyses
(Figure 1).

BV2 CELLS ARE STIMULATED WITH CM FROM INJURED SPINAL
TISSUE
Microglia recruitment response to CM from SCI
Proteins secreted from segmental fragments of injured and con-
trol spinal cords were analyzed after 24 h in vitro incubation. The
regionalization between rostral and caudal segments from the
lesion has been taken into account and each collected CM has
been individually tested on microglial BV2 cells using Boyden
chambers. BV2 cells were counted by using Hoechst-labeling
(Figure 2A). More than a 37-fold increase of attached microglial
cells were observed with the CM from the rostral and lesion
regions (Figures 2A,C,D), compared to the CM from control
or ATP application (number of nuclei in the identical sampling
fields: control = 4.2 ± 1.6, rostral = 129.6 ± 8.5, lesion = 145 ±
12, caudal = 27.1 ± 3.8, ATP = 15.0 ± 5.3) (Figures 2A,B).
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FIGURE 1 | Schematic design of the experimental procedure used in this study.

FIGURE 2 | CM SCI-induced BV2 cell chemotaxis in the transwell assay.

Activated BV2 cells were quantified by counting the number of Hoechst-labeled
cells attached to the Boyden membrane after incubation with CM from control
spinal segment (A,B,B’), with CM from rostral (A,C), lesion (A,D) and caudal
(A,E) segments after SCI and ATP (A). Significant increase of attached microglia

occurred when BV2 cells were incubated with CM from rostral (A,C), lesion
(A,D) and caudal (A,E) segments. Note, marked nuclear hypertrophy of
microglia following CM LSCI activation (C’) when compared to control (B’). Data
are represented as mean ± s.e.m. ∗∗P < 0.01, ∗∗∗P < 0.001, One-Way ANOVA
followed by Tukey-Kramer test. Scale bars (B–E) = 50 μm; (B’,C’) = 10 μm
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FIGURE 3 | Quantification of DRG explant neurite outgrowth in

response to culture media. M+GF (DMEM+ growth factors), M-GF
(DMEM without growth factors), and conditioned media: CM CTR (control
spinal cord), after SCI: CM RSCI (rostral segment), CM LSCI (lesioned
segment), CM CSC (caudal segment) (A). The image of TUJ1 stained

DRG explants after selecting the area to be analyzed and thresholding
the number of pixels covered by the extending neuritis, but not the DRG
cell body (asterisk) (B). Representative immunofluorescence images of
TUJ1 positive DRG explants exposed to CM RSCI (C), CM LSCI (D), and
CM CSC (E). Scale bars (B–E) = 400 μm.

In addition, comparison of microglia recruitment showed 5-fold
higher activity using lesion and rostral CM when compared to
the caudal one (Figures 2A,E). Furthermore, a marked nuclear
hypertrophy of microglia was detected following activation, com-
pared to control (Figures 2B′,C′).

DRGs NEURITE OUTGROWTH
For quantification of neurite growth, the surface area out-
side the ganglion that was covered with neurites was deter-
mined (Figure 3B). This showed that enhanced TUJ1 positive
neurite outgrowth from DRG explants was induced with CM
LSCI (Figure 3D), and about half the growth was observed
after culturing with CM RSCI (Figure 3C), if compared with
control (Figure 3A). Conversely, almost no outgrowth from
DRG explants was found after incubation with CM CSCI
(Figure 3E), CM CTR nor with media lacking GFs (M-GFs)
(Figure 3A). Thus, the outgrowth induced with CM LSCI was
the most pronounced, and DRG explants sent large radial
projections to the peripheral area (<500 μm). In addition,
bright field images of DRGs confirmed a high number of
migrating cells with neuron-like bipolar and fibroblast-like
morphology scattered around those explants expressing high
neurite outgrowth (CM CTR, CM LSCI) (Suppl. data 1).
The mean value % of neurite outgrowth for each group
was: 100% ± 9.1 = M + GFs; 4.07% ± 1.28 =M − GFs;

5.42% ± 1.7 = CM CTR; 50.38% ± 3.15 = CM RSCI;
103.9% ± 7.76 = CM LSCI; 4.03% ± 0.76 = CM CSCI. (∗∗∗P <

0.001).

Proteomic studies
We pointed out in our above results that a regionalization
occurred between the rostral and the caudal segments in terms
of factors secreted, i.e., neurotrophic and chemoattractant from
the rostral segment, whereas none were from the caudal one. In
this context, we investigated at a proteomic level the content of
the SCI CM released from each spinal cord segment in order to
identify these secreted factors. These experiments have been done
on 4 SCI rats and 4 sham-operated rats per each survival (3, 7, 10
days). Among the identified proteins, those with a score under 5
were removed from subsequent analyses because they were iden-
tified from the MS/MS to have less than two peptides. We then
evaluated the number of common peptides between the CM of
interest. Each accession number, protein description, gene name
and relative score associated with the selected proteins is reported
in (Suppl. data 2–4). The Venn diagram presented in Figure 4A
illustrates the common identifications between rostral, caudal,
lesion SCI and control without lesion. Specific proteins have also
been detected for each segment after SCI. In fact, 553 specific pro-
teins have been detected in lesion (Figure 4A). 153 ± 3 (n = 5)
proteins are in common between control, rostral and caudal SCI.
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FIGURE 4 | (A) Venn diagram representations of the common
identifications after shot-gun analyses between CM derived from rostral,
caudal, lesion SCI segments and control spinal cord segments without
lesion. (a) consists of a comparison between control (CTL) and lesion (L),
(b) Control (CTL), Rostral (R) and Caudal (C), (c) lesion, rostral, caudal
and (d) control, lesion, rostral or control, lesion, caudal (see Suppl. data
1–4). (B) Label–free quantification of immune modulators, neurotrophic,
and growth factors and apoptotic molecules identified in control, rostral,

caudal, lesion segments using Scaffold_4.0.6.1. (CLCF1, cardiotrophin-like
cytokine factor 1; EMAPII, endothelial monocyte-activating polypeptide;
GDNF, glial cell-derived neurotrophic factor; CDNF, conserved dopamine
neurotrophic factor; MANF, mesencephalic astrocyte-derived neurotrophic
factor; HDGF, mesencephalic astrocyte-derived neurotrophic factor;
MFG-E8, milk fat globule-EGF factor 8 protein; FGF, fibroblast growth
factor; MSP, macrophage stimulating protein; PDGF, platelet-derived
growth factor; FIGF, C-Fos induced growth factor).

In addition, 14 ± 1 (n = 5) proteins are in common between
control and rostral SCI whereas only 9 ± 4 (n = 5) are found
in both caudal SCI and control (Figure 4Aa–d). Comparison
between caudal and rostral SCI showed 481± 3 (n = 5) pro-
teins in common. Experiments have been redone 5 times and the
number of proteins identified in each condition was very close
(±4). The Venn diagram (between rostral and caudal SCI after
elimination of the proteins in common with the ones detected
in normal SC) confirmed the chemotaxis data. In fact, not only
do the rostral and caudal CM have proteins in common but
also some specific proteins compared to each other (Figure 4A).
As presented in Table 1, for the first time in shot-gun analyses
from CM, chemokines have been identified and quantified by
label–free quantification (Suppl. data 5) in the lesion and rostral
segments, e.g., CXCL1; CXCL2; CXCL7, CCL2, CCL3, CCL22,
CLCF1, EMAP II. These chemokines and the neurotrophic factors
(TGF®, FGF-1, PDGF, and FIGF1) detected in these regions
clearly showed the presence of factors that are known to be
immune-modulators and are neurotrophic (Figure 4B). Together,
these factors are known to polarize the macrophages/microglial
cells in the M2 phenotype (Figure 4B). Thus, three days after SCI,
factors secreted by the cells present at the lesion and in the ros-
tral segment (Table 1) are in neuroprotective and neurotrophic

environment whereas those from the caudal region are more
apoptotic. The complete screening of the CM confirmed such
evidence. In fact, more neurotrophic factors have been detected
in the lesion and rostral part, i.e., CTGF (Connective tissue
growth factor), NOV (Protein NOV homolog), PIGF (Placenta
growth factor), FGF-1 (Fibroblast growth factor 1), BMP 2 or
BMP3 (Bone morphogenetic proteins (2 or 3), NGF, PGF, TGF
beta (1–3) (Transforming growth factor beta), periostin, GAP-43,
neurotrimin, neurofascin, Hepatocyte growth factor-regulated
tyrosine kinase substrate (HGS). Also, molecules involved in
neuronal development/differentiation/neuronal migration, i.e.,
CRIP1 (Cysteine-rich protein 1), DRP-5 (Dihydropyrimidinase-
related protein 5), Negr1 (Neuronal growth regulator 1), NCAN
(Neurocan core protein), CD44, Wnt8, syndecan-4, nexin, Bcl-
2, were identified. Specific factors involved in immune cell
chemotaxis or cellular adhesion, including complement factors
(C1qb, C1qc, factor D, factor I, CD59), tetraspanins (CD9,
CD82), and CD14 have also been characterized. In the contrast,
proteins from the caudal region are more related to necrosis fac-
tors (BAX, BAD, Casapase 6, neogenin), cytoskeleton proteins,
synaptic vesicle exocytosis, chemoatractant factors and neuronal
postsynaptic density (Figure 4B, Table 1). Only BMP2, BMP3,
and HGS have been detected. Comparison of proteins identified
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Table 1 | List of proteins identified by shot-gun issue from CM (24 h)

of central lesion, adjacent rostral and caudal segments after SCI at 3

days.

Protein family Accession

number

Protein name SCI 3D

Lesion Rostra Cauda

Chemokines P14095 CXCL1

P30348 CXCL2

Q99ME0 CXCL7

O08565 CXCR4

P14844 CCL2

P50229 CCL3

Q5I0L5 CCL22

Cytokines Q320X2 EMPAII

F7EKG3 CLCF1

Lectins O88201 CLEC11a

P11762 GAL-1

P08699 GAL-3

CD P40241 CD9

Q63691 CD14

P26051-2 CD44 isoform 1

P27274 CD59

Q6P9V1 CD81

O70352 CD82

D3ZNV9 CD93

P20786 CD140a

Complement P31720 C1qa

P31721 C1qb

P31722 C1qc

P01026 C3

P08649 C4

P32038 Factor D

Q9WUW3 Factor I

Growth factors P07936 GAP-43

Q9R1E9 CTGF

Q9QZQ5 NOV

Q63434 PLGF

P70521 MSP

P70490 MFG-E8

Q63740 PDGF

O35251 FIGF

D3ZNW5 Neurofascin

P17246 TGFb1

Q07257-2 TGFb2

Q07258 TGFb3

P61149 FGF-1

P49002 BMP2

P49001 BMP3

D3ZCR6 Periostin

Q9JJ50-2 HGS

Q62718 Neurotrimin

(Continued)

Table 1 | Continued

Protein family Accession

number

Protein name SCI 3D

Lesion Rostra Cauda

Response to
stress

P04094 proenkephalin

Q8N729 Neuropeptide
W Precursor

Neuronal
development/
differentiation

P47875 Cysteine-rich
protein 1

P36201 Cysteine-rich
protein 2

Q9JHU0 DRP-5

Q9Z0J8 Negr1

P55067 Ncan

The black shade corresponds to the proteins identified in the concerned case.

from the lesion rostral and caudal regions gave 122 proteins spe-
cific to the lesion site, 100 to the rostral segment, and 146 to the
caudal one (Table 1). Nevertheless, 60 proteins are in common
between the rostral and the lesion, and among these proteins,
chemokines and neurotrophic factors have been only detected in
these segments and never in the caudal part. Thus, 3 days after
SCI, a clear regionalization occurs between the rostral and caudal
regions (Table 1). These data can explain why initial sprouting
and neurite outgrowth occur within the rostral and lesion parts
and no regenerative processes can be found in the caudal part,
although microglial cells are present and are in an activated state.
Tissue proteomic analyses have been performed 3, 7, and 10 days
after SCI. 801 common proteins to both 3 conditions have been
identified. 58 specific proteins have been identified at 3 days, 446
at 7 days, 62 at 10 days after SCI. 230 proteins are common to
both 7 and 10 days after SCI whereas only 41 between 3 and
10 days after SCI. Neurotrophic factors have been identified at
3 days, diminished at 7 days and disappeared at 10 days after
SCI. However 10 days after SCI, proteins related to synaptogenesis
have been detected, e.g., R–SNARE synaptobrevine, Q–SNAREs
(SNAP25), GTPases (Rab proteins family), les synaptogenines,
syntaxines, synaptotagmine. This reflected that 10 days after SCI
proteins involved in axonal reconnection and synaptic transmis-
sion are expressed. This reflects that a neurorepair process has
started (Table 2). In contrast, at the caudal segment, the protein
profile is always inflammatory and apoptotic whatever the days
after SCI (Data not shown).

MICROGLIA EXPRESSION IN CONTROL AND INJURED SPINAL CORD
TISSUE
Antibodies against Iba1 exhibited moderate expression of resident
microglia (Figures 5A,A′,A′′). After SCI, microglia changed into
an activated phenotype: marked cellular hypertrophy and thick,
short and radially projecting processes with fewer ramifications
(Figures 5B,B′,B′′,C,C′). This was confirmed by quantification
analyses, which showed some disparities between microglia
accumulated in the dorsal white matter of the rostral and cau-
dal spinal cord segments (Figures 5C,C′, 6A–D). Significant
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Table 2 | Identified proteins from rostral tissue sections in time

course after SCI.

Protein family Accession

number

Protein name 3 Days 7 Days 10 Days

Neurotrophic
factors

P07936 GAP-43

Q9R1E9 Cntf

Q9QZQ5 NOV

Q63434 Plgf

D3ZNW5 Neurofascin

Q923W4 HDGR3

P0C5H9 MANF

P17246 TGFb1

Q07257-2 TGFb2

Q07258 TGFb3

P61149 Fgf-1

P49002 BMP2

P49001 BMP3

D3ZCR6 Periostin

Q9JJ50-2 HGS

Q62718 Neurotrimin

Q6P686 Ostf1

Synaptogenesis
factors

P60881 SNAP25

SNAP29

D4ABK1 SYNGR

Q03410 SYCP1

Q62910-5 SYNJ-1

P09951-2 SYN1

Q63537 SYN2

P21707 SYT1

P29101 SYT2

Q02563 SYV2A

P07825 SYNPH

Q5EGY4 Synpatobrevin

P63012 Rab3a

A1L1J8 Rab5b

P09527 Rab7A

P35281 Rab10

O35509 Rab11

Q6AXT5 Rab23

Q99P74 Rab27

Q6GQP4 Rab31

The gray shade corresponds to the proteins identified in the concerned case.

enhancement of Iba1 positive microglia occurred in the rostral
dorsal white matter (Figure 6B), while in other areas we did not
detect significant differences between the rostral and caudal seg-
ments. The spinal cord tissue at the central lesion was severely
damaged, losing its typical anatomical architecture (Suppl. data
6). Therefore, we could not quantify Iba1 positive profiles at
the lesion site. In addition, the entire dissected central segment
(±5.0 mm) showed dense and homogenous infiltration of Iba1
and ED1 positive macrophages (Suppl. data 7). However, out of

the central lesion, toward the rostral or caudal segments, Iba1
macrophages together with migrated ED1 monocytes occupy
mainly the lesion cavity and accumulate at the lesion penum-
bra (Suppl. data 7). In addition, we could clearly distinguish
the monocyte-derived amoeboid Iba1 microglia concentrated
within the dorsal WM, while hypertrophied microglia with ram-
ified processes retained at the gray matter tissue (Suppl. data
7). Furthermore, by immunofluorescent double labeling of ED1
and Iba1 we confirm the distribution of macrophages through-
out the rostro-caudal extent of spinal contusion lesions (Suppl.
data 7). All data are included in Table 3. To confirm the key role
of inflammation and not gliosis at 3 days after SCI we studied
response of astrocytes by GFAP IHC. Here we show that injury
resulted into decreased number of GFAP positive profiles, with
short processes surrounded by debris. These GFAP+ profiles were
impaired, when compared to fine star like astrocyte morphology
found in sham spinal cord sections (Suppl. data 8).

EXPRESSION OF CX3CR1 RECEPTOR AND CD206+ PROFILES ALONG
THE ROSTRO-CAUDAL AXIS IN SPINAL CORD TISSUE
The proteomic data showed that factors released from the rostral
and lesion segments express neuroprotective and immunomod-
ulatory properties, whereas the ones found in the caudal are
more inflammatory. In this context, we focus our attention
on the CX3CR1 receptor which is known to be expressed in
immune cells expressing an M2 profile characterized by pro-
duction of neurotrophic factors and immune modulators like
CXCL1, CXCL2, CXCL3, CCL1, CCL2, CCL22, EMAP II, and
CLCF1, factors that were identified in CM derived from ros-
tral and lesion segments. Expression of CX3CR1 in sham spinal
cord tissue was low, with homogenous distribution in whole
layers of the spinal cord with occasionally labeled microglia
(Figures 7A,A′,C,D). However, SCI after 3 days induced a signif-
icant upregulation of CX3CR1 expression in the dorsal, ventral
gray and white matter. This upregulation seems to co-localize
with spinal microglia and recruited monocytes within dam-
aged tissue (Figures 7B,B′,E). Higher expression of CX3CR1 was
detected in rostral segments (Figures 7B,B′,E) when compared to
the caudal spinal cord tissue at day 3 post-injury which was val-
idated by quantification of CX3CR1 immunohistochemistry in
coronal sections (Figure 8D). Similarly, CD206+ macrophages
significantly increased in both rostral and caudal spinal seg-
ments when compared to corresponding areas of sham operated
rats. However, we did not found differences along the rostro-
caudal axis, thus the white and gray matter were infiltrated
with large multipolar macrophages with elongated processes
(Figures 7C,C′, 8E).

In order to evaluate the part of infiltrating macrophage that
can also express the CX3CR1 receptor, double labeling using anti-
CX3CR1 (red) and anti-ED1 (green) was performed in the dorsal
white matter at the level of rostral and caudal segments three days
after SCI. Results confirm that a clear labeling for CX3CR1 is
found in the rostral segment (Figure 8A) and lower in the caudal
segment (Figure 8B). No co-localization was detected between
CX3CR1 and ED1 labeling indicating that macrophages did not
express CX3CR1 receptors (Figure 8C, arrows indicate the Iba1
labeling distinct from the ED1).
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FIGURE 5 | Comparison of Iba1 immunoreactivity (IR) in coronal

thoracic spinal cord sections of sham rats (A,A’) and rats 3 days

after injury in rostral (B,B’) and caudal segments (C,C’) in the

dorsal (upper) and ventral horn (lower panel). Note, significantly

increased number of activated Iba1-positive microglia in both rostral
and caudal segments within the dorso-ventral axis of gray matter as
well as throughout corresponding white matter. Scale bars
(A,A’–C,C’) = 150 μm.

MODULATION OF CX3CR1 IN BV2 CELLS
Naive BV2 cells did not show any signal for CX3CR1
(Figure 9A) similar to the negative control, when using
only the secondary antibody (Figure 9B). Following 24 h
stimulation of BV2 cells with CM RSCI, multipolar or round
cells (arrows) expressed strong CX3CR1 immunofluorescence
(Figures 9C,C′,D). Interestingly, it can be noticed that the
labeling was either vesicular (Figure 9C′), or membranous
(Figure 9D), which demonstrates an receptor from Golgi to
membrane after activation of the BV2 cells with CM from an
injured spinal cord. No labeling using anti-CKR2, a marker for
M1 polarization of macrophages and microglial cells, has been
found in control nor in BV2 cells stimulated with CM R SCI (data
not shown). Western blot analysis showed the presence of a spe-
cific band at 34 kDa (Figure 9E) corresponding to the CX3CR1
receptor only in BV2 cells stimulated with CM RSCI.

DISCUSSION
In the present study, we show that the activated Iba1 positive
microglia increased in all evaluated areas following SCI, but
the significant differences between rostral and caudal segments
occurred only within the dorsal white matter, where the impact of
damage is most prominent in this SCI animal model. Thus, this
discrepancy could be accounted in part to the presence or absence
of macrophages derived from CNS-residing microglia or from
blood-derived monocytes invading the most damaged regions
at the rostral and caudal spinal levels (Mawhinney et al., 2012).

Previous work have shown that after SCI, pro-inflammatory
cytokines are upregulated by microglia and macrophages in the
first few days after injury. These inflammatory mediators are also
produced by other cell types in the lesioned spinal cord (Pineau
and Lacroix, 2007; Pineau et al., 2010). Thus, after SCI, a com-
plex array of chemokines and cytokines regulate myelopoiesis and
intraspinal trafficking of myeloid cells. As these cells accumulate
in the injured spinal cord, the collective actions of diverse cues in
the lesion environment help to create an inflammatory response
marked by tremendous phenotypic and functional heterogeneity.
Indeed, it is difficult to attribute specific reparative or injurious
functions to one or more myeloid cells because of convergence
of cell function and difficulties in using specific molecular mark-
ers to distinguish between subsets of myeloid cell populations
(Hawthorne and Popovich, 2011). The temporal activation of
the myeloid cell lineage leads within minutes of SCI to the cre-
ation of a heterogeneous network of multifunctional cells that
could be able of promoting injury and repair of neural tissue.
Microglia are among the first myeloid cells to be set in motion,
responding to changes in extracellular ions and ATP within min-
utes to hours post-injury followed by neutrophils (Hawthorne
and Popovich, 2011). Neutrophils arrive first between 3 and 24 h
post-injury. Then monocytes arrive later, ∼2 to 3 days post-
injury with maximal infiltration occurring 1–2 weeks post-injury.
At 3 days post-injury data obtained by cDNA microarray and
quantitative real-time PCR analyses, showed that macrophage
expressed M1 and M2 markers, but the M1/M2 ratio determines
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FIGURE 6 | Density of Iba1-IR microglia (n = 4) in the spinal cord

of sham and rats after SCI in gray (A), White Matter (B,C,D);

Dorsal White Matter (B), Lateral White Matter (C) and Ventral

White Matter (D). Density of Iba1-IR positive microglia was
significantly higher in all analyzed areas after SCI when compared to

sham. Significant differences between rostral and caudal segments
occurred only at the dorsal white matter (B). Data are presented as
mean ± s.e.m., ∗P < 0.05 (B–D), ∗∗∗P < 0.001 (A,B) for sham vs.
SCI, or rostral to caudal after SCI for group comparison (ANOVA)
followed by Tukey-Kramer test.

Table 3 | Quantification of Iba1, CX3CR1 and CD206 immunoreactivities in sham, SCI tissue from rostral and caudal segments at 3 days.

Sham rostral SCI rostral Sham caudal SCI caudal

DENSITY OF Iba1

GM 14.6 ± 1.5 9.1 ± 1.3 15.5 ± 0.4 20.3 ± 1.4

WMD 12.1 ± 1.4 24.6 ± 6.2 12.8 ± 0.9 20.7 ± 3.7

WML 10.8 ± 1.7 16.1 ± 6.4 11.3 ± 0.8 16.1 ± 3.9

WMV 8.6 ± 1.4 12.2 ± 1.3 11.2 ± 4.6 15.6 ± 4.8

DENSITY OF CX3CR1

GM 5.1 ± 1.07 22.8 ± 3.2 4.2 ± 1.8 16.2 ± 3.8

WM 2.0 ± 1.32 17.27 ± 4.4 3.0 ± 1.6 8.0 ± 2.6

DENSITY OF CD206

GM 8.8 ± 1.1.7 27.8 ± 4.6 9.2 ± 1.9 28.2 ± 2.8

WM 4.8 ± 1.2.1 28.4 ± 5.4 5.4 ± 2.4 26.8 ± 4.4

whether CNS macrophages contribute to axonal regeneration
after SCI (David and Kroner, 2011). Here we also confirm that
CX3CR1 immunoreactivity was up-regulated after SCI, reveal-
ing most prominent expression within the gray and white matter
of rostral spinal segments. This may coincide with both acti-
vated intraspinal microglia as well as with monocytes invading
the lesion already 3 days post-injury, as confirmed in the present
study with ED1 immunoreactivity. It is important to point out
that monocyte recruitment after SCI is a dynamic process that
initiates within the first days post injury, but is further accelerated

during longer survival (Kullberg et al., 2001; Stanislaus et al.,
2001). However, in the present study, co-localization experiments
between CX3CR1 and ED1 did not confirm that macrophage
expressed an M2 profile, while it seems more likely to be expressed
in resident microglia.

Based on advanced proteomic analyses, we were trying to find
a correlation between the immune response along the rostro-
caudal axis and the content of released molecules 3, 7, and 10 days
after injury. This is the first time that chemokines were identified
by shot-gun analysis in the CM derived from rostral to caudal
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FIGURE 7 | Comparison of CX3CR1 expression in representative

cross sections of thoracic spinal cord from sham and SCI rats at

the rostral and caudal segmental levels. CX3CR1 showed low
expression pattern in sham, throughout GM (dorso-ventral axis) and
WM (A,A’,D), while injury stimulated CX3CR1 up-regulation (B–E),
particularly at rostral segments (B,B’,E). Note, higher magnification of
homogenous-membranous pattern of CX3CR1 in sham (D), from

A’ = boxed area, or vesicular-dot-like patter of CX3CR1 after injury,
rostral segment (E), from B’ = boxed area. Scale bars (A–C’) =
100 μm, (D,E) = 50 μm. A representative profile of CD206 (n = 4)
expression in rostral spinal cord sections from sham (C) and SCI rats.
Note, CD206+ macrophage like profiles with ramified and elongated
processes after SCI. In the negative control no CX3CR1 or CD206+
expression occurred (F). Scale bars (A–C’) = 100 μm, (D,E) = 50 μm.

spinal cord segments. In particular, the immune factors (CCL2,
CCL3, CCL22, CXCL1, CXCL2, CXCL7, EMPAII, CLCF1) that
were detected in the CM from rostral segments with the neu-
rotrophic factors (CTGF, NOV, PIGF, FGF-1 BMP 2, BMP3, NGF,
PGF, TGF beta (1–3) periostin, GAP-43, neurotrimin, HGS) favor
differentiation of microglia cells toward the M2 rather than the
M1 phenotype. These data are in line with our findings show-
ing increased CX3CR1 expression in rostral spinal segments as
well as with previous data of M2 microglia polarization at the
central lesion 3 days after SCI (Kigerl et al., 2009). In contrast
to CX3CR1, the CD206+ profiles revealed similar response at
both rostral and caudal segments. Furthermore, in vitro chemo-
taxis assays confirmed that BV2 cells were highly responsive to the
cytokine cocktail present in the CM from lesion and rostral sites.
Interestingly, the BV2 migratory potency induced by CM derived
from rostral and lesion segments was 37-fold higher compared to
the ATP or LPS stimulations that increase their migration by close
to 3-fold due to the specific factors found in the complex CM
(Rahmat et al., 2013). Our immunocytochemical studies prove
that activated BV2 cells exposed to CM from the rostral segment
over-expressed the CX3CR1 receptor, and this overexpression is
known to correspond with the M2 profile. This was strengthened
by western blot analysis and lack of labeling with C2KR, an M1
receptor. These data together with in vivo CX3CR1 expression

are in close coherence with published transcriptomic experiments
showing that in the injured spinal cord M2 gene expression is
transiently expressed during 7 days after injury, while the M1 gene
expression is maintained for up to 1 month (Kigerl et al., 2009).
Moreover, a direct role of CSPG in controlling microglial and
macrophage behavior after SCI was demonstrated. It seems that
beneficial role of CSPG during the acute stage (regulating their
phagocytosis or neurotrophic factor secretion) and its deleterious
effect at later stages emphasizes the need to retain the endogenous
potential of this molecule for recovery by controlling its levels at
different stages of post-injury repair (Rolls et al., 2008).

Our tissue proteomic data also confirm this point. In fact, a
temporal-spatial analysis in tissue proteomic has been undertaken
at the rostral and caudal segment levels, 3, 7, and 10 days after SCI.
Results shown that the proteome pattern is modified in course of
time in the rostral segment whereas the caudal segment present
the same pattern whatever the time after SCI. Neutrophic factors
are found at 3 and 7 days after lesion and disappeared at 10 days.
They are replaced by synaptogenesis factors reflecting the fact that
a neurorepair process is taking place after 10 days SCI at the level
of the rostral segment. These data are in line with the DRG experi-
ments and our previous in vivo results demonstrating that neurite
outgrowth takes place from rostral to lesion but never from cau-
dal to lesion (Novotna et al., 2011) Furthermore, the content of
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FIGURE 8 | Cross sections through dorsal white mater at the level of

rostral (A) and caudal (B) segments of the injured spinal cord stained with

CX3CR1 (red) and ED1 (green) antibodies revealing increased expression

of CX3CR1 (red) in rostral segment compared to caudal (arrows). Note,
no co-localization between CX3CR1 and ED1 labeled macrophages (see
arrows indicated red dot for CX3CR1 labeling) (C, confocal image). Density of
CX3CR1+ (n = 4) and expression of CD206 profiles (n = 4) in the spinal cord
sections of sham and 3 days after SCI in White /Gray Matter (D,E). (D) Density

of CX3CR1was significantly higher when comparing Sham (SH) sections with
sections from injured spinal cord (SCI), sections from rostral (R SCI)
compared with caudal (C SCI) segment within WM/GM. (E) CD206+profiles
significaly increased when compared Sham (SH) sections with sections from
injured spinal cord (SCI), not between R SCI and C SCI sections. Data are
presented as mean ± s.e.m., ∗P < 0.05, ∗∗∗P < 0.001 for sham vs. SCI, or
rostral to caudal after SCI for group comparison W/G matter (ANOVA)
followed by Tukey-Kramer test. Scale bars (A,B) = 50 μm, (C) = 20 μm.

FIGURE 9 | CX3CR1 expression in control BV2 cells (A), stimulated

with CM LSCI (C). Spindle shaped, multipolar or round BV2 cells
following CM LSCI stimulation expressed intense CX3CR1 IR (C,D).
Scale bars (A–D) = 50 μm. Control (B), only secondary antibody. Inset

picture corresponds to Western blot analyses using anti-CX3CR1 from
control or activated BV2 with CM LSCI (E). Note, the band at 34 kDa
correspond to the CX3CR1 and the band at 60 kDa is an unspecific
band.
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chemokines, lectins, and growth factors in the rostral but not in
the caudal segment clearly document the immediate inflamma-
tory response together with activity-dependent factors released by
neurons and glia.

In order to investigate the neurotrophic role of CM derived
from lesioned tissue, we have also undertaken studies of neu-
rite outgrowth in rat DRG explants. Our data validate that
pronounced neurite sprouting of DRGs facilitated by CM from
rostral and lesion segments are most likely mediated by the
content of neurotrophic factors, i.e., FGF-1, NGF, PGF, BMP
2 or BMP3, GAP-43, neurotrimin, neurofascin, and other
molecules involved in neuronal development/differentiation/
migration. Although the principal role of NGF/TrkA pathways
in sensory axon outgrowth have been widely demonstrated,
other neurotrophic factors including the BMPs (members of the
TGFβ superfamily) or GAP-43 have to be taken into account.
Particularly, the Smad1-dependent BMP signaling is develop-
mentally regulated and governs axonal growth in the dorsal
root ganglion neurons. Similarly, GAP-43, a membrane-bound
protein, is expressed in neurons during axonal outgrowth devel-
opment and is significantly up-regulated in DRGs during regen-
eration (Tsai et al., 2007; Parikh et al., 2011).

Taken together, these data could have a clear impact in clin-
ics. It will be more important to stimulate neurite sprouting
at the caudal region by inhibiting inflammation and polariza-
tion of M1 cells to the M2 state. These results demonstrate
that each segment of the lesion has to be taken into con-
sideration independently from each other in order to modu-
late inflammation, stimulate neurite outgrowth and functional
reconnection.
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Proteomic Analysis of the Spatio-temporal
Based Molecular Kinetics of Acute Spinal Cord
Injury Identifies a Time- and Segment-specific
Window for Effective Tissue Repair*□S
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Spinal cord injury (SCI) represents a major debilitating
health issue with a direct socioeconomic burden on the
public and private sectors worldwide. Although several
studies have been conducted to identify the molecular
progression of injury sequel due from the lesion site, still
the exact underlying mechanisms and pathways of injury
development have not been fully elucidated. In this work,
based on OMICs, 3D matrix-assisted laser desorption ion-
ization (MALDI) imaging, cytokines arrays, confocal imag-
ing we established for the first time that molecular and
cellular processes occurring after SCI are altered be-
tween the lesion proximity, i.e. rostral and caudal seg-
ments nearby the lesion (R1-C1) whereas segments dis-
tant from R1-C1, i.e. R2-C2 and R3-C3 levels coexpressed
factors implicated in neurogenesis. Delay in T regulators
recruitment between R1 and C1 favor discrepancies be-
tween the two segments. This is also reinforced by pres-
ence of neurites outgrowth inhibitors in C1, absent in R1.

Moreover, the presence of immunoglobulins (IgGs) in neu-
rons at the lesion site at 3 days, validated by mass spec-
trometry, may present additional factor that contributes
to limited regeneration. Treatment in vivo with anti-CD20
one hour after SCI did not improve locomotor function
and decrease IgG expression. These results open the
door of a novel view of the SCI treatment by considering
the C1 as the therapeutic target. Molecular & Cellular
Proteomics 15: 10.1074/mcp.M115.057794, 2641–2670,
2016.

Spinal cord injury (SCI)1 belongs to the serious, currently
incurable disorders of the central nervous system (CNS), that
are often accompanied by a permanent disability (1). Most
SCI are related to traumatic spinal cord damages induced by
road trauma, falls, or sport injuries (diving). Among the hall-
mark features of SCI is the axonal disruption in the spinal
cord, which is often caused by fractured intervertebral disc or
vertebrate. This primary event is followed by a progressive
cascade of secondary deleterious reactions spreading to the
adjacent spared tissue leading to a worsening of the neuro-
logical status (2, 3). Although axonal regeneration is initiated,
it is hampered by a combination of local factors that include
severe inflammation, lack of trophic support and development
of an inhibitory scar-forming environment. In fact, the regen-
erative capacity of the central nervous system is particularly
challenged in SCI as multiple cues converge to act as a
chemical and physical barrier for the repair process (4, 5). It is
now acknowledged that inflammation is one of the major key
player that determines abortive axonal repair in SCI. Thus,
although the immune response is recognized as primordial to
preserve tissue homeostasis, the spatio-temporal course of
inflammation in SCI is not favorable to axonal regeneration.

Acute inflammation develops hours to days following initial
spinal cord trauma and is triggered by the axonal damage and
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Réponse Inflammatoire et Spectrométrie de Masse-PRISM, F-59000
Lille, France; §Institute of Neurobiology, Slovak Academy of Sci-
ences, Center of Excellence for Brain Research, Soltesovej 4–6 Ko-
sice, Slovakia; ¶Inserm U-1060, CarMeN Laboratory, Banque de
Tissus et de Cellules des Hospices Civils de Lyon, Université Lyon-1,
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neuronal cell death at the lesion site. This is followed by a
cellular and molecular inflammatory cascade that initiates the
activation of resident glial cells (microglia, astrocytes), infiltra-
tion of blood-borne immune cells (lymphocytes, monocytes),
and a massive release of chemokines/cytokines by microglia,
macrophages and neuronal cells. During the acute inflamma-
tory response, macrophages/microglia phagocyte cell debris
and also release neurotoxic factors and stimulate the forma-
tion a glial scar that, on the long-term, prevents axonal re-
growth. At this stage, a resolution of acute inflammation and
a switch toward a neuroprotective cytokines/chemokines pro-
file would favor tissue repair and limit glial scar extension.
Instead, a chronic inflammatory process usually develops
weeks after trauma and leads to both an aberrant tissue
remodeling and a defective tissue repair. Interestingly, al-
though there is currently no efficient therapy for SCI, one of
the approved clinical treatments in the early phase of SCI is
the administration of methylprednisolone treatment in order to
prevent edema and to modulate inflammation (6). However,
high-dose methylprednisolone is often associated with severe
immunosuppression and side effects, such as pulmonary or
urinary tract infections. Thus, there is an urgent need for
identifying and testing novel neuro-therapeutic strategies that
could prevent inflammation, limit scar extent, and stimulate
tissue repair process.

In this context, a large array of molecules and therapies has
been tested experimentally with the goal of targeting the
healthy tissue adjacent to spinal cord lesion. Such a strategy
is aimed at not only protecting this spared tissue from sec-
ondary lesion but also stimulating its regenerative potential in
order to promote neuronal networks connectivity and axonal
outgrowth. Among these proposed therapeutic strategies,
cellular therapy belongs to the promising candidate ap-
proaches. Ideally, cell therapy strategies may allow to: (1)
bridge spinal cord segments over any cavities or cysts formed
at the lesion site, (2) replace lost neurons, oligodendroglia,
and (3) create a favorable environment for axonal regeneration
(7). Different cell therapy approaches include embryonic stem
cells, induced pluripotent stem cells (iPS) and different cate-
gories of adult stem cells and progenitors such as olfactory
unsheathing stem cells, neural progenitor cells (NPC) and
mesenchymal stem cells (MSCs). In addition, graft of acti-
vated macrophages and transplantation of peripheral or cen-
tral nervous tissue have been also proposed as an alternative
to these stem cells based treatments (8). Comparative to cell
therapy, other approaches including the use of exogenously-
delivered neuroprotective molecules that would protect neu-
rons from deleterious secondary processes, promote axonal
growth and/or enhance nerve conduction in the preserved or
regenerating axons. Different classes of molecules were
shown to afford variable levels of clinical recovery in animal
models of SCI. These comprise anti-inflammatory com-
pounds such as minocycline, neurotrophic factors (BDNF,
GDNF, NGF, erythropoietin) and molecules that alleviate re-

generating axons from the inhibitory effects of extracellular
matrix molecules (9, 10). In particular, chondroitinase ABC
eliminates chondroitin sulfate proteoglycans (CSPG) that in-
teract with the major membranous component NG2 and in-
hibit the regeneration of damaged axons (11). Also, Nogo-A is
one of several neurite growth inhibitory receptors expressed
by axons (12). Thereby Nogo neutralizing antibodies or block-
ers of the post-receptors components of RhoA are used to
improve long-distance axon regeneration and sprouting (13).
Of note, Rho pathway is important to control the neuronal
response after CNS injury and the RhoA inhibitor cethrin is
actually in phase I/II a clinical trial (14). However, although
numerous therapies exhibit potentials to foster neuroprotec-
tion, stimulate neurite outgrowth and reduce inflammation,
the translation to clinical side is still not crowned by success.
Reasons for such a failure are multiple and reside notably in
our relatively poor knowledge on the spatiotemporal kinetics
of secondary molecular events that characterize the post-
trauma phase. This holds particularly important with regard to
inflammatory mechanisms that may greatly vary depending
on the time point and spinal cord segment considered. De-
fining a time- and segment-specific window for effective treat-
ment is a key knowledge for an appropriate neuro-therapeutic
intervention.

In this work, we present the first exhaustive spatio-temporal
proteomic and biochemical analysis performed along the en-
tire spinal cord axis in rat model of SCI. We combined this
global proteomic analysis with 3D molecular mass spectrom-
etry imaging study, time course analysis of immune cells
infiltration and cytokine microarrays quantification. The whole
spectrum of the data allowed us to depict a complete scheme
along the spinal cord axis of the cellular and molecular sequel
of events occurring through the time course of inflammatory
process and abortive regeneration. We identified specific
markers for each segment at different time points (3, 7, and 10
days) of the biochemical-pathophysiological processes and
observed that, surprisingly, segments caudal to the lesion site
host a robust inflammatory process accompanied by the local
synthesis of neuroprotective and regenerative molecules. In
particular, we demonstrated that the caudal segment imme-
diately adjacent to the lesion site possesses, at least tempo-
rarily, all the intrinsic components/features that may allow
axonal regeneration to occur. Such a caudal-to-rostral altered
regenerative potential is likely hampered by inhibitory signals
such as glycans that are abundantly detected or even se-
creted at the lesion site. Finally, we provided evidence that
immunoglobulins (IgGs) are present at the lesion site only 3
days after injury and that in vivo treatment of anti-CD20 did
not diminished the presence of these antibodies and did not
ameliorate the BBB score of the treated animals.

EXPERIMENTAL PROCEDURES

Reagents—Dulbecco’s modified Eagle’s medium (DMEM) media,
phosphate buffer saline (PBS), fetal calf serum (FCS) were purchased
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from Invitrogen Life Technologies (Milan, Italy). Rat Cytokine Array
Panel A was from R&D Systems (Minneapolis, MN). All chemicals
were of the highest purity obtainable. Water, formic acid (FA), triflu-
oroacetic acid (TFA), acetonitrile (AcN) were purchased from Biosolve
B.V. (Valkenswaard, The Netherlands). DL-dithiothreitol (DTT), Thiou-
rea and iodoacetamide (IAA) were purchased from SIGMA (Saint-
Quentin Fallavier, France). Trypsin/Lys-C Mix, Mass Spec Grade was
purchased from Promega (Charbonnieres, France) and Dynabeads®
Protein A from Novex (Life Technologies, France). Fluorescence con-
jugated secondary antibodies and DAPI were purchased from Mo-
lecularProbes (Eugene, OR).

Animals—The study was performed with approval and in accord-
ance to the guidelines of the Institutional Animal Care and Use Com-
mittee of the Slovak Academy of Sciences and with the European
Communities Council Directive (2010/63/EU) regarding the use of
animals in Research, Slovak Law for Animal Protection No. 377/2012
and 436/2012.

Experimental Design and Statistical Rational—For the collection of
the conditioned media n � 3 rats control (no balloon inflation, 0 day)
were sacrificed, n � 3 rats after 3 days SCI, n � 3 rats after 7 days
post injury and n � 3 rats after 10 days post SCI. For the control group
all segments are in triplicate. For the group 3 days after SCI, R3 and
C3 segments include 2 replicates and n � 3 for the other segments.
For the group 7 days after SCI R3 and C3 segments include 2
replicates and n � 3 for the other segments. For the group 10 days
post SCI all segments are in triplicate. For the cytokines arrays
experiments n � 1 rat were sacrificed per condition. The experiments
were performed in experimental replicates. For the IgG purification
n � 3 rats per condition (control, 3, 7, and 10 days) were sacrificed.
The experiments were performed in biological replicates. For the
immunohistochemistry experiments n � 3 rats per condition were
sacrificed. The analyses were performed in biological triplicates. For
MALDI imaging experiment n � 1 rat was sacrificed 3 days post
injury. Twenty-five sections for the complete 3D MALDI imaging ex-
periments have been performed from R1 to C1.

Statistical analysis: For the proteomic statistical analysis of condi-
tioned media, only proteins presenting as significant by the ANOVA
test were used with FDR 5%. Normalization was achieved using a
Z-score with a matrix access by rows. The immunohistochemistry
statistical analyses were based on one-way ANOVA followed by
Tukey Kramer test, significant values were marked * p � 0.05, ** p �
0.01, *** p � 0.001. Quantification analyses of immunofluorescence
staining for Iba1, FoxP3 and neutrophil elastase were performed on
six sections from rostral and caudal/per condition (n � 3 each). Error
bars represent the S.E. BBB score analysis was based on one-way
ANOVA test. Values of p � 0.05 were considered statistically signif-
icant. For the cytokines array panel, the statistical analyses were
performed using Student’s t test *p � 0.05, **p � 0.01, ***p � 0.001.
Error bars represent the S.E.

Experimental Spinal Cord Injury Procedure—The SCI was induced
using the modified balloon compression technique in adult male
Wistar rats, according to our previously published study (15). Manual
bladder expression, 2 times a day, was required for 3–10 days after
the injury. In the control group a 2-French Fogarty catheter was
inserted at the same level of spinal cord, but the balloon was not
inflated and no lesion was performed.

Collection of Conditioned Media (CM) from Control and Lesioned
Spinal Cord Segments—Experimental SCI rats at 3, 7, and 10 days
and sham-operated-control rats were sacrificed by isoflurane anes-
thesia followed by decapitation. The spinal cord was pressure ex-
pressed by injecting sterile saline (10 ml) throughout the vertebrate
canal, along the caudo-rostral axis. Each spinal cord was macroscop-
ically observed to check that lesion was well centered at the Th8-Th9
level on the longitudinal axis. Entire spinal cord was divided into

transversally sectioned slides (�1.0 cm thick each) obtained from the
lesion site (Th7-Th11) and from the segments rostral (C1-Th6) and
caudal (Th12-L6) to the site of injury. Slides were then chopped into
0.5 cm thick sections (2 sections per segment) and deposited into a
12-well culture plate containing 1 ml DMEM without FCS. After 24 h
incubation in a humidified atmosphere with 5% CO2 at 37 °C, 1 ml of
SCI-derived conditioned media CM (CM-SCI) were collected (rostral,
lesion, caudal segments) and centrifuged 30 min at 15,000 rpm at
4 °C. The same procedure was performed for obtaining CM from
control spinal cord tissue. Samples were stored at �80 °C. To ad-
dress the degree of cell-to cell integrity and viability, additional cry-
ostat sections were cut from incubated segments for 24 h and im-
mersed into tissue-tek®. Afterward cryostat sections were processed
to standard IHC with NeuN and GFAP antibodies. The data confirmed
the cyto- architecture of neurons and glial cells (supplemental Fig. S1)
and confirmed the well preserved neuro-glial integrity within cultured
spinal cord segments 24 h in vitro. This confirms that the collected
molecules are products of vital cells processes.

Conditioned Media Digestion—A volume of 150 �l of tissue super-
natants were denatured with 2 M urea in 10 mM HEPES pH 8 by
ultrasonication on ice. Protein reduction is realized by incubation with
10 mM DTT for 40 min at 56 °C followed by alkylation with 55 mM IAA
for 40 min in the dark. IAA was quenched with 100 mM thiourea.
Protein digestion was performed with 30 �g/ml LysC/Trypsin mix,
overnight, at 37 °C. Digestion was stopped with 0.5% TFA. The
solution was dried in a SpeedVac to reduce the volume. Peptides
were desalted using C18 ziptips (Millipore). Elution peptides were
dried in a SpeedVac and resuspended in 0.1% FA before injecting
into nanoLC.

LC MS/MS Analysis of Conditioned Media—Samples were sepa-
rated by online reversed-phase chromatography using a Thermo Sci-
entific Proxeon Easy-nLC1000 system equipped with a Proxeon trap
column (100 �m ID � 2 cm, Thermo Scientific) and a C18 packed-tip
column (Acclaim PepMap, 75 �m ID � 15 cm, Thermo Scientific).
Peptides were separated using an increasing amount of acetonitrile
(5–35% over 120 min) at a flow rate of 300 nL/min. The LC eluent was
electrosprayed directly from the analytical column and a voltage of
1.7 kV was applied via the liquid junction of the nanospray source.
The chromatography system was coupled to a Thermo Scientific
Q-exactive mass spectrometer programmed to acquire in a data-de-
pendent mode Top 10 most intense ion method. The survey scans
were done at a resolving power of 70,000 FWHM (m/z 400), in positive
mode and using an AGC target of 3e6. Default charge state was set
at 2, unassigned and �1 charge states were rejected and dynamic
exclusion was enabled for 25 s. The scan range was set to 300–1600
m/z. For ddMS2, the scan range was between 200–2000 m/z, 1
microscan was acquired at 17,500 FWHM and an isolation window of
4.0 m/z was used.

MS Data Analysis—All the MS data were processed with MaxQuant
(17) (version 1.5.1.2) using the Andromeda (18) search engine. Pro-
teins were identified by searching MS and MS/MS data against Decoy
version of the complete proteome for Rattus norvegicus of the UniProt
database (19) (Release June 2014, 33,675 entries) combined with 262
commonly detected contaminants. Trypsin specificity was used for
the digestion mode with N-terminal acetylation and methionine oxi-
dation selected as the variable. Carbarmidomethylation of cysteines
was set as a fixed modification, with up to two missed cleavages. For
MS spectra, an initial mass accuracy of 6 ppm was selected, and the
MS/MS tolerance was set to 20 ppm for HCD data. For identification,
the FDR at the peptide spectrum matches (PSMs) and protein level
was set to 1%. Relative, label-free quantification of proteins was
performed using the MaxLFQ algorithm (20) integrated into MaxQuant
with the default parameters. The data sets and the Perseus result files
used for analysis were deposited at the ProteomeXchange Consor-

Spinal Cord Lesion Spatio-temporal Study

Molecular & Cellular Proteomics 15.8 2643

http://www.mcponline.org/cgi/content/full/M115.057794/DC1


tium (21) (http://proteomecentral.proteomexchange.org) via the
PRIDE partner repository (22) with the data set identifier PXD003375.
Analysis of the proteins identified was performed using Perseus soft-
ware (http://www.perseus-framework.org/) (version 1.5.0.31). The file
containing the information from identification was used with hits to
the reverse database, and proteins only identified with modified pep-
tides and potential contaminants were removed. Then, the LFQ in-
tensity was logarithmized (log2[x]). Categorical annotation of rows
was used to defined different groups after grouping replicates: (1)
Temps (Control, 3, 7 and 10 days), (2) Segments (R3, R2, R1, L, C1,
C2, and C3). Multiple-samples tests were performed using ANOVA
test with a FDR of 5% and preserving grouping in randomization.
Normalization was achieved using a Z-score with a matrix access by
rows.

For the statistical analysis, only proteins presenting as significant
by the ANOVA test were used for statistical analysis. Hierarchical
clustering depending on time or segment was first performed using
the Euclidean parameter for distance calculation and average option
for linkage in row and column trees using a maximum of 300 clusters.
For visualization of the variation of proteins expression depending to
the condition, the profile plot tool was used with a reference profile
and an automatic selection of the 10 or 15 correlated profiles. To
quantify fold changes of proteins across samples, we used MaxLFQ.
To visualize these fold changes in the context of individual protein
abundances in the proteome, we projected them onto the summed
peptide intensities normalized by the number of theoretically observ-
able peptides. Specifically, to compare relative protein abundances
between and within samples, protein lengths normalized to log 2
protein intensities (termed “iBAQ” value in MaxQuant) were added to
the MaxLFQ differences. Functional annotation and characterization
of identified proteins were obtained using PANTHER software (ver-
sion 9.0, http://www.pantherdb.org) and STRING (version 9.1, http://
string-db.org). Using the GeneMANIA Cytoscape plugin (23). 4 coex-
pression networks were generated from the proteomic values
obtained by the analysis of control samples and caudal, rostral and
lesion segments respectively. Each segment-specific coexpression
network was calculated from data obtained at all-time points follow-
ing SCI. Such an approach allowed then to perform a supervised
clustering in order to identify functionally-relevant subnetworks that
would constitute a segment-specific and time-independent molecular
signature. In particular, to identify “Inflammation” subnetworks, Fi-
brinogen alpha (FgA) was chosen as a reference protein and, for each
group of samples, networks were built that gathered the 100 proteins
whose values were the most closely correlated with those of FgA.
Lists of proteins and their encoding genes were then submitted to an
enrichment analysis based on gene ontology (GO) annotations, using
the open source tool EnrichR (24). Finally, coexpressed proteins
whose encoding genes were annotated with the same GO term of
interest (for instance “complement activation”), were extracted and
subnetworks visualized on cytoscape. The same method was applied
to identify “axon guidance” and “neuron differentiation regulation”
subnetworks from the networks of proteins coexpressed with neuro-
filament proteins Nfl, Nfm and Nfh in each group of samples. For
presentation purposes, nodes were assigned equal weights and sub-
networks were slightly distorted to avoid node superimposition.

Subnetwork Enrichment Pathway Analyses and Statistical Test-
ing—The Elsevier’s Pathway Studio version 9.0 (Ariadne Genomics/
Elsevier) was used to deduce relationships among differentially
expressed proteomics protein candidates using the Ariadne ResNet-
database (25, 26). “Subnetwork Enrichment Analysis” (SNEA) algo-
rithm was selected to extract statistically significant altered biological
and functional pathways pertaining to each identified set of protein
hits (C1, C2, C3, R1, R2, and R3 sets). SNEA utilizes Fisher’s statis-
tical test used to determine if there are non-randomized associations

between two categorical variables organized by specific relationship.
SNEA starts by creating a central “seed” from all relevant entities in
the database, and retrieving associated entities based on their rela-
tionship with the “seed” (i.e. binding partners, expression targets,
protein modification targets, regulation). The algorithm compares the
subnetwork distribution to the background distribution using one-
sided Mann-Whitney U-Test, and calculates a p value indicating the
statistical significance of difference between two distributions. In our
analysis, “GenBank” ID and gene symbols from each set were im-
ported to the software to form an experimental data set. For the
reconstruction of networks of pathways, biological processes and
molecular function were evaluated for each single protein hit and its
associated targets (networks and pathways) (27, 28). Integrated Venn
diagram analysis was performed using “the InteractiVenn”; a web-
based tool for the analysis of complex data sets.

Cytokines Profile of Conditioned Medium—Cytokines and chemo-
kines expression of CM from control, 3, 7, and 10 days for the
segments R1 and C1 was performed by using a Rat Cytokine Array
Panel A according to the manufacturer’s instructions. Briefly, the
array membranes were first incubated in the blocking buffer for 1 h. In
the meantime, 200 �l of CM were mixed with the Detection Antibody
Mixture and incubated for 1 h at room temperature. Then, after
removing the block buffer, the sample/antibody mixture were added
to array membranes and incubated overnight at 4 °C. After incuba-
tion, the membranes were washed 3 times with the wash buffer
and then incubated with the Streptavidin-HRP solution for 30 min at
room temperature. The membranes were finally washed with wash
buffer for 3 times and the bound antibodies were detected by che-
moluminescence using the chemireagent mix. The membranes were
quantified by densitometry using ImageJ software. Background stain-
ing and spot size were analyzed as recommended by the manufac-
turer. Normalization was done with control expression.

IgG Purification with Dynabeads Protein A—CM (150 �l) obtained
from lesion site(�1.5 mg of protein in 2 ml) after SCI3, 7 or10 days
after SCI and from the corresponding segment of control spinal cord
were bound with 50 �l of Dynabeads Protein-A 200 �l of PBS-Tween
20 and incubated 10 min with rotation at room temperature. The
beads coupled with IgGs were harvested using a magnet (1 min) and
the recovered supernatant solution was removed. The remaining
beads-IgG complex was washed with PBS-Tween 20. Afterward,
IgGs bound to microbeads were eluted by adding 30 �l of 0.1 M

glycine (pH 3), incubated 10 min at 70 °C temperature to dissociate
the beads-IgG complex and then neutralized by adding 30 �l of 1 M

Tris-HCl (pH 8.5). Afterward, a magnet was used to remove the beads
from the eluate containing IgGs. The eluate was then separated on
SDS-PAGE (12% polyacrylamide gel slabs) followed by silver staining
to check the bands corresponding to IgGs of the Mw of 25 kDa, 50
kDa and 75 kDa. Shot-gun mass spectrometry analysis was per-
formed to identify the band corresponding to the appropriate Mw.
Silver destaining was performed using 30 mM of potassium ferricya-
nide and 100 mM sodium thiosulfate (1:1) 200 �l per band for 20 min
in the dark. Bands were washed 2 times for 15 min with Milli-Q water
followed by an in-gel digestion as previously described (29). The
samples were reconstituted with 10 �l of 5% AcN/0.1% FA and
injected on a UPLC MS instrument. Separation was performed using
an EASY-nLC 1000 UPLC (Thermo Scientific) equipped with a 75
�m � 2 cm Acclaim PepMap 100 pre-column with nanoViper fittings
and a 50 �m ID x 150 mm Acclaim PepMap RSLC analytical column
(Thermo Scientific). The peptides were eluted using a gradient of AcN
starting from 5% to 30% over 1 h at a flow rate of 300 nl/min. The
Q-Exactive instrument was set to acquire top 10 MS2. The survey
scans were taken at 70,000 FWHM (at m/z 400) resolving power in
positive mode and using a target of 1E6 and default charge state of
�2. Unassigned and �1 charge states were rejected, and dynamic

Spinal Cord Lesion Spatio-temporal Study

2644 Molecular & Cellular Proteomics 15.8

http://proteomecentral.proteomexchange.org
http://www.perseus-framework.org/
http://www.pantherdb.org
http://string-db.org
http://string-db.org


exclusion was enabled for 30 s. The scan range was set to m/z
300–1600 m/z. For the MS2, 1 microscan was obtained at 17,500
FWHM and isolation window of 3.0 m/z, using a scan range between
m/z 200–2000 m/z. Tandem mass spectra were processed with
Thermo Scientific Proteome Discoverer software version 1.3. Spectra
were searched against UniprotKB/Swiss-Prot (version March 2014)
filtered with Rattus norvegicus (25678 sequences) taxonomy using
the SEQUEST HT algorithm (version 1.3.0.339). The search was per-
formed choosing trypsin as the enzyme with one missed cleavage
allowed. Precursor mass tolerance was 10 ppm, and fragment mass
tolerance was 0.1 Da. N-terminal acetylation; and cysteine carbam-
idomethylation; methionine oxidation was set as variable modifica-
tions. Peptide validation was performed with the Percolator algorithm
by filtering based on a q-value below 0.01, which corresponds to a
false discovery rate (FDR) of 1%. The data sets used for analysis
were deposited at the ProteomeXchange Consortium (21) (http://
proteomecentral.proteomexchange.org) via the PRIDE partner repos-
itory (22) with the data set identifier PXD004247.

Tissue Processing and Immunohistochemical Analysis of Immune
Cells—Rats following SCI at 3, 7 and 10 days and sham surgery were
deeply anesthetized and perfused transcardially with saline followed
by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer saline.
Spinal cords were removed post-fixed in 4% PFA, embedded in
gelatin-egg albumin protein matrix (10% ovalbumin, 0.75% gelatin
and glutaraldehyde) and soaked overnight in 30% sucrose. Each
spinal cord was dissected into 1 cm block (rostral and caudal seg-
ment) and 40 �m thick longitudinal cryostat (Leica Instruments,
Heidelberg, Germany) sections (sagittal plane) were cut serially and
standard immunohistochemistry technique was performed. Before
incubation with primary antibodies for FoxP3 and neutrophil elastase,
to reduce autofluorescence background, tissue sections were incu-
bated 15 min at room temperature in Sudan Black B and then washed
in PBS. Tissue sections were incubated in the following primary
antibodies: rabbit anti-Iba1, a marker for microglia/macrophages (1:
800; Wako Pure Chemical Industries, Osaka, Japan), rabbit anti-
FoxP3, a marker for lymphocyte T regulator (1:200; Abcam, Cam-
bridge, UK), rabbit anti-neutrophil elastase, a marker for neutrophil
(1:200; Abcam). Tissues sections were washed in PBS and then
incubated in the secondary fluorescent antibody goat anti-rabbit IgG
or goat anti-mouse conjugated with AlexaFluor 594, goat anti-mouse
IgG or goat anti- rabbit IgG conjugated with AlexaFluor488. Omission
of the primary antibody served as the negative control. For nuclear
staining, we used 4–6-diaminidino-2-phenylindol (DAPI) (1:10000).
Finally, sections were washed in 0.1 M PBS, mounted, and cover-
slipped with Vectashield mounting medium (VectorLaboratories, Inc.,
Burlingame,CA) and observed under a fluorescence microscope
(NikonEclipseTi, Japan) and confocal laser scanning microscope
(Leica TCSSP5 AOBS, Leica Microsystems, Mannheim, Germany).

Quantification analyses of immunofluorescence staining for Iba1,
FoxP3 and neutrophil elastase were performed on 6 sections from
rostral and caudal/per condition (n � 3 each). Captured fluorescence
digital images at 40x magnification were analyzed by ImageJ soft-
ware. Iba1 quantification was determined by randomization counting
cells manually with Image J software in gray and white matters of
rostral and caudal segments. FoxP3 and neutrophil elastase quanti-
fication was determined by the percentage of positive cells compared
with DAPI staining by counting cell manually with image J software.

Immunohistochemical Analysis of IgG Deposition—Tissue sections
of 40 �m thickness from rostral and caudal segment adjacent to the
lesion at the 3, 7 and 10 days post-injury and corresponding cuts for
controls (embedded in gelatin-egg albumin protein matrix, same pro-
cedure as for IHC for immune response) were cut. One set of tissue
sections were incubated with primary goat anti-rat IgG2a antibody
(1:500, Bethyl Laboratories, Inc., Montgomery, TX) overnight at 4 °C.

After 3 washing steps in PBS, sections were incubated with second-
ary fluorescent antibodies: rabbit anti-goat IgG conjugated with Al-
exaFlour594 or AlexaFlour 488 for one hour at room temperature. For
double labeling, we have used the following primary antibodies:
mouse anti-GFAP, (1/500; Upstate Biotech Millipore), rabbit anti-Iba1
(1:800), mouse anti-NeuN, marker for neurons, (1/1000; Upstate Bio-
tech Millipore) overnight at 4 °C, followed with corresponding sec-
ondary antibodies. Another set of sections were labeled with second-
ary fluorescent antibody anti-rat IgG conjugated with (AlexaFlour
488), followed by incubation with primary antibodies for NeuN, GFAP
and Iba1. Omission of the primary antibody served as the negative
control. For nuclear staining, we used DAPI (1:10000). Finally, sec-
tions were washed with 0.1 M PBS, mounted, and coverslipped with
Vectashield mounting medium and observed under a fluorescence
microscope and confocal laser scanning microscope. Fluorescence
or confocal images, including orthogonal views, were processed by
using 0.5 �m optical sections at 40x or 60x magnification.

Intraspinal Delivery of CD-20 Antibody—One hour after SCI, in
anesthetized rats with 1.5- 2% isoflurane we have microinjected
intraspinally primary rabbit anti-rat CD-20 antibody (Biorbyt Ltd.,
Cambridge, United Kingdom), for local depletion of B- lymphocytes
IgG production. Intraspina injections of (1) saline (n � 3) and (2) rabbit
anti-rat CD-20 antibody, 0.5 �g/�l (n � 3) were performed using a
50-�l Hamilton syringe (30G needle, Cole Parmer, Anjou, Quebec)
connected to UltraMicroPump III with Micro4 Controller, 4-Channel
(World Precision Instruments, Inc., Sarasota, FL) and stereotactic
device, with a delivery rate of 0.5 �l/min. 3 bilateral intraspinal injec-
tions of 1 �l per injection were performed at the lesion site, whereas
one injection of 1 �l per injection was done at rostral and caudal
segments. Each delivery was positioned 1 mm from the spinal cord
midline and injected at a depth of 1.8–2 mm from the pial surface of
the spinal cord. The distance between injections was 1 mm, avoiding
vessels. Intraspinal injections were followed by procedure published
in our study (16). After injecting the dose of saline or CD-20 antibody,
the needle was maintained in the tissue for an additional 30 s. No
antibiotic treatment was performed during animal’s survival. All rats
survived for 3 days.

Behavioral Testing After CD-20 Antibody Intraspinal Delivery—An-
imals were evaluated using Basso, Beattie, and Bresnahan (BBB)
open-field test to assess motor function after SCI at day 0, 3, 7, 10, 14
and 28. Each rat was tested for 5 min by two blinded examiners. BBB
test measures locomotor outcome (hind limb activity, body position,
trunk stability, tail position and walking paw placement) of rats utiliz-
ing the rating scale ranges from 0 (no observable hind limbs move-
ments) to a maximum of 21 (plantar stepping, coordination and trunk
stability similar to control rats). All data are reported as mean � S.E.
Differences in mean BBB scores between the sham-controls and SCI
groups at each survival interval were assessed using one-way
ANOVA.

MALDI Imaging Data Analyses—Twelve micrometer tissue sections
from the R1, lesion and C1 segments were obtained using a cryostat
(Leica Microsystems, Nanterre, France). These were mounted on
indium tin oxide (ITO)-coated slides and placed under vacuum in a
dessicator for 15 min. 2,5-dihydroxybenzoic acid was used as matrix,
and was prepared at a concentration of 20 mg/ml in 70:30 methanol/
0.1% TFA in H2O. The matrix was deposited manually using a sprayer
developed in-house at a flow rate of 300 �l/h for 5 min.Lipid imaging
was performed on an UltraFlex II instrument (Bruker Daltonics, Bre-
men, Germany) equipped with a micro-channel plate (MCP) detector.
The instrument was equipped with a Smartbeam™ laser capable of
operating up to 200Hz and was controlled using FlexControl 3.3
(Build 108) software (Bruker Daltonics). The data sets were recorded
in positive reflector mode and 500 laser shots were accumulated for
each raster point. The laser focus was set to medium, and deflection
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of masses was deactivated. Spectra were acquired by oversampling
at a lateral resolution of 20 �m. External calibration was performed
using the PepMix standard (Bruker Daltonics). Spectra were acquired
between m/z 60–1000.

The 2D MALDI Imaging data of rostral (R1) caudal (C1) and lesion
(L) sections after 3 days of SCI (n � 1) were analyzed with SCiLS Lab
2015a (30). The baseline was removed by iterative convolution and
the data were normalized based on the total ion count (TIC) method
(31). Subsequently, the orthogonal matching pursuit was used to
detect peaks. These peaks were aligned to the mean spectrum and
the data were smoothed with a strong (lambda 0.5) Chambolle filter
method. Automatic spatial segmentation was performed by using the
bisecting k-means algorithm (32). Colocalized m/z values with the
lesion region were elucidated by using Pearson‘s correlation analysis.
With component analysis fundamental components of given spectra
and m/z images can be discovered unsupervised. Here, the principal
component analysis as well as the probabilistic latent semantic anal-
ysis were used (33). The PLSA was performed with random initializa-
tion with a threshold of 29.0588, maximum interval processing mode,
lower m/z range threshold mode and individual spectrum mode. The
PCA was performed with no scaling, a threshold of 29.0588, maxi-
mum interval processing mode, lower m/z range threshold mode and
individual spectrum mode (30).

RESULTS

Workflow—Our main goal was to establish a fine mapping
of the molecular events that occur in a time- and segment-
specific manner during sub-acute SCI. We chose to focus our
analysis on the identification of soluble factors that may sup-
port intra- or intersegmental communications between dis-
tinct cellular compartments. For this purpose, we performed
proteomic shot-gun triplicate analyses of the conditioned me-
dium (CM) derived from seven spinal cord segments localized
at the lesion site (L) or either caudal to the lesion (C1, C2, C3)
or rostral (R1, R2, R3) to the lesion. Each of these analyses
were performed on spinal cord segments obtained on days 3,
7, or 10 post-SCI giving rise to a set of 80 proteomic data
covering an average of 1500 proteins identified par sample
with at least 2 peptides per protein recognized and percent-
age of false positive (FDR) � 1% (supplemental Data S1).

Proteomic data were then analyzed using complementary
bioinformatics approaches that allowed unsupervised or su-
pervised clustering of quantified proteins and the identifica-
tion of differentially expressed molecules. Thus, both a com-
prehensive strategy without a priori and a focused one were
applied to analyze proteomics data. In parallel, cytokine array
measurements were performed and the whole of the pro-
teomics data obtained from supernatant analyses was then
correlated with immunohistological analyses and functional
studies (Fig. 1).

Global Proteomic Study Along the Spinal Cord Axis at Key
Time Points of SCI—Principal component analysis of condi-
tioned media proteomics data clearly demonstrated that pro-
files in SCI samples can be clustered depending on the seg-
ment localization, irrespective of the time point considered. In
addition, control samples harbor a molecular profile that can
be sharply distinguished from any of SCI profiles, including
those of segments localized at distance from the lesion site
(i.e. the R3 and C3 profiles) (Fig. 2A). Time course analyses
show that control samples, in one hand, and lesion samples,
on the other hand, are clearly distant from all other samples
(Fig. 2Aa upper panel). The remaining profiles display a partial
overlap, indicating that time point may not be the main pa-
rameter allowing discriminating the proteomic profiles of spi-
nal cord segments in this model. In contrast, a clear clustering
of profiles was obtained when analyzing samples on the basis
of their spatial localization (Fig. 2Ab lower panel). Thus, inde-
pendently from the time point considered, profiles from each
group of segments analyzed (i.e. rostral versus caudal versus
lesion) displayed intragroup similarities. This finding provides
evidence that in the SCI model, proteomic profiles in spinal
cord segments may be discriminated on the basis of spatial
localization. This result also demonstrates that with regard to
the secretome, spinal cord segments tend to coevolve in
function of their distance to the lesion site rather than their
caudal versus rostral localization. Indeed, in terms of proteins

FIG. 1. Schematic design of the ex-
perimental procedure perform in this
study.

Spinal Cord Lesion Spatio-temporal Study

2646 Molecular & Cellular Proteomics 15.8

http://www.mcponline.org/cgi/content/full/M115.057794/DC1


FIG. 2. Spatio-temporal organization
of proteins. A, Principal component anal-
ysis (PCA) of conditioned media shows
the representation of the different samples
grouping regarding (a) time after injury and
(b) spatial organization of the spinal cord.
One point corresponds to all proteins
identified according to their label free
quantification for each segments and each
time point. Heat map of proteins with dif-
ferent secretion profiles in conditioned
media from different time after SCI (3D,
7D, 10D, and control) and from different
segments (R3, R2, R1, L, C1, C2, C3). B,
Hierarcherical clustering regarding time
point. C, Hierarcherical clustering regard-
ing spatial organization. Distinct clusters
are highlighted. D, System biology analy-
sis for network identification in each clus-
ter issued from heat map of proteins with
different secretion profiles in conditioned
media from different time after SCI (3D,
7D, 10D, and control) and from different
segment (R3, R2, R1, L, C1, C2, C3) re-
garding the spatial organization. E, Analy-
sis of coexpression networks identify in
inflammation, neuro-axonal and axonal
guidance in conditioned media. The 100
genes which encoded molecules were the
most tightly coregulated with fibrinogen- �
(FgA), neurofilament L, M and H (Nf) re-
spectively in conditioned media control,
rostral, lesion and caudal were identified
and assessed for gene set enrichment.
Panel Ea showns subnetworks of genes
annotated by the GO terms “inflamma-
tion”, caudal and lesion segments have
significant p value unlike control and ros-
tral segments. Panel Eb presents subnet-
works of genes annotated by the GO
terms “neuro-axonal,” caudal and lesion
have significant p value unlike control and
rostral segments. Panel Ec shows subnet-
works of genes annotated by the GO
terms “axonal guidance”, only lesion has
significant p value unlike caudal, lesion
and rostral segments. F, Differential distri-
bution of unique and common/intersected
biological and functional pathways among
the three spinal cord rostral and caudal
regions (C1, C2, C3 versus R1, R2, and
R3) factored by time of SCI (3, 7, and 10
days). Each pair of spinal cord region (C1
versus R1) was analyzed across the three
time points represented utilizing a com-
prehensive Venn analysis representation
extracted from Subnetwork Enrichment
Analysis.
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patterns, R3 and C3 samples cosegregated and were clearly
distinguished from the R2 and C2 patterns, the R1 and C1
patterns and the lesion patterns.

Hierarchical clustering depending on the time course post-
injury (Fig. 2B, Table I) or the spatial localization along the
spinal cord (Fig. 2C, Table II, supplemental Data S2) were first
performed using the Euclidean parameter for distance calcu-
lation and average option for linkage in row and column trees
using a maximum of 300 clusters. As a criterion of signifi-
cance, we applied an ANOVA significance threshold of p �

0.05, and heat maps were created. A total of 147 proteins for
time-dependent clustering and 193 proteins for segment-de-
pendent clustering were considered reliable based on statis-
tical analysis. In the time-dependent clustering (Fig. 2B, Table
I), two major branches of the heat map separated the 3 day
lesion segment in one branch from the others in the second
branch. This latter was subdivided in two sub-branches: the
first one gathering all controls whatever the segments and the
second one all the other ones. This branch was itself subdi-
vided in 4 branches, i.e. one for the lesion segments and the
three other ones regroup all segments per time. Overall, this
approach allowed a total of 6 clusters to be retrieved (Fig. 2B,
Table I). The proteins in each cluster were then analyzed using
PANTHER software (http://www.pantherdb.org) to determine
the biological functions based on the protein classes. Control
group were found to be characterized by two different clus-
ters, i.e. cluster 5 signing an overexpression of tubulins net-
work, enzymatic metabolism network and vesicule-trafficking
network and cluster 6 corresponding to an under-expression
of heat shock proteins network, neurofilaments and filamins
networks and immune response factors (Table I). Lesion seg-
ments showed proteins overexpressed involved in neurogen-
esis, notably adducing and plectin, and in immune response
(e.g. galectin 1 and 3, coronin) (cluster 1) (Table I). Cluster 2
corresponds to a clear increased expression of proteins in-
volved in inflammation in the lesion segment after 3 days and
a weak overexpression of these proteins at 7 days in the
lesion segment as well as in other segments at 3 and 7 days
(Table I). By comparison, inflammatory molecules were down-
regulated in all segments at 10 days after SCI and in control
samples. Cluster 4 corresponds to an overexpression of pro-
teins in rostral and caudal segments on day 3 and day 7
post-SCI. Cluster 4 shows an overexpression of proteins in-
volved in neurite outgrowth like SPARC, neurofilament, lamin
and the ones involved in regeneration processes, but are
underexpressed in control (cluster 6). Some proteins involved
in these functions are found at 10 days overexpressed as
CRMP-3 and transgelin 3, but these proteins are also present
in control (Table I).

For the second clustering analysis taking into account the
spatial distribution of proteins (Fig. 2C, Table II, supplemental.
Data S2), we observed again that the lesion segments were
clustered apart from the other groups of samples. The second
branch is subdivided in two branches, i.e. one separating C3

at each time point from the others which are then subdivided
again in two branches, i.e. one regrouping R3 (3 and 7 days
after SCI) and the other one including segments with 2 major
groups (R1 and C1 versus R2 and C2). In the lesion segments,
proteins overexpressed are related to the immune response
(Table II). These proteins are also expressed in R1 and C1
segments at each time point after SCI and under-expressed in
the other segments, showing the correlation between lesion
and the rostral and caudal adjacent segments. A total of 7
clear clusters were identified. Clusters 2 and 6 correspond to
proteins overexpressed in lesion and in R1, C1, respectively,
and include proteins involved in neurite outgrowth but also
inhibitors of neurite outgrowth such as neurocan (Table II).
These proteins are expressed in lesion after 7 and 10 days
and also in segments R1 and C1 for each time point. Some
proteins involved in neurite outgrowth are present in C3 seg-
ment but some are inhibitory like aggrecan protein. Proteins
involved in neurogenesis and synaptogenesis are overex-
pressed in C3 segments, with lower expression in segments
R3, R2, and C2 and under-expressed in lesion, R1 and C1
segments (cluster 3 and cluster 5). However, some neurite
inhibitors are also present (Table II). For a more detailed
analysis, we performed a systems biology analysis for net-
work identification in each cluster identified in the segment-
dependent clustering analysis (Fig. 2D, Table II). Differential
pathways were generated using the “direct interaction” algo-
rithm to map the functional relationships linking the identified
proteins in each cluster. Regarding clusters identified as over-
expressed in the lesion segment, the protein network formed
by cluster 1 is implicated in immune response (i.e. cell migra-
tion, microglia activation and T cell response) as well as nerve
regeneration whereas cluster 2 forms a protein network in-
volved in neurite outgrowth, nerve regeneration, cell migration
and cytoskeleton remodeling (Figs. 2Da and 2Db). By con-
trast, cluster 3, which corresponds to proteins under-ex-
pressed in lesion segment, is functionally related to synaptic
functions and axonogenesis and collateral sprouting (Fig.
2Dc). Cluster 4 corresponds to proteins overexpressed in C3
segment and functionally associated with cell-adhesion N-
cadherin-related functions involving notably aggrecan, and
CD146 (Fig. 2Dd). Clusters 5 and 6 are formed by overex-
pressed proteins in both R1 and C1 segments. Cluster 5 is
related to synaptogenesis, axon extension, and neuronal
plasticity (Fig. 2De) whereas cluster 6 is linked to demyelina-
tion, oligodendrocytes differentiation, astrocystosis, and
nerve regeneration, (Fig. 2Df). Overall, these clustering anal-
ysis data confirmed that (1) the lesion site is the most diver-
gent from the other segments in terms of nature and functions
of protein networks and (2) secretome profiles of spinal cord
segments tend to coevolve depending on their relative dis-
tance to the lesion site (i.e. R3 with C3, R2 with C2, R1 with
C1).

However, besides similarities, differences could be also
identified between segments located at equidistance from the
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TABLE I
List of proteins identified by cluster after perseus analyses taking into

account the time course

Time clustering

Accession number Protein name Gene name

Cluster 1
O08557 N(G),N(G)-dimethylarginine

dimethylaminohydrolase 1
Ddah1

P02650 Apolipoprotein E Apoe
P06761 78 kDa glucose-regulated

protein
Hspa5

P08699 Galectin-3 Lgals3
P09495 Tropomyosin alpha-4 chain Tpm4
P10960 Sulfated glycoprotein 1 Psap
P11598 Protein disulfide-isomerase A3 Pdia3
P11762 Galectin-1 Lgals1
P30427 Plectin Plec
P31000 Vimentin Vim
P31232 Transgelin Tagln
G3V913 Heat shock 27kDa protein 1 Hspb1
P55051 Fatty acid-binding protein, brain Fabp7
P85972 Vinculin Vcl
Q5RKI0 WD repeat-containing protein 1 Wdr1
Q5XFX0 Transgelin-2 Tagln2
Q63610–2 Tropomyosin alpha-3 chain Tpm3
Q6JE36 Protein NDRG1 Ndrg1
Q9WVR7 Protein phosphatase 1F Ppm1f
B0K010 Protein Txndc17 Txndc17
C0JPT7 Filamin alpha Flna
D3ZHA0 Protein Flnc Flnc
D3ZQP6 Protein Sema7a Sema7a
G3V852 Protein Tln1 Tln1
G3V8L3 Lamin A, isoform CRA_b Lmna
G3V940 Coronin Coro1b
Q5XI38 Lymphocyte cytosolic protein 1 Lcp1

Cluster 2
B0BNN3 Carbonic anhydrase 1 Ca1
P01048 T-kininogen 1 Map1
P02091 Hemoglobin subunit beta-1 Hbb
P02680–2 Fibrinogen gamma chain Fgg
P04639 Apolipoprotein A-I Apoa1
P06238 Alpha-2-macroglobulin A2m
P06866 Haptoglobin Hp
P08932 T-kininogen 2
P14480 Fibrinogen beta chain Fgb
P17475 Alpha-1-antiproteinase Serpina1
P20059 Hemopexin Hpx
Q63041 Alpha-1-macroglobulin A1m
Q9QX79 Fetuin-B Fetub
G3V7K3 Ceruloplasmin Cp
M0RBF1 Complement C3 C3
O54854 Kallikrein 6, isoform CRA_a Klk6
Q5EBC0 Inter alpha-trypsin inhibitor,

heavy chain 4
Itih4

Q5M7T5 Protein Serpinc1 Serpinc1
Q62669 Protein Hbb-b1 Hbb-b1
Q68FY4 Group specific component Gc
Q7TQ70 Ac1873 Fga

Cluster 3
B0BNM1 NAD(P)H-hydrate epimerase Apoa1bp
B2RYG6 Ubiquitin thioesterase OTUB1 Otub1
P05544 Serine protease inhibitor A3L Serpina3l
P10860 Glutamate dehydrogenase 1,

mitochondrial
Glud1

P11030 Acyl-CoA-binding protein Dbi
P37805 Transgelin-3 Tagln3
P50398 Rab GDP dissociation inhibitor

alpha
Gdi1

P62161 Calmodulin Calm1
P63086 Mitogen-activated protein

kinase 1
Mapk1

Q4KM74 Vesicle-trafficking protein
SEC22b

Sec22b

TABLE I—continued

Time clustering

Accession number Protein name Gene name

Q4KMA2 UV excision repair protein
RAD23 homolog B

Rad23b

Q62952–2 Dihydropyrimidinase-related
protein 3

Dpysl3

Q6AY84 Secernin-1 Scrn1
Q7TP98 Interleukin enhancer-binding

factor 2
Ilf2

D4A5X8 Protein Ahcyl1 Ahcyl1
F1M978 Inositol monophosphatase 1 Impa1
F1M9V7 Protein Npepps Npepps
F1MAQ5 Microtubule-associated

protein
Map2

G3V8G4 Brevican, isoform CRA_a Bcan
M0R686 Protein Irgq Irgq
M0RE01 Uncharacterized protein LOC100911107

Cluster 4
B0BNN3 Carbonic anhydrase 1 Ca1
P01048 T-kininogen 1 Map1
P02091 Hemoglobin subunit beta-1 Hbb
P02680–2 Fibrinogen gamma chain Fgg
P04639 Apolipoprotein A-I Apoa1
P04692–5 Tropomyosin alpha-1 chain Tpm1
P06238 Alpha-2-macroglobulin A2m
P06866 Haptoglobin Hp
P08592–2 Amyloid beta A4 protein App
P08932 T-kininogen 2
P09606 Glutamine synthetase Glul
P11348 Dihydropteridine reductase Qdpr
P12839 Neurofilament medium

polypeptide
Nefm

P14480 Fibrinogen beta chain Fgb
P16975 SPARC Sparc
P17475 Alpha-1-antiproteinase Serpina1
P19527 Neurofilament light

polypeptide
Nefl

P20059 Hemopexin Hpx
P21807 Peripherin Prph
P34058 Heat shock protein HSP 90-

beta
Hsp90ab1

P50503 Hsc70-interacting protein St13
P62703 40S ribosomal protein S4, X

isoform
Rps4x

P82995 Heat shock protein HSP 90-
alpha

Hsp90aa1

Q63041 Alpha-1-macroglobulin A1m
Q66HA8 Heat shock protein 105 kDa Hsph1
Q9QX79 Fetuin-B Fetub
Q9QZA2 Programmed cell death 6-

interacting protein
Pdcd6ip

F1LM84 Nidogen-1 Nid1
F1LRZ7 Neurofilament heavy

polypeptide
Nefh

G3V7K3 Ceruloplasmin Cp
G3V7U4 Lamin-B1 Lmnb1
Q6PDW1 40S ribosomal protein S12 Rps12
M0RBF1 Complement C3 C3
O54854 Kallikrein 6, isoform CRA_a Klk6
Q5EBC0 Inter alpha-trypsin inhibitor,

heavy chain 4
Itih4

Q5M7T5 Protein Serpinc1 Serpinc1
Q62669 Protein Hbb-b1 Hbb-b1
Q68FY4 Group specific component Gc
Q6MGC4 H2-K region expressed

gene 2, rat orthologue
Pfdn6

Q7TQ70 Ac1873 Fga
Cluster 5

B0BNM1 NAD(P)H-hydrate epimerase Apoa1bp
B2RYG6 Ubiquitin thioesterase

OTUB1
Otub1

O08651 D-3-phosphoglycerate
dehydrogenase

Phgdh
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TABLE I—continued

Time clustering

Accession number Protein name Gene name

O35077 Glycerol-3-phosphate
dehydrogenase 	NAD(�)
,
cytoplasmic

Gpd1

O35760 Isopentenyl-diphosphate Delta-
isomerase 1

Idi1

O88350 Putative hydrolase RBBP9 Rbbp9
M0R590 Protein LOC685186 LOC685186
P04905 Glutathione S-transferase Mu 1 Gstm1
F1LND7 Farnesyl pyrophosphate

synthase
Fdps

P05544 Serine protease inhibitor A3L Serpina3l
P05708 Hexokinase-1 Hk1
P08009 Glutathione S-transferase Yb-3 Gstm3
P10860 Glutamate dehydrogenase 1,

mitochondrial
Glud1

P10959 Carboxylesterase 1C Ces1c
P11030 Acyl-CoA-binding protein Dbi
P11980 Pyruvate kinase PKM Pkm
P12346 Serotransferrin Tf
P12785 Fatty acid synthase Fasn
P13233 2�,3�-cyclic-nucleotide 3�-

phosphodiesterase
Cnp

P13668 Stathmin Stmn1
G3V9G4 ATP citrate lyase, isoform

CRA_b
Acly

P17425 Hydroxymethylglutaryl-CoA
synthase, cytoplasmic

Hmgcs1

P24155 Thimet oligopeptidase Thop1
P24329 Thiosulfate sulfurtransferase Tst
P28037 Cytosolic 10-

formyltetrahydrofolate
dehydrogenase

Aldh1l1

P30904 Macrophage migration
inhibitory factor

Mif

P32232–2 Cystathionine beta-synthase Cbs
P37361 Metallothionein-3 Mt3
P37805 Transgelin-3 Tagln3
P50398 Rab GDP dissociation inhibitor

alpha
Gdi1

P50408 V-type proton ATPase subunit
F

Atp6v1f

P51635 Alcohol dehydrogenase
	NADP(�)


Akr1a1

P84079 ADP-ribosylation factor 1 Arf1
P62161 Calmodulin Calm1
P62828 GTP-binding nuclear protein

Ran
Ran

P63086 Mitogen-activated protein
kinase 1

Mapk1

Q3KRE8 Tubulin beta-2B chain Tubb2b
Q497B0 Omega-amidase NIT2 Nit2
Q4KM74 Vesicle-trafficking protein

SEC22b
Sec22b

Q4KMA2 UV excision repair protein
RAD23 homolog B

Rad23b

Q4V8C3–2 Echinoderm microtubule-
associated protein-like 1

Eml1

Q5BJP9 Phytanoyl-CoA dioxygenase
domain-containing protein 1

Phyhd1

Q5PQN7 Protein LZIC Lzic
Q5XI22 Acetyl-CoA acetyltransferase,

cytosolic
Acat2

Q62952–2 Dihydropyrimidinase-related
protein 3

Dpysl3

Q66HG4 Aldose 1-epimerase Galm
Q6AY84 Secernin-1 Scrn1
Q6AYS7 Aminoacylase-1A Acy1a
Q6P502 T-complex protein 1 subunit

gamma
Cct3

Q6P9V9 Tubulin alpha-1B chain Tuba1b
Q7TP98 Interleukin enhancer-binding

factor 2
Ilf2

TABLE I—continued

Time clustering

Accession number Protein name Gene name

Q91XU1 Protein quaking Qki
Q9JHU0 Dihydropyrimidinase-related

protein 5
Dpysl5

Q9QXU9 ProSAAS Pcsk1n
Q9Z1B2 Glutathione S-transferase Mu

5
Gstm5

B2GUZ9 Fam49b protein Fam49b
B4F7C2 Protein Tubb4a Tubb4a
B5DFN4 Prefoldin 5 (Predicted),

isoform CRA_a
Pfdn5

D3ZFU9 Protein Mylk Mylk
D4AD67 Protein Ktn1 Ktn1
D4A5X8 Protein Ahcyl1 Ahcyl1
D4ACB8 Chaperonin subunit 8 (Theta)

(Predicted), isoform CRA_a
Cct8

D4AEH9 Amylo-1, 6-glucosidase, 4-
alpha-glucanotransferase
(Glycogen debranching
enzyme, glycogen storage
disease type III)

Agl

F1LM42 Protein Ank2 Ank2
F1M978 Inositol monophosphatase 1 Impa1
F1M9V7 Protein Npepps Npepps
F1MAQ5 Microtubule-associated

protein
Map2

F7F7H4 Uncharacterized protein Dock2
G3V721 WW domain binding protein 2,

isoform CRA_b
Wbp2

G3V7C6 RCG45400 Tubb4b
G3V8G4 Brevican, isoform CRA_a Bcan
G3V8V3 Phosphorylase Pygm
G3V9U0 Acyl-CoA synthetase short-

chain family member 2
(Predicted)

Acss2

M0R686 Protein Irgq Irgq
M0RE01 Uncharacterized protein LOC100911107
Q4KM55 Protein Vta1 Vta1
Q642E5 Diphosphomevalonate

decarboxylase
Mvd

Cluster 6
B0BNN3 Carbonic anhydrase 1 Ca1
O08557 N(G),N(G)-dimethylarginine

dimethylaminohydrolase 1
Ddah1

P01048 T-kininogen 1 Map1
P02091 Hemoglobin subunit beta-1 Hbb
P02650 Apolipoprotein E Apoe
P02680–2 Fibrinogen gamma chain Fgg
P04639 Apolipoprotein A-I Apoa1
P04692–5 Tropomyosin alpha-1 chain Tpm1
P06238 Alpha-2-macroglobulin A2m
P06761 78 kDa glucose-regulated

protein
Hspa5

P06866 Haptoglobin Hp
P08592–2 Amyloid beta A4 protein App
P08699 Galectin-3 Lgals3
P08932 T-kininogen 2
P09495 Tropomyosin alpha-4 chain Tpm4
P09606 Glutamine synthetase Glul
P10960 Sulfated glycoprotein 1 Psap
P11348 Dihydropteridine reductase Qdpr
P11598 Protein disulfide-isomerase A3 Pdia3
P11762 Galectin-1 Lgals1
P12839 Neurofilament medium

polypeptide
Nefm

P14480 Fibrinogen beta chain Fgb
P16975 SPARC Sparc
P17475 Alpha-1-antiproteinase Serpina1
P19527 Neurofilament light

polypeptide
Nefl

P20059 Hemopexin Hpx
P21807 Peripherin Prph
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TABLE I—continued

Time clustering

Accession number Protein name Gene name

P30427 Plectin Plec
P31000 Vimentin Vim
P31232 Transgelin Tagln
P34058 Heat shock protein HSP

90-beta
Hsp90ab1

G3V913 Heat shock 27kDa protein
1

Hspb1

P50503 Hsc70-interacting protein St13
P55051 Fatty acid-binding protein,

brain
Fabp7

P62703 40S ribosomal protein S4,
X isoform

Rps4x

P82995 Heat shock protein HSP
90-alpha

Hsp90aa1

P85972 Vinculin Vcl
Q5RKI0 WD repeat-containing

protein 1
Wdr1

Q5XFX0 Transgelin-2 Tagln2
Q63028 Alpha-adducin Add1
Q63041 Alpha-1-macroglobulin A1m
Q63610–2 Tropomyosin alpha-3 chain Tpm3
Q66HA8 Heat shock protein 105

kDa
Hsph1

Q68FQ2 Junctional adhesion
molecule C

Jam3

Q6JE36 Protein NDRG1 Ndrg1
Q9QX79 Fetuin-B Fetub
Q9QZA2 Programmed cell death

6-interacting protein
Pdcd6ip

Q9WVR7 Protein phosphatase 1F Ppm1f
B0K010 Protein Txndc17 Txndc17
C0JPT7 Filamin alpha Flna
D3ZHA0 Protein Flnc Flnc
D3ZQP6 Protein Sema7a Sema7a
F1LM84 Nidogen-1 Nid1
F1LRZ7 Neurofilament heavy

polypeptide
Nefh

G3V7K3 Ceruloplasmin Cp
G3V7U4 Lamin-B1 Lmnb1
G3V852 Protein Tln1 Tln1
G3V8L3 Lamin A, isoform CRA_b Lmna
G3V940 Coronin Coro1b
Q6PDW1 40S ribosomal protein S12 Rps12
M0RBF1 Complement C3 C3
O54854 Kallikrein 6, isoform CRA_a Klk6
Q5EBC0 Inter alpha-trypsin inhibitor,

heavy chain 4
Itih4

Q5M7T5 Protein Serpinc1 Serpinc1
Q5XI38 Lymphocyte cytosolic

protein 1
Lcp1

Q62669 Protein Hbb-b1 Hbb-b1
Q68FY4 Group specific component Gc
Q6MGC4 H2-K region expressed

gene 2, rat orthologue
Pfdn6

Q7TQ70 Ac1873 Fga
Cluster 7

P05708 Hexokinase-1 Hk1
P12346 Serotransferrin Tf
P30904 Macrophage migration

inhibitory factor
Mif

Q6P502 T-complex protein 1
subunit gamma

Cct3

D4ACB8 Chaperonin subunit 8
(Theta) (Predicted),
isoform CRA_a

Cct8

D4AEH9 Amylo-1, 6-glucosidase,
4-alpha-
glucanotransferase
(Glycogen debranching
enzyme, glycogen
storage disease type III)

Agl

F7F7H4 Uncharacterized protein Dock2
G3V721 WW domain binding

protein 2, isoform
CRA_b

Wbp2

TABLE II
List of proteins identified by cluster after perseus analyses taking into

account spatial localization

Segment clustering

Accession number Protein name Gene name

Cluster 1
P02650 Apolipoprotein E Apoe
P04041 Glutathioneperoxidase 1 Gpx1
P04642 L-lactate dehydrogenase A chain Ldha
P04785 Proteindisulfide-isomerase P4hb
P05197 Elongation factor 2 Eef2
P07151 Beta-2-microglobulin B2m
P08649 Complement C4 C4
P08699 Galectin-3 Lgals3
P10960 Sulfatedglycoprotein 1 Psap
P22734–2 Catechol O-methyltransferase Comt
P23928 Alpha-crystallin B chain Cryab
Q6P6T6 Cathepsin D Ctsd
P31232 Transgelin Tagln
P37397 Calponin-3 Cnn3
P62963 Profilin-1 Pfn1
P85968 6-phosphogluconate dehydrogenase,

decarboxylating
Pgd

P85970 Actin-relatedprotein 2/3
complexsubunit 2

Arpc2

P85973 Purine nucleoside phosphorylase Pnp
Q3MIE4 Synapticvesicle membrane protein

VAT-1 homolog
Vat1

Q4V7C7 Actin-relatedprotein 3 Actr3
Q5I0D7 Xaa-Pro dipeptidase Pepd
Q5M7U6 Actin-relatedprotein 2 Actr2
Q5XFX0 Transgelin-2 Tagln2
Q63716 Peroxiredoxin-1 Prdx1
Q64119 Myosin light polypeptide 6 Myl6
Q68FS4–2 Cytosol aminopeptidase Lap3
Q6AYC4 Macrophage-cappingprotein Capg
Q6B345 Protein S100-A11 S100a11
Q6MG61 Chlorideintracellularchannelprotein 1 Clic1
Q6Q0N1 Cytosolic non-specificdipeptidase Cndp2
D3ZHA0 Protein Flnc Flnc
D3ZQP6 Protein Sema7a Sema7a
F1LP60 Moesin Msn
F1M5X1 Protein Rrbp1 Rrbp1
F1M983 ProteinCfh Cfh
G3V852 Protein Tln1 Tln1
G3V8V1 Granulin, isoformCRA_c Grn
M0R4S2 Apolipoprotein D Apod
Q5XI38 Lymphocyte cytosolicprotein 1 Lcp1
Q6IN22 Cathepsin B Ctsb
Q6P9V7 Proteasome (Prosome, macropain)

activatorsubunit 1
Psme1

Q63798 Proteasomeactivatorcomplexsubunit
2

Psme2

Cluster 2
O35077 Glycerol-3-phosphate

dehydrogenase 	NAD(�)
,
cytoplasmic

Gpd1

P02688 Myelin basic protein Mbp
P32232–2 Cystathionine beta-synthase Cbs
P47819 Glial fibrillaryacidicprotein Gfap
P85845 Fascin Fscn1
B0BNA5 Coactosin-likeprotein Cotl1
P05370 Glucose-6-phosphate 1-

dehydrogenase
G6pdx

P14841 Cystatin-C Cst3
P47875 Cysteine and glycine-richprotein 1 Csrp1
P55051 Fattyacid-binding protein, brain Fabp7
P55053 Fattyacid-binding protein, epidermal Fabp5
P55067 Neurocancoreprotein Ncan
P62630 Elongation factor 1-alpha 1 Eef1a1
P63259 Actin, cytoplasmic 2 Actg1
P97584 Prostaglandinreductase 1 Ptgr1
Q08163 Adenylylcyclase-associatedprotein 1 Cap1
Q4G075 Leukocyteelastaseinhibitor A Serpinb1a
Q5M7W5 Microtubule-associatedprotein 4 Map4
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TABLE II—continued

Segment clustering

Accession
number Protein name Gene

name

Q5U318 Astrocyticphosphoprotein PEA-15 Pea15
Q5XI73 Rho GDP-dissociation inhibitor 1 Arhgdia
Q63544 Gamma-synuclein Sncg
Q64303 Serine/threonine-protein kinase PAK 2 Pak2
Q68FP1–2 Gelsolin Gsn
Q6JE36 Protein NDRG1 Ndrg1
Q7TP52 Carboxymethylenebutenolidasehomolog Cmbl
Q9EQS0 Transaldolase Taldo1
Q9WUH4 Four and a half LIM domainsprotein 1 Fhl1
D4A8F2 Protein Rsu1 Rsu1
E9PT65 ProteinRdx Rdx
G3V8C4 Chlorideintracellularchannel 4,

isoformCRA_b
Clic4

M0R4H5 PDZ and LIM domainprotein 4 Pdlim4
Cluster 3

O08838 Amphiphysin Amph
O08839–2 Myc box-dependent-interactingprotein 1 Bin1
O35095 Neurochondrin Ncdn
O35179 Endophilin-A1 Sh3gl2
O35264 Platelet-activating factor acetylhydrolase

IB subunit beta
Pafah1b2

O35814 Stress-induced-phosphoprotein 1 Stip1
O88989 Malatedehydrogenase, cytoplasmic Mdh1
P00507 Aspartate aminotransferase,

mitochondrial
Got2

P01830 Thy-1 membrane glycoprotein Thy1
P04636 Malatedehydrogenase, mitochondrial Mdh2
P07323 Gamma-enolase Eno2
P07722 Myelin-associatedglycoprotein Mag
P09951 Synapsin-1 Syn1
P10860 Glutamate dehydrogenase 1,

mitochondrial
Glud1

P11348 Dihydropteridinereductase Qdpr
P12839 Neurofilament medium polypeptide Nefm
F1LNY3 Neural celladhesionmolecule 1 Ncam1
P14408–2 Fumarate hydratase, mitochondrial Fh
P16617 Phosphoglycerate kinase 1 Pgk1
P19527 Neurofilament light polypeptide Nefl
P21575–2 Dynamin-1 Dnm1
P22062 Protein-L-isoaspartate(D-aspartate) O-

methyltransferase
Pcmt1

P23565 Alpha-internexin Ina
P25113 Phosphoglyceratemutase 1 Pgam1
P27605 Hypoxanthine-guanine

phosphoribosyltransferase
Hprt1

P31016 Disks large homolog 4 Dlg4
P39069 Adenylate kinase isoenzyme 1 Ak1
P42123 L-lactate dehydrogenase B chain Ldhb
P47709 Rabphilin-3A Rph3a
P47728 Calretinin Calb2
P47860 6-phosphofructokinase type C Pfkp
P50554 4-aminobutyrate aminotransferase,

mitochondrial
Abat

P53042 Serine/threonine-protein phosphatase 5 Ppp5c
P54690 Branched-chain-amino-

acidaminotransferase, cytosolic
Bcat1

P60522 Gamma-aminobutyricacidreceptor-
associatedprotein-like 2

Gabarapl2

P61265 Syntaxin-1B Stx1b
P61765–2 Syntaxin-binding protein 1 Stxbp1
P61983 14–3-3 protein gamma Ywhag
P62632 Elongation factor 1-alpha 2 Eef1a2
P62762 Visinin-likeprotein 1 Vsnl1
P62815 V-type proton ATPase subunit B,

brainisoform
Atp6v1b2

P62959 Histidine triadnucleotide-binding protein
1

Hint1

P62966 Cellular retinoicacid-binding protein 1 Crabp1
P63018 Heatshockcognate 71 kDa protein Hspa8
P63041 Complexin-1 Cplx1
P63329–2 Serine/threonine-protein phosphatase

2B catalyticsubunit alpha isoform
Ppp3ca

TABLE II—continued

Segment clustering

Accession
number Protein name Gene

name

P86252 Transcriptionalactivatorprotein Pur-alpha
(Fragments)

Pura

Q05140–2 Clathrincoatassemblyprotein AP180 Snap91
Q07266–2 Drebrin Dbn1
Q07310–14 Neurexin-3 Nrxn3
Q5GFD9 Protein IMPACT Impact
Q5HZA6–2 Prolylendopeptidase-like Prepl
Q5XIT1 Microtubule-associatedprotein RP/EB

familymember 3
Mapre3

Q62717 Calcium-dependentsecretionactivator 1 Cadps
Q62813 Limbic system-associated membrane

protein
Lsamp

Q62910–5 Synaptojanin-1 Synj1
Q63198 Contactin-1 Cntn1
Q63560 Microtubule-associatedprotein 6 Map6
Q63622–3 Disks large homolog 2 Dlg2
Q63754 Beta-synuclein Sncb
Q7M767 Ubiquitin-conjugating enzyme E2 variant

2
Ube2v2

Q80WA4 RNA-binding protein Nova-1 Nova1
B2GV79 Pdxpprotein Pdxp
Q9EPH8 Polyadenylate-binding protein 1 Pabpc1
Q9ER34 Aconitate hydratase, mitochondrial Aco2
Q9QUL6 Vesicle-fusing ATPase Nsf
Q9QX69 LanC-likeprotein 1 Lancl1
Q9R063–2 Peroxiredoxin-5, mitochondrial Prdx5
G3V7I0 Peroxiredoxin 3 Prdx3
F1LPP3 Protein kinase C and casein kinase

substrate in neuronsprotein 1
Pacsin1

A1L1M0 Protein kinase, cAMP-dependent,
catalytic, alpha

Prkaca

B0BN63 LOC681996 protein Ahsa1
B0BNL2 Peptidylprolyl cis/transisomerase, NIMA-

interacting 1
LOC364561

B4F772 Heatshock 70 kDa protein 4L Hspa4l
B4F7A3 Galectin Lgalsl
D3ZC55 Heatshock 70kDa protein 12A

(Predicted), isoformCRA_a
Hspa12a

D3ZCA0 Proline synthetaseco-transcribed
(Predicted)

Prosc

D3ZD09 Cytochrome c oxidasesubunit 6B1 Cox6b1
D3ZNW5 Neurofascin Nfasc
D3ZUY8 Adaptorproteincomplex AP-2, alpha 1

subunit (Predicted)
Ap2a1

D4A0I5 DnaJ (Hsp40) homolog, subfamily C,
member 6 (Predicted)

Dnajc6

D4A133 Protein Atp6v1a Atp6v1a
D4A6C9 Protein Tom1l2 Tom1l2
D4A8U7 Dynactin 1, isoformCRA_a Dctn1
F1LRL9 Microtubule-associatedprotein 1B Map1b
F1LRZ7 Neurofilament heavy polypeptide Nefh
F1MAQ5 Microtubule-associatedprotein Map2
F7EYB9 ProteinOmg Omg
G3V758 Contactin 2 Cntn2
G3V774 F-box onlyprotein 2 Fbxo2
G3V7L8 ATPase, H� transporting, V1 subunit E

isoform 1, isoformCRA_a
Atp6v1e1

G3V936 Citrate synthase Cs
G3V964 Neurotrimin Ntm
G3V9N8 AP-1 complexsubunit beta-1 Ap1b1
M0RC65 Cofilin 2, muscle (Predicted),

isoformCRA_b
Cfl2

Q52KS1 6-phosphofructokinase Pfkm
Q5BJT9 Creatine kinase, mitochondrial 1,

ubiquitous
Ckmt1b

Q5PQK2 Fusion, derivedfrom t(1216)
malignantliposarcoma (Human)

Fus

Q6AY48 Poly(RC) binding protein 3 Pcbp3
Q6AYU5 Poly(RC) binding protein 2 Pcbp2

Cluster 4
P51635 Alcoholdehydrogenase 	NADP(�)
 Akr1a1
Q4V898 RNA-binding motif protein, X

chromosome
Rbmx
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TABLE II—continued

Segment clustering

Accession
number Protein name Gene

name

Q9EPF2–2Cell surface glycoprotein MUC18 Mcam
Q9QXU9 ProSAAS Pcsk1n
G3V803 Cadherin-2 Cdh2
B2GUZ9 Fam49b protein Fam49b
P07897 Aggrecancoreprotein Acan
F1M7H7 Membrane-associatedguanylate kinase, WW

and PDZ domain-containingprotein 1
Magi1

Cluster 5
M0RDM4 Histone H2A LOC680322
O08838 Amphiphysin Amph
O08839–2 Myc box-dependent-interactingprotein 1 Bin1
O35095 Neurochondrin Ncdn
O35179 Endophilin-A1 Sh3gl2
O35264 Platelet-activating factor acetylhydrolase IB

subunit beta
Pafah1b2

O35814 Stress-induced-phosphoprotein 1 Stip1
O88989 Malatedehydrogenase, cytoplasmic Mdh1
P00507 Aspartate aminotransferase, mitochondrial Got2
P01830 Thy-1 membrane glycoprotein Thy1
P02680–2 Fibrinogen gamma chain Fgg
P04636 Malatedehydrogenase, mitochondrial Mdh2
P07323 Gamma-enolase Eno2
P07722 Myelin-associatedglycoprotein Mag
P07897 Aggrecancoreprotein Acan
P09951 Synapsin-1 Syn1
P10860 Glutamate dehydrogenase 1, mitochondrial Glud1
P11348 Dihydropteridinereductase Qdpr
P12839 Neurofilament medium polypeptide Nefm
F1LNY3 Neural celladhesionmolecule 1 Ncam1
P14408–2 Fumarate hydratase, mitochondrial Fh
P14480 Fibrinogen beta chain Fgb
P16617 Phosphoglycerate kinase 1 Pgk1
P19527 Neurofilament light polypeptide Nefl
P21575–2 Dynamin-1 Dnm1
P22062 Protein-L-isoaspartate(D-aspartate) O-

methyltransferase
Pcmt1

P23565 Alpha-internexin Ina
P25113 Phosphoglyceratemutase 1 Pgam1
P27605 Hypoxanthine-guanine

phosphoribosyltransferase
Hprt1

P31016 Disks large homolog 4 Dlg4
P39069 Adenylate kinase isoenzyme 1 Ak1
P42123 L-lactate dehydrogenase B chain Ldhb
P47709 Rabphilin-3A Rph3a
P47728 Calretinin Calb2
P47860 6-phosphofructokinase type C Pfkp
P50554 4-aminobutyrate aminotransferase,

mitochondrial
Abat

P51635 Alcoholdehydrogenase 	NADP(�)
 Akr1a1
P53042 Serine/threonine-protein phosphatase 5 Ppp5c
P54690 Branched-chain-amino-

acidaminotransferase, cytosolic
Bcat1

P60522 Gamma-aminobutyricacidreceptor-
associatedprotein-like 2

Gabarapl2

P61265 Syntaxin-1B Stx1b
P61765–2 Syntaxin-binding protein 1 Stxbp1
P61983 14–3-3 protein gamma Ywhag
P62632 Elongation factor 1-alpha 2 Eef1a2
P62762 Visinin-likeprotein 1 Vsnl1
P62815 V-type proton ATPase subunit B,

brainisoform
Atp6v1b2

P62959 Histidine triadnucleotide-binding protein 1 Hint1
P62966 Cellular retinoicacid-binding protein 1 Crabp1
P63018 Heatshockcognate 71 kDa protein Hspa8
P63041 Complexin-1 Cplx1
P63329–2 Serine/threonine-protein phosphatase 2B

catalyticsubunit alpha isoform
Ppp3ca

P86252 Transcriptionalactivatorprotein Pur-alpha
(Fragments)

Pura

TABLE II—continued

Segment clustering

Accession
number Protein name Gene

name

Q05140–2 Clathrincoatassemblyprotein AP180 Snap91
Q07266–2 Drebrin Dbn1
Q07310–14Neurexin-3 Nrxn3
F1M7H7 Membrane-associatedguanylate kinase, WW

and PDZ domain-containingprotein 1
Magi1

Q4V898 RNA-binding motif protein, X chromosome Rbmx
Q5GFD9 Protein IMPACT Impact
Q5HZA6–2Prolylendopeptidase-like Prepl
Q5XIT1 Microtubule-associatedprotein RP/EB

familymember 3
Mapre3

Q62717 Calcium-dependentsecretionactivator 1 Cadps
Q62813 Limbic system-associated membrane

protein
Lsamp

Q62910–5 Synaptojanin-1 Synj1
Q63198 Contactin-1 Cntn1
Q63560 Microtubule-associatedprotein 6 Map6
Q63622–3 Disks large homolog 2 Dlg2
Q63754 Beta-synuclein Sncb
Q6PCT3 Tumorprotein D54 Tpd52l2
Q7M767 Ubiquitin-conjugating enzyme E2 variant 2 Ube2v2
Q80WA4 RNA-binding protein Nova-1 Nova1
B2GV79 Pdxpprotein Pdxp
Q9EPF2–2Cell surface glycoprotein MUC18 Mcam
Q9EPH8 Polyadenylate-binding protein 1 Pabpc1
Q9ER34 Aconitate hydratase, mitochondrial Aco2
Q9QUL6 Vesicle-fusing ATPase Nsf
Q9QX69 LanC-likeprotein 1 Lancl1
Q9QXU9 ProSAAS Pcsk1n
Q9R063–2Peroxiredoxin-5, mitochondrial Prdx5
G3V7I0 Peroxiredoxin 3 Prdx3
F1LPP3 Protein kinase C and casein kinase

substrate in neuronsprotein 1
Pacsin1

G3V803 Cadherin-2 Cdh2
A1L1M0 Protein kinase, cAMP-dependent, catalytic,

alpha
Prkaca

B0BN63 LOC681996 protein Ahsa1
B0BNL2 Peptidylprolyl cis/transisomerase, NIMA-

interacting 1
LOC364561

B2GUZ9 Fam49b protein Fam49b
B4F772 Heatshock 70 kDa protein 4L Hspa4l
B4F7A3 Galectin Lgalsl
D3ZC55 Heatshock 70kDa protein 12A (Predicted),

isoformCRA_a
Hspa12a

D3ZCA0 Proline synthetaseco-transcribed (Predicted) Prosc
D3ZD09 Cytochrome c oxidasesubunit 6B1 Cox6b1
D3ZFG5 Protein Pmp2 Pmp2
G3V9C7 Histone H2B Hist1h2bk
D3ZNW5 Neurofascin Nfasc
D3ZUY8 Adaptorproteincomplex AP-2, alpha 1

subunit (Predicted)
Ap2a1

D4A0I5 DnaJ (Hsp40) homolog, subfamily C,
member 6 (Predicted)

Dnajc6

D4A133 Protein Atp6v1a Atp6v1a
D4A6C9 Protein Tom1l2 Tom1l2
D4A8U7 Dynactin 1, isoformCRA_a Dctn1
F1LRL9 Microtubule-associatedprotein 1B Map1b
F1LRZ7 Neurofilament heavy polypeptide Nefh
F1MAQ5 Microtubule-associatedprotein Map2
F7EYB9 ProteinOmg Omg
G3V6P7 Myosin, heavy polypeptide 9, non-muscle LOC100911597
G3V758 Contactin 2 Cntn2
G3V774 F-box onlyprotein 2 Fbxo2
G3V7L8 ATPase, H� transporting, V1 subunit E

isoform 1, isoformCRA_a
Atp6v1e1

G3V936 Citrate synthase Cs
G3V964 Neurotrimin Ntm
G3V9N8 AP-1 complexsubunit beta-1 Ap1b1
M0RC65 Cofilin 2, muscle (Predicted), isoformCRA_b Cfl2
Q52KS1 6-phosphofructokinase Pfkm
Q5BJT9 Creatine kinase, mitochondrial 1, ubiquitous Ckmt1b
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lesion site. This held of particular interest when comparing R1
versus C1 segments. Indeed, as compared with the R1 profile,
the C1 profile was characterized by the overexpression of
inflammation markers such as fibrinogen alpha, proteins in-
volved in demyelination and molecules either favoring axonal
regeneration or inhibiting neurite outgrowth. Searching for
functionally-grouped networks overrepresented in the pro-
teins obtained from segments C3, C2, to C1, from control to
3 days, 7 days and 10 days after SCI, using ClueGO, identified
leading terms mostly related to axon regeneration, synapto-
genesis, extracellular matrix organization, processes in time
course (Fig. 3), and thus established neuron outgrowth and
regeneration processes occurring after lesion in time course.
These data confirm that a neurogenesis process occurs from
caudal 3 to caudal 1 after SCI in time course.

To complement these unsupervised bioinformatics analy-
ses, we then proceeded to supervised coexpression analyses
in order to confirm the unique functional profile of the caudal
segments. Data obtained from our time course experiments

were classified in four groups (i.e. control, lesion, rostral and
caudal) from which coexpression interactions were identified.
Starting from these coexpression networks, a supervised
clustering was then performed using the pro-inflammatory
factor Fibrinogen alpha (FgA) as a reference molecule. Results
showed that, in the lesion and caudal segments only, FgA
coexpression networks were significantly enriched in mole-
cules annotated with “complement activation” gene ontology
term (Fig. 2Ea). When performing a similar supervised clus-
tering using now the axonal Neurofilament (Nf) molecules Nfl,
Nfm, and Nfh, we also found in the lesion and caudal seg-
ments only, a significant enrichment in molecules involved in
the “regulation of neuron differentiation” function (Fig. 2Eb).
However, a significant enrichment in molecules involved in the
“axon guidance” function was observed in the lesion seg-
ments with the exception of all other segments (Fig. 2Ec).
These data confirm that, although similarities can be demon-
strated between segments centered by the lesion site, the
caudal segments express an unexpected pro-inflammatory
profile and pro-regenerative profile.

We then sought to identify specific molecules and path-
ways that would provide a segment and time-specific pro-
teomic signature of SCI. To achieve this goal, we analyzed the
differential distribution of unique versus common/intersected
biological and functional pathways among the three spinal
cord rostral and caudal regions (C1,C2, C3 versus R1, R2, R3)
factored by time points post-SCI (3, 7, and 10 days). Each pair
of spinal cord segments (C1 versus R1, C2 versus R2, C3
versus R3) was analyzed across the three time points and a
comprehensive Venn analysis diagram extracted from Sub-
network Enrichment Analysis (SEA) was generated. From the
C1 versus R1 comparisons, unique statistically significant
segment- and time-specific pathways were identified that
included 32 pathways for C1 on day 3, 78 pathways for R1 on
day 3, 53 pathways for C1 on day 7, 78 pathways for R1 on
day 7, 14 pathways for R1 on day 10 and a single pathway for
C1 on day 10 (Fig. 2Fa); see supplemental Data S3 for the
identity of each of the unique pathways. In Fig. 2Fb, C2 versus
R2 differential pathways were analyzed across the three time
points (3, 7 and 10 days). Unique statistical significant path-
ways were identified including 48 pathways (3days, C2), 55
pathways (3days, R2), 48 pathways (7days, C2), 52 pathways
(7days, R2), 66 pathways (10 days, C2) and 36 pathways (10
days, R2); see supplemental Data S4 for the identity of each of
the unique pathways. In Fig. 2Fc, C3 versus R3 differential
pathways were analyzed across the three time points (3, 7 and
10 days). Unique statistical significant pathways were identi-
fied including 30 pathways (3days, C3), 69 pathways (3days,
R3), 58 pathways (7days, C3); 63 pathways (7days, R3), 52
pathways (10 days, C3) and 63 pathways (10 days, R3); refer
to supplemental Data S5 for the identity of each of the unique
pathways. In Fig. 2Fd, Lesion-specific unique and common/
intersected biological and functional pathways are analyzed
across the three time points. 59, 58 and 61 unique pathways

TABLE II—continued

Segment clustering

Accession
number Protein name Gene

name

Q5PQK2 Fusion, derivedfrom t(1216)
malignantliposarcoma (Human)

Fus

Q6AY48 Poly(RC) binding protein 3 Pcbp3
Q6AYU5 Poly(RC) binding protein 2 Pcbp2
Q7TQ70 Ac1873 Fga

Cluster 6
B0BNA5 Coactosin-likeprotein Cotl1
O35077 Glycerol-3-phosphate dehydrogenase

	NAD(�)
, cytoplasmic
Gpd1

P02688 Myelin basic protein Mbp
P05370 Glucose-6-phosphate 1-dehydrogenase G6pdx
P14841 Cystatin-C Cst3
P32232–2 Cystathionine beta-synthase Cbs
P47819 Glial fibrillaryacidicprotein Gfap
P47875 Cysteine and glycine-richprotein 1 Csrp1
P55051 Fattyacid-binding protein, brain Fabp7
P55053 Fattyacid-binding protein, epidermal Fabp5
P55067 Neurocancoreprotein Ncan
P62630 Elongation factor 1-alpha 1 Eef1a1
P63259 Actin, cytoplasmic 2 Actg1
P85845 Fascin Fscn1
P97584 Prostaglandinreductase 1 Ptgr1
Q08163 Adenylylcyclase-associatedprotein 1 Cap1
Q4G075 Leukocyteelastaseinhibitor A Serpinb1a
Q5M7W5 Microtubule-associatedprotein 4 Map4
Q5U318 Astrocyticphosphoprotein PEA-15 Pea15
Q5XI73 Rho GDP-dissociation inhibitor 1 Arhgdia
Q63544 Gamma-synuclein Sncg
Q64303 Serine/threonine-protein kinase PAK 2 Pak2
Q68FP1–2 Gelsolin Gsn
Q6JE36 Protein NDRG1 Ndrg1
Q7TP52 Carboxymethylenebutenolidasehomolog Cmbl
D4ABI6 Protein RGD1561252 RGD1561252
Q920J4 Thioredoxin-likeprotein 1 Txnl1
Q9EQS0 Transaldolase Taldo1
Q9WUH4 Four and a half LIM domainsprotein 1 Fhl1
B0BMX3 Protein S100a16 S100a16
D4A8F2 Protein Rsu1 Rsu1
E9PT65 ProteinRdx Rdx
G3V8C4 Chlorideintracellularchannel 4,

isoformCRA_b
Clic4

M0R4H5 PDZ and LIM domainprotein 4 Pdlim4
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FIG. 3. ClueGo terms involved in proteins overexpressed in C3 compared with C2 and C1.
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were identified corresponding to the 3 days, 7 days and 10
days’ time points respectively (supplemental Data S6). More-
over, taken into account both the spatial regionalization along
the spinal cord and the time course after SCI, we established
that R1 versus C1 harbored no common pathways whereas
R2 versus C2 shared neurites outgrowth, cell proliferation, cell
differentiation, cell death and cytoskeleton organization path-
ways. In R3 versus C3 analyses, common pathways included
cell proliferation and endocytosis pathways were found (sup-
plemental Data S7–S9). In the same way, when taking into
account the time course, 40 specific proteins unique of each
segment could be retrieved, i.e. 18 specific proteins in lesion
segment, 2 in R1, 2 in C1, 3 in R2, 5 in C2, 2 in R3 and 8 in C3
(Table III). Interestingly, the chemokine Cxcl2 was identified as

specific to R1, whereas in C1, Neurofascin and mediator of
cell motility-1 (MEMO1). MEMO1 is implicated in a MEMO1-
RhoA-DIAPH1 signaling pathway that plays an important role
in ErbB2-dependent (34). Neurofascin is related to L1 family
immunoglobulin cell adhesion molecule with multiple IgCAM
and fibronectin domains. Neurosfacin is implicated in neurite
outgrowth, neurite fasciculation and organization of the axon
initial segment. Importantly, Neurofascin is also targeted by
autoantibodies in patients with multiple sclerosis (MS) and its
altered expression has been proposed as a contributing factor
to axonal pathology in MS (35). Finally, 18 lesion-specific
proteins were detected among which: the follistatin-like 1
(Fstl1), a molecule that modulates the action of several growth
factors on cell proliferation and differentiation and Niban-like
protein 1 (Fam129b), an inhibitor of apoptosis.

Thus, these global proteomic analyses clearly demonstrate
that lesion site and the proximal segments (R1 and C1) are
different from the distal areas. These results are corroborated
by MALDI mass spectrometry imaging (MALDI-MSI) analysis
performed on R1, C1, and lesion tissues sections (Fig. 4). In
fact, molecular 2D-maps based on metabolites and lipids will
allow seeing the molecular regionalization in regards to phys-
iological processes. The molecular imaging studies after SCI
(3 days) show a complete disruption of gray matter-specific
lipid signals along the lesion site (Fig. 4A). Spatial segmenta-
tion of MALDI-MSI data, dividing the spinal cord sections into
anatomical regions allowed discriminating between different
regions in an unsupervised method. The cluster analyses of
rostral, lesion and caudal sections after 3 days of SCI confirm
a disrupted structure of lipid distribution along the lesion site
whereas the segmentation of rostral and caudal sections is
consistently aligned with the spinal cord anatomy (Fig. 4B).
The gray matter is shown in red and the white matter in green
(Fig. 4B). m/z values exclusively localized with the lesion re-
gion were automatically elucidated and in Fig. 4C, 18 m/z
images are shown. With component analysis fundamental
components of the spectra and m/z images within the SCI
MALDI-MSI data set can be discovered unsupervised. By
that, the data are decomposed into a pre-specified small
number of score images showing the main spatial features
and a small set of component spectra showing the main
spectral features. Furthermore a Receiver Operating Charac-
teristic (ROC) analysis was performed for detecting m/z-val-
ues which allow a discrimination of different regions (C1 and
R1); see Table IV for discriminating m/z values and Fig. 4Cb
for a visualization of the spatial distribution of selected m/z
values. In Fig. 4D, the results of the component analyses for
the probabilistic latent semantic analysis (Figs. 4Da and 4Db)
with random initialization and for principal component analy-
sis (Fig. 4Dc) with five components are indicated. For verifi-
cation of the findings obtained above, a second set of MALDI-
MSI data was obtained for 24 slices of the caudal region. A
3D-visualization of selected m/z values, which were chosen
according to the values stated in Table IV, confirms the sig-

TABLE III
Specific protein per segments in time course

Segments Protein ID Protein Name
Identified
per Time

Lesion G3V7H3 Cfd 3d/7d
P16391 RT1 3d/7d
P18331 Inhba 3d/10d
Q5FVH2 Pld3 3d/7d
Q62632 Fstl1 3d/10d
Q6P7C7 Gpnmb 3d/10d
B2GVB9 Fermt3 7d/10d
B4F7E8 Fam129b 7d/10d
E9PSY8 Eps15 7d/10d
G3V8L1 Pycard 7d/10d
G3V8Q0 Rgs10 7d/10d
P97608 Oplah 7d/10d
Q5BJY6 Amdhd2 7d/10d
Q641X3 Hexa 7d/10d
Q66H59 Npl 7d/10d
Q66HG3 Cndp1 7d/10d
Q6AYF2 Lmcd1 7d/10d
Q8K3F3 Ppp1r14b 7d/10d

Rostral 1 P30348 Cxcl2 3d/10d
Q63507 Rpl14 3d/7d

Caudal 1 F1LNE5 Memo1 3d/10d
R9PY05 Nfasc 3d/7d

Rostral 2 Q5U1Z2 Trappc3 7d/10d
G3V8D6 Trim3 3d/7d
P62836 Rap1a 3d/7d

Caudal 2 Q68A21 Purb 3d/10d
F1LN98 Ewsr1 3d/10d
P0DJJ3 Sgip1 3d/7d
Q5XI81 Fxr1 3d/7d
G3V928 Lrp1 ctrl/3d

Rostral 3 D4ACV3 Hist2h2ac 3d/7d
F1LMU0 Myh4 3d/7d

Caudal 3 B2GV38 Ubl4a 7d/10d
P45479 Ppt1 7d/10d
P63045 Vamp2 3d/10d
Q1M168 Atcay 3d/10d
F1LSU5 Defa10 3d/10d
Q920J3 Coro6 3d/10d
O88902 Ptpn23 3d/7d
D3ZH36 LOC100910536 3d/7d
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FIG. 4. A, Comparison of signals across different spinal cord segments. (a) 25 m/z image sets (left rostral, middle lesion, right caudal) are
shown with � 0.3 Da and edge-preserving image denoising as well as automatic hot spot removal. (b) The respective m/z values are indicated in
the table. (c) The localization of the respective peaks is shown in the mean spectrum below. B, Hierarchical clustering: regions which are conjectured
to be gray respectively white matter tissue is clearly structured in rostral and caudal regions, no structure visible in lesion region. C, (a) Colocalized
m/z image sets (left rostral, middle lesion, right caudal) and (b) respective m/z values in the lesion region with the respective Pearson‘s correlation
values. D, Component analyses for the probabilistic latent semantic analysis (a and b) with random initialization and principal component analysis
(c) with five components. E, 3D projection of lipid expression across the length of spinal cord. Initial 3D alignment to follow lipid spatial distribution
with imaging. F, Cluster analyses (segmentation) for two, four and five clusters with the respective amount of spots per cluster and the distance
values to reconstruct spinal cord. G, 3D projection of specific signals m/z 524.402 and 546.406 detected at the lesion site. H, 3D map at the level
of the gray and white matters of the caudal 1 segment based on 24 consecutive sections.

Spinal Cord Lesion Spatio-temporal Study

Molecular & Cellular Proteomics 15.8 2657



nificance of these molecular weights (Fig. 4E). Clustering has
been performed through R1, C1, and lesion segments (Fig.
4F) and established that lesion is highly impacted compared
with R1. Specific m/z at respectively 546.406 and 524.402
which have been retrieved at the lesion site but not in R1 and
C1 segments confirm our hypothesis (Fig. 4G). In the same
way, clustering analyses also allow to state that C1 is diver-
gent from R1 (Fig. 4G). 3D map performed at the C1 segment
from 24 sections showed that gray matter is more impacted
compared with the white matter (Fig. 4H) and expressed
specific lipids as the ones fully characterized by lipidomic in
C1 and in lesion (Table V). In fact, comparison between the
lesion and C1 in lipid composition showed difference in the
level of expression between the two segments. These 2D- and
3D-molecular maps reinforce the proteomic analyses and
point out that C1 is divergent from R1 in term of the molecular
contents at different time points.

Time Course Analysis of Inflammatory and modify to regen-
erative Markers Along the Spinal Cord Axis—To complement
the results obtained from our pan-proteomic approaches, we
further focused our attention on immune and neurites out-
growth or axon guidance factors along the spinal cord in time
course (Table VI). We established that, compared with control
samples, immune-related proteins comprising galectins 1 and

3 (Lgals1 and 3), coronin 1b (Coro1b), macrophage migration
inhibitory factor (MIF), granulin (Grn), lymphocyte cytosolic
protein (Lcp1), complement system components (C3 and
B2m) and cathepsins (Ctsb and Ctsd), are overexpressed in
the lesion site 3 days after SCI, show further increased levels
at 7 days and remain at high levels at 10 days. In contrast, the
inflammation peak was observed at 3 days in R1 segments
and at 7 days in C1 segments. For axon guidance and
neuroprojection represented by microtubule-associated
protein Tau (Mapt), Pak proteins (Pak 1 and 2), Ras-related
C3 botulinum toxin substrate 1 (Rac1), neural cell adhesion
molecule 1 (Ncam1), stathmins (Stmn 1 and 2), semaphorin
7a (Sema7a), dectin 1 (Dctn1), neurofilament light polypep-
tide (Nefl), profiling 1 (Pfn1), neurofascin (Nfasc), neu-
rotrimin (Ntm), the level of these proteins was low at 3 days,
increased at 7 days and stayed stable at 10 days in the
lesion segment. At 3 days, the level is the highest in C2 and
C3 segments compared with C1 and R1 segments. At 7
days, it increased in C1 to C3 segments. At 10 days, it
decreased in lesion, C1 and C2 segments, stayed high in C3
and increased in R1 to R3 segments. For motoneurons
degeneration represented by the super dismutase 1 (Sod1),
the vesicle-associated membrane protein b (Vapb), dynac-
tin-1 (Dctn1), the highest level is in C1 to C3 segments at 7
days and in R1 to R3 segments at 10 days. For neurites
inhibition, i.e. RhoA, neurocan (Ncan), amphiphysin (Amph),
the overexpression occurs in C1 segment in time course
with a peak reaching at 7 days.

In order to extend such proteomic quantitative label free
results, cytokines arrays (Figs. 5A–5B) and functional assays
(Figs. 5C–5E) that compared the secretome of R1 versus C1
segments were performed. Cytokines arrays confirmed the
time-dependent and localization-dependent synthesis of
chemokines and cytokines in R1 and C1 segments. Com-
pared with control, in R1 segment, CXCL1, CXCL3, CXCL5,
CCL20, TIMP-1, and IL6 are overexpressed 3 days after SCI
whereas CCL3 and CTNF decrease (Fig. 5A). At 7 days after
SCI, some cytokines remain high (i.e. CXCL1, CXCL3, and
TIMP1), increase (i.e. CXCL2, CXCL5, CXLC7, CCL3) or re-
main constant (i.e. IL6 and CCL20) (Fig. 5A). At 10 days,
CXCL1, CXCL3, CXCL2, CXCL5, and TIMP 1 fall dramatically,
IL6 and CCL20 disappear and CTNF and CXCL7 continue to
increase (Fig. 5A). In C1, the evolution is different (Fig. 5B). At
3 days after SCI, level of CXCL3 and TIMP-1 increase but not
as registered in R1, the level of CXCL7 and CXCL5 decrease,
whereas IL6 and CCL20 are not detected (Fig. 5B). After 7
days, the cytokines pattern changed with an increase of
CXCL1, CXCL2, CXCL3, CXCL5, and CXCL7 levels and re-
apparition of IL6 together with CCL20. 10 days after SCI,
CXCL1, CXCl3, CXCL5, TIMP 1 are even higher than in R1
segment and IL6 is always present in C1 but not in R1 seg-
ment. Taken together, these data showed that the cytokines
pattern change in time course between R1 and C1. Specific
chemokines (CXCL1, CXCL2, CXCL3, CXCL5, CXCL7, CCL3,

TABLE IV
Discriminating m/z-values for lesion vs. rostal/ caudal region obtained

by ROC

Centroid � Maximum AUC m/z at maximum

86.005 0.245 0.744975 86.237
86.377 0.127 0.761224 86.263
86.686 0.182 0.674034 86.517

104.076 0.277 0.734237 104.328
104.630 0.277 0.727656 104.353
169.759 0.188 0.397301 169.921
170.055 0.108 0.458626 170.150
170.271 0.108 0.759526 170.278
170.456 0.076 0.691658 170.379
170.720 0.188 0.557438 170.532
174.917 0.258 0.394923 175.163
175.398 0.223 0.739125 175.392
175.885 0.264 0.251686 176.130
184.068 0.300 0.750433 184.322
191.828 0.300 0.239038 192.108
192.352 0.163 0.737723 192.261
192.678 0.163 0.186462 192.821
213.801 0.264 0.299782 214.066
214.244 0.178 0.749835 214.244
214.636 0.214 0.50978 214.422
221.982 0.277 0.721014 222.259
222.536 0.277 0.743943 222.310
240.018 0.300 0.622719 240.298
240.629 0.300 0.755234 240.400
782.731 0.300 0.643802 782.756
783.698 0.300 0.64038 783.748
798.684 0.300 0.61345 798.735
799.702 0.300 0.616393 799.727
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CCL20, IL6) that are secreted by macrophages or epithelial
cells after injury have the ability to attract neutrophils and
lymphocytes, activate inflammation and stimulate extracellu-
lar matrix synthesis and tissue remodeling. This actually sub-
stantiates the hypothesis that the types of immune cells that
are attracted along the spinal cord upon injury insult are quite
different between rostral and caudal segments in time course,
i.e. cells start to migrate toward R1 and then C1 segment as
shown the proteomic data (Table VI). It has also to be noticed
that IL6 and CCL20 are expressed firstly in R1 at 3 days after
SCI and secondly appeared in C1 at 7 days. Moreover, CCL20
is also known to attract T regulator lymphocytes through
CCR6 binding (36). In that context, it is necessary to correlate
the cytokines expression with cellular presence in time course
and along the spinal cord.

Fluorescent immunohistochemistry and cell quantification
were then performed in order to compare, in C1 versus R1, the
post-SCI time course of microglial cells, neutrophils and
FoxP3 positive T regulator lymphocytes (Tregs) infiltrations
(Figs. 6 and 7). Quantification of microglia revealed that the
highest density of Iba-1-positive cells could be observed in
gray matter areas of caudal regions, at 3 days and 7 days
post-SCI (Fig. 6C). No differences are observed between the
R1 and C1 segments at 10 days (Fig. 6C). As compared with
control samples, Iba-1-positive microglia, in all SCI samples
harbor a rounded morphology indicative of an activation state
(Fig. 6). Differences between the R1 and C1 segments, with
regard to microglial cells density, reach significant levels only
in gray matter areas, at 3 and 7 days post-SCI (Fig. 6B–6E).
Irrespective of the segment considered, the density of micro-

TABLE V
Retention time, m/z, and identification of lipids expressed in C1 or lesion segment after lipidomics analyses
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glial cells decreases at 7 days but still remains above the
basal microglial density observed in control samples (Fig. 6C).
Results from cytokine/chemokine arrays urged us to perform
a similar immunohistochemical analysis for neutrophils and
Tregs. Similar study was performed for neutrophils in regard
to chemokines pattern found (Fig. 5D). Neutrophils were
abundantly detected in both R1 and C1 segments with a peak
reached at 3 days after SCI without any differences in term of
amount between each segments. The level decreases in time
course. However, immunohistochemistry based on anti-neu-
trophil elastase marker revealed that the shape of the cells is
different in control and after SCI (Fig. 7). In controls, neutro-
phils are elongated and bipolar (Fig. 7A). Three days after SCI,
cells start to make some ramifications and 7 days more cells
have ramifications (Fig. 7A and 7C). Ten days later, the num-

ber of cells decreased, but the ones present are still ramified
(data not shown). Analyses performed at the level of the blood
vessel confirmed that lot of neutrophils are present 3 days
(Fig. 7D) after SCI and less at 7 days. At higher magnification,
we could discriminate sign of neutrophils extravasation, mim-
icking movement of cells out of blood vessels toward the
injury (Fig. 7E). In comparison, Tregs are present 3 days after
SCI, in rostral segment in higher amount than in caudal one.
Their levels peak at 7 days for both segments and then
decrease at 10 days (Fig. 7E). These results are in line with the
cytokine phenotype expressed by the cells (IL6 and CCL20)
(Fig. 5). At 3 days after SCI, Tregs presented ramifications
(Fig. 7F) whereas at 7 and 10 days, they become round (data
not shown). These data are clearly in line with the cytokines
pattern observed in Fig. 5 where chemoattractant factors for

TABLE V—continued
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TABLE VI
Label free quantification (Intensity-based absolute quantification (IBAQ) value) of identified protein per segments and taking into account time

after SCI. the. iBAQ values calculated by MaxQuant are proportional to the molar quantities of the proteins
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FIG. 5. Chemokines and cytokines array after SCI in CM from R1 and C1 for control and 3, 7, and 10 days post injury. The rat cytokine
array assay was performed in SC conditioned media. Blue bars show R1 CM, and orange indicates C1 CM. The bar diagrams represent the
ratio of the spot mean pixel densities/reference point pixel densities. A, Comparison of cytokines and chemokines secretion in R1 segment at
3, 7 and 10 days after SCI and control. B, Comparison of cytokines and chemokines secretion in C1 segment at 3, 7, and 10 days after SCI
and control. Significant differences were analyzed using Student’s t test *p � 0.05, **p � 0.01, ***p � 0.001. Quantification of immune cells
recruitment in control and 3, 7, and 10 days post-injury, comparison between R1 rostral and C1 caudal segments. C, Number of Iba1 positive
microglia recruited in gray and white matters. D, Percentage of neutrophil elastase-positive neutrophils and E, FoxP3-positive Tregulators
recruited in white matter. *p � 0.05, ** p � 0.001, *** p � 0.0001 One-way ANOVA.
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neutrophils and microglia are detected. Neutrophils and mi-
croglia are recruited between 0 and 3 days after SCI in caudal
segments and their levels decrease at 7 days. Similarly, Tregs

are recruited between 3 and 7 days and peak at 7 days. These
data are in line with the presence of CXCL1, CXCL3, CXCL5,
CCL20, TIMP-1, and IL6 in R1, at 3 days, which are known to

FIG. 6. Representative longitudinal sections of spinal cord revealing Iba1 microglia positive cells rostrally (B, D, E) and caudally (C,
F) to the lesion site after SCI (3D, 7D, 10D) in comparison to control (A). Note, activated microglia with hypertrophied cell body and
retracted processes at 3 and 7 days at C1 segment (B, C, E arrows-full) in comparison to resting microglia in control (A, arrows-intermitted)
or mild activation, re-appearing fine ramification at 10D (F). Scale bar � 25 �m.

FIG. 7. Fluorescent immunohistochemistry performed on control spinal cord sections and after SCI (3 and 7 days) analyze for
neutrophils with neutrophil elastase antibody and lymphocytes Tregulator with FoxP3 antibody. Infiltrated neutrophils showed either
elongated (arrow- intermitted) or round shape morphology (arrow-full) at 3 days after SCI (B), whereas at 7 days cellular ramification was
apparent in most neutrophils (C). Many blood vessels close to the injury site were filled with neutrophils at 3 and 7 days after SCI (D). At higher
magnification, neutrophils extravasation, mimicking movement of cells out of blood vessels toward the injury can be detected (E). Scale bar
A-F � 20 �m, D � 40 �m, E � 15 �m. (C3�C2�C1) for control, 3 days, 7 days, and 10 days.
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attract neutrophils and lymphocytes. In C1, a delay is ob-
served for the recruitment of the Tregs, which are recruited 7
days after SCI which correlate with the detection of CCL20 in
C1 only at 7 days, whereas neutrophils and microglial cells are
already present at 3 days. Taken together the results showed
that C1 is clearly different from R1 in term of cell types,
molecular content in time course and revealed to be a target
segment for therapy.

Focus on C1 Biomarkers for a Targeted Treatment—Be-
cause of the presence of neurofascin and MEMO 1 as specific
markers of C1 in time course, we investigated the role of these
proteins in SCI. Neurosfacin could serve as autoantigen. In-
deed, in patients sera suffering from inflammatory demyeli-
nating polyneuropathy or multifocal motor neuropathy, spe-
cific autoantigens including neurofascin have been found6.
Moreover, emerging data indicate that pathological sequelae
that accompany central nervous system trauma, e.g. SCI,
have characteristics of a self-directed immunological disease.
Autoantibodies could exacerbate tissue damage impairing
neurological recovery and amplify SCI injury. Moreover, the
label free quantification (Intensity-based absolute quantifica-
tion value) of identified protein per segments and taking into
account time after SCI have revealed the presence of immu-
noglobulin (IgG2a) in lesion 3 days after SCI (Table VI). The
fact that such cytotoxic immunoglobulin was detected so
early after SCI is not in line with a classical adaptative re-
sponse. In this context, we focused on tracking the occur-
rence of autoantibodies in time course after SCI. We per-
formed double labeled immunofluorescence on frozen
longitudinal sections after 3, 7, and 10 days post-SCI to
establish the cell types (neurons, astrocytes and microglia)
expressing IgGs. In spinal cord tissue, at 3 days postinjury,
IgG-immunoreactivity using both antibodies was found in
most neurons (labeled with anti-NeuN), with higher preva-
lence throughout the layers LV-LIX (Fig. 8A). However, in the
case of motor neurons, we could see differences in the double
staining expression (Fig. 8A). These IgGs have been charac-
terized (Fig. 8B). In fact, the conditioned media collected at 3,
7, and 10 days post-SCI were incubated with protein A and
afterward eluted proteins were separated on SDS-PAGE (Fig.
8B). After silver staining, clear bands are retrieved from the gel
at 3 days, but not at 7 or 10 days after SCI. Each selected
bands at 25 kDa, 55 kDa, and 75 kDa have been digested in
gel before subjected to shot-gun analysis. The identification,
performed by MS/MS, of the proteins confirms the presence
of the IgGs kappa-chain VJC precursor of fragment (166–218)
(Fig. 8B).

Orthogonal views confirmed that anti-IgG (green) and anti-
NeuN (red) staining overlap in some, but not all motor neurons
(Fig. 8). Thus, some neurons diffusely stained with anti-NeuN
were also heavily positive for IgG (Fig. 8C), whereas other
neurons were lacking anti-IgG positivity completely, or exhib-
ited labeling only on their surface membrane (Fig. 8D). In few
cases we could distinguish also IgG-positive nerve pro-

cesses. Similarly as in neurons, a double anti-GFAP and anti-
IgG labeling confirmed positivity in astrocytes (Figs. 9D–9F).
Many GFAP-positive astrocytes with hypertrophic appear-
ance and thick processes indicating activated phenotype co-
expressed IgG (yellow) primarily at the injury site. These re-
active IgG-positive astrocytes were found around neuronal
bodies and vessels (Figs. 9D–9F). Baseline expression of
GFAP-positive astrocytes with the characteristic round small
soma and slender, long processes, but lacking IgG-expres-
sion were seen in control spinal cord distributed throughout
white and gray matters (Figs. 9A–9C) as well as in the regions
out from injury site (Fig. 9G). Furthermore, no GFAP-positive
astrocytes expressing IgG were detected in the spinal cord
tissue from 7 days and 10 days after SCI. Interestingly, mi-
croglia did not express IgG in any of studied groups (data not
shown). In addition, to exclude possible effect of B-cells me-
diated IgG production, we evaluated spinal cord tissue con-
taining multiple in vivo injections of rabbit anti-rat CD-20
antibody. In this context, 1 h after SCI, 3 intraspinal injections
per animal were applied bilaterally to the lesion site, at the
level of the lesion cavity and at rostral and caudal segments.
Basso, Beattie and Bresnahan studies at 0, 1, 3, 7, 14, 21
days until 28 days after SCI did not reveal any improvement
compared with SCI without anti-CD20 treatment (Fig. 10). In
sagittal sections double labeled with primary goat anti-rat
IgG2a and mouse anti-NeuN, we did not observe significant
attenuation of neurons expressing IgG. The injection tract was
occupied with small amount of erythrocytes that were sur-
rounded by neurons with intensely labeled IgGs as well as
those farther from injection (Fig. 9H).

DISCUSSION

We have previously investigated the spectrum of released
molecules in the conditioned media (CM) from the spinal cord
central lesion and adjacent rostral and caudal segments at 3
days after spinal cord injury (SCI) in order to specify the
molecular environment within the proximity of the injured tis-
sue. Data suggested that regionalization in terms of inflam-
matory and neurotrophic responses may occur between ros-
tral and caudal segments in acute SCI. Here, we extended our
investigation both spatially and temporally using cellular, bio-
chemical and proteomics techniques. We have shown that the
lesion segment is the most divergent from the others ones
and is mostly implicated in acute immune response through
microglia and neutrophils activation, oxidative stress and lipid
peroxidation. R1 and C1 segments present markers for in-
flammation, axonal regeneration, demyelination and even
neurite inhibitors factors. By contrast, segments R3 and C3
and R2 and C2 expressed neurites outgrowth, cell prolifera-
tion, cell differentiation, endocytosis and cytoskeleton orga-
nization activated pathways. Moreover, these segments are
very close in term of the molecular content in time course after
lesion and are mostly divergent from R1 and C1 segments. A
deeper analysis based on the differential distribution of the
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FIG. 8. Specific expression of IgG positivity in neurons through the spinal cord laminae I-IX at 3D. A, Double immunofluorescence
labeling revealed colocalization of NeuN-positive (red) and IgG-positive (green) cells that were restricted throughout laminae LV-LIX, whereas
superficial laminae LI-LIV were IgG-negative. B, SDS-PAGE electrophoresis and silver staining confirmed the presence of autoantibodies at 3
days after injury by three bands localized at 70 kDa, 55 kDa and 25 kDa. After in-gel digestion, shot-gun proteomics analysis was performed
to confirm the presence of IgGs, for each band (antibody type). BlastP has shown 62% of sequence alignment. Amino acid residues in brown
consist of the polypeptide binding sites of the antibody ,I.e., sites 135–137, 150, 152, 154, 156- 157, 179–182, 193–195, 226–227. Scale bar �
50 �m. Confocal images demonstrating the presence of IgGs in the spinal cord neurons. C, Orthogonal views confirmed that anti-IgG (green)
and anti-NeuN (red) stainings overlap in some, but not all motor neurons. D, The distribution of IgGs was different across neuronal populations.
Although in some neurons intense IgG positivity (green) was homogenously distributed with the cell body and processes (D, arrow-full), other
neurons exhibited IgG expression limited to their membrane (arrow-intermitted). Scale bar � 25 �m.
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unique and common/intersected biological and functional
pathways among the three spinal cord rostral and caudal
regions (C1,C2, C3 versus R1, R2, R3) factored by time of SCI
(3, 7, and 10 days) clearly demonstrate that R1 is different

from C1. The Subnetwork Enrichment Analysis (SEA) showed
that only 40 specific proteins unique can be retrieved from
each segment taking into account the time course and the
spatial localization nearby the lesion (Table III). In this context,

FIG. 9. Representative images of GFAP-positive astrocytes expressing IgG. Control spinal cord sections contained typical astrocytes
with star like thin processes (A), lacking IgG (red) expression (B), confirmed by double labeling (C). In contrast, reactive astrocytes with
hypertrophic appearance and thick processes, coexpressed IgG (yellow) at the lesion site were found around neuronal bodies and vessels after
3days (D–F). In neighboring rostral and caudal segments, some neurons expressing IgG (red, arrows), but not GFAP-positive astrocytes (green)
were detected (G). Scale bar � 25 �m. H) Intraspinal delivery of anti-CD-20 antibody in rats surviving 3days. (a) Identification of anti-CD-20
delivery tract within the spinal cord tissue labeled with goat-anti rat IgG (green). Note, there is no visible depletion of IgG labeling. (b, b�, b��,
b���) composite of four detailed figures showing the region adjacent to the lesion, where delivery of CD-20 was performed (outlined by two bars)
and is accompanied with infiltrated erythrocytes (arrows) and neurons expressing IgG. At the injections site as well in rostro- caudal axis
neurons and their processes expressing IgG were detected. (c) Detail of boxed area from b�� shows double labeling of anti-IgG and anti NeuN
confirmed neuronal expression of IgGs. Scale bar � 30 �m.
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the chemokine CXCL2 is considered as unique in R1 whereas
in C1, the neurofascin and the mediator of cell motility 1
(MEMO 1), which control cell migration by relaying extracel-
lular chemotactic signals to the microtubule cytoskeleton, are
detected. The molecular 2D map obtained via MALDI-MSI
analysis completed by a lipidomic study in both lesion and C1
(Table V) strengthens these results. The lipid profile detected
in lesion is mostly different in term of level of expression to the
one detected in C1. The 3D map of the C1 segment at the
level of the gray and white matter confirms such differences.

The fine analysis of C1 segments showed, that in time
course, C1 segments express neurite inhibitors like MEMO1,
neurocan, as well as neurite stimulators such as neurofascin
and amphiphysin proteins. MEMO1 is implicated in MEMO1-
RHhoA-DIAPH1 signaling pathway which plays an important
role in ErbB2-dependence (34). Neurocan is known to inhibit
neurites outgrowth (37). After spinal cord injury, neurocan,
brevican, and versican expression is increased within days in
injured spinal cord parenchyma surrounding the lesion site
and peaks at 2 weeks. Neurocan and versican are persistently
elevated for 4 weeks post-injury, and brevican expression
persisted for at least 2 months (37). On the contrary, neuro-
fascin and amphiphysin, are two proteins known to be impli-
cated in neurites outgrowth, are located at the level of the
growth cone. However, these two proteins are also involved in
autoimmunity as autoantigens (38–41).

With respect to the proteomic results our next step was to
investigate the nature of cellular processes, and identify the
cellular content responsible for production of detected mole-
cules. It is well established that injury to the blood-brain
barrier facilitates the extravasations of cellular components as

well as immunoglobulins and complement proteins into the
neural parenchyma (42, 43). The recruitment of blood-derived
cellular components is dependent on inflammatory processes
that are orchestrated by secondary damage at the lesion site.
Thus, the cytokine environment in the central nervous system
(CNS) may determine the phenotype of the inflammatory in-
filtrate. For example, intra-spinal injections of tumor necrosis
factor (TNF)-� induced monocyte infiltration whereas interleu-
kin (IL)-I� recruited mostly neutrophils (44, 45). Present data
confirm that released cytokines and chemokines correlate
with the activation of microglia and recruitment of neutrophils
in segments anterior and posterior to the lesion site. These
cells, along with the soluble mediators/proteins (e.g. cyto-
kines, complement), interact to eliminate pathogenic ele-
ments in the affected site, while simultaneously priming the
site for repair. Within the spinal cord, microglia are the resi-
dent tissue macrophages that primarily control the rate, mag-
nitude and the ultimate fate (supporting regeneration or de-
generation) of inflammatory processes at the injury site.
However, in our study we have taken into account the cellular
microenvironment in which microglia become activated (46).
Therefore, we have analyzed response of microglia within the
white and gray matters separately in rostro-caudal axis with
time.

Present data confirmed striking differences in the number
and morphology of microglia cells during injury time. The
extent of microglia activation was significantly higher in gray
than in white matter tracts in the caudal segments during the
time period 3–7 days after injury, whereas at 10 days it
dropped down. These discrepancies may be dependent on
two factors: i) the metabolic changes in microglial function

FIG. 10. BBB studies at 0, 1, 3, 7, 10, 14, 21, and 28 days in following experimental groups: in sham, following SCI, and after SCI �
anti-CD20 antibody injection. Note, no significant differences in motor function recovery between SCI and SCI� anti-CD20 treatment during
survival.
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that are differentially affected at the gray matter necrotizing
injury site and in degenerating white matter tracts, or ii) on the
extent of blood-brain barrier injury, which varies between the
gray and white matter (42, 47), and on the severity of injury. In
this context, gray and white matters microglia express distinct
morphologies and levels of cell surface antigens (48, 49),
which most likely correspond with unique cell functions (50,
51). Indeed, the microenvironment in which microglia and/or
macrophages are activated influences their neurotrophic or
neurotoxic effector potential (52, 53) that correspond to M1
and M2 phenotypes. The predominance of microglia activa-
tion in caudal segments is in line with our previous and pres-
ent studies confirming the occurrence of severe inflammation-
associated tissue damage taking place in this segment and
possibility to switch/or not from M1 to M2 phenotype (29).

In contrast to tissue resident microglia (54), neutrophils are
the first inflammatory cells to arrive at the site of injury, with a
peak at 24 h post injury. Recruitment of T regulators (Tregs)
(Foxp3-positive) firstly occurs at 3 days and mainly at the level
of the rostral segment and peaks at 7 days in both rostral and
caudal sites. These results are in line with the presence of
CCL20 in rostral segment and not in caudal at 3 days and then
found at 7 days in both segments. In fact, CCL20 is known to
recruit Tregs (55). Presence of recruitment of thymic-derived
FoxP3-Tregs was recently suggested (56). Tregs can reduce
inflammation and enhance CNS repair (57). Presence of such
cells predominantly in rostral segment is in line with the cy-
tokine medium which favor expression of macrophages ex-
pressing an M2 phenotype and production of neurotrophic
factors (29). Moreover, the time difference of recruitment be-
tween rostral and caudal segments of these cells can also
contribute to the less enhancement of neurites outgrowth in
C1 compared with R1.

Thus, the spinal cord, as a part of CNS has generally been
described as having immune privilege, but several facts mo-
tivated us to reexamine this principle. Particularly, in a search
for presence of antibodies responding to neurofascin found in
caudal segment, we have proven via immunohistochemistry
that IgGs are expressed by interneurons and motor neurons,
3 days after spinal cord injury suggestive of autoimmunity.
Furthermore, in CM from SCI, using biochemical and pro-
teomic analysis, we showed by protein A, gel electrophoresis
associated to mass spectrometry analyses, content of spinal
IgGs at 3 days, but not at 7 or 10 days after injury. Here, we
need to mention few important findings regarding neuronal
IgG positivity and IgG sources. Firstly, spinal neurons re-
vealed distinct expression of IgG throughout dorso-ventral
axis. Although sensory neurons in laminae I-IV were negative,
the neuronal populations corresponding to interneurons and
motor neurons of laminae V-IX were most likely positive for
IgG, with few discrepancies. The confocal orthogonal views
showed that some neurons revealed very clear golgi-like
staining of soma and processes, whereas in others the IgG
expression was found solely in the neuronal soma, or was

restricted to superficial membrane outlining the neuronal
body. We suggest that divergence of neuronal population IgG
response may be caused by their different vulnerability to
injury or by the extent and severity of impairment in situ. Thus,
it is more likely that we can see early response of most
vulnerable interneurons and motor neurons expressing IgG
that are probably behaving to secondary damage processes,
similarly as are responding CA1 vulnerable neurons in hip-
pocampus (58). Furthermore, also spinal cord ischemia leads
to selective loss of highly vulnerable inhibitory GABAergic
interneurons followed by motor neurons resulting to spasticity
(59). There are other studies further confirming vulnerability of
interneurons, and motor neurons to stress, ischemia, injury or
various neurodegenerative diseases. Secondly, it is important
to identify the source of IgGs. Because, the motor neurons are
projecting outside the CNS, it is assumed that they can take
up IgGs from peripheral tissues, by retrograde transport from
nerve terminals (60, 61). However, this may not be the case for
the interneurons that terminate only within the spinal cord.
But, they may have the ability to take up IgGs from the
cerebrospinal fluid (CSF) (62).

On other hand, there are studies suggesting productions of
IgGs by neurons (63). Present results document specific tran-
sient neuronal expression of IgGs, but we do not have proof of
their sources, which needs further transcriptomics studies.
Another important issue that needs to be mentioned is the
functionality of IgGs and their epitopes. There are two con-
tradictory hypotheses that should be taken into account,
where IgGs pose as neuroprotective (64) or neurodestructive
(60). The first one suggests that neuron-derived IgGs has the
ability to protect neurons from early apoptosis and cell death
induced by complement. The second one refers to IgGs as
detrimental factors of neurons, attacking the regeneration of
axons after spinal cord injury (60)(B cells produce pathogenic
antibodies and impair recovery after spinal cord injury in mice
(65)). Our results are more likely in a favor of the first one,
because we identify early, transient expression of IgGs at 3
days. Why we did not see IgGs at 7 or 10 days, we do not
have reasonable explanation. Moreover, injection at 1 h after
lesion of anti-CD20 did not attenuate the expression of IgGs
detected at 3 days post-SCI and Basso, Beattie and Bresna-
han motor score of the animals was similar to the one with
preliminary treatment. These data tend to reveal that antibod-
ies are not produced by active B cells. Nevertheless, to better
understand this interesting finding; we need to follow up with
further studies.

Taken together, we described for the first time the molec-
ular and cellular processes occurring after SCI on the tempo-
ral and spatial levels. We established that differences in term
of molecular pathways occurred between lesion, C1, R1, and
the other segments. In fact, R2, C2, and R3, C3 coexpressed
the molecules implicated in same physiological pathways.
Only 40 specific proteins for each segment and taking into
account time after injury have been characterized. Except the
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lesion, C1 is the most divergent. The presence of neurites
outgrowth inhibitors in C1, with a delay in recruitment of
Tregs, favors the lack of regeneration process in C1. More-
over, the presence of IgGs at the lesion site, at 3 days post-
SCI, can also be one of the factors that contribute to limitation
of the regeneration process. However, treatment of anti-CD20
did not showed any impact in vivo in IgGs presence and in
enhancement of locomotor function. These results open the
door to a novel view of the SCI treatment by considering the
C1 as the therapeutic target in order to modulate inflammation
and stimulate regeneration process.
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 CONCLUSION CHAPTER 1 & 2 

The spatio temporal analysis of a spinal cord injury allows us to point out the C1 

segment as a possible target for a therapy. Among the factors detected in caudal segments, 

chondroitin sulfate proteoglycans (CSPG) and immunoglobulins IgG2a have been identified as 

well as the MEMO1-RHOA-DIAPH1 signaling pathway. The MEMO1-RHOA-DIAPH1 

signaling pathway plays an important role in ERBB2-dependent stabilization of microtubules 

at the cell cortex and inhibits neurites outgrowth. A comparative proteomic approach performed 

at the caudal segment level has shown the expression of the eukaryotic translation initiation 

factor 5A1 (eIF5A1) and Rho GDP dissociation inhibitor alpha (RhoGDIα), a member of Rho 

GDI family (W. Liu et al. 2015). In vitro, eIF5A1 overexpression in primary neurons increased 

cell survival and elongated neurite length while eIF5A1 knockdown reversed these results. 

RhoGDIα up-regulation and down-regulation rescues the effect of eIF5A1 down-regulation and 

up-regulation both in vivo and in vitro.  

In this context, we have decided to concentrate our efforts on the role of 

immunoglobulins and the MEMO1-RHOA-DIAPH1 signaling pathway in the inhibition of 

neurites outgrowth. 

 IMMUNOGLOBULINS 

Among factors highlighted in this part, the high presence of immunoglobulins (Ig) 3 

days post injury brought us to study the proteomic profile 24 hours after injury. The aim was to 

follow the inflammation process at its early stage and to observe the presence of these IgGs. A 

shot gun proteomic analysis was conducted in the same manner as the previous one, from 

segments R2 to C2, in order to focus on the adjacent part of the lesion site. 24 hours after injury, 

the inflammation spread to the adjacent segment (Figure 16). 
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Figure 16: Inflammation expansion in time dependent manner. Blue circle corresponds to the inflammation 

site 10 min post injury. The red circle corresponds to the spreading of the inflammation 24 hours after SCI. 

Proteomic analysis, in triplicate for the segments R1 to C2 and in duplicate for the 

segment R2, allows for the comparison between these five segments. A venn diagram shows us 

that among the more than 2000 proteins per condition (Figure 17), 1681 proteins are in common 

and each condition expresses exclusives proteins, 114, 83, 121, 69 and 126 proteins identified 

exclusively for R2, R1, L, C1 and C2 respectively. 

 

Figure 17: Comparison of proteins identified 24 hours after injury. Venn diagram shows the common and 

the exclusive proteins for these 5 conditions. 1681 proteins are in common and 114, 83, 121, 69 and 126 exclusives for 

R2, R1, L, C1 and C2 respectively. 
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Hierarchical clustering has shown that like in our previous spatio-temporal study, 

lesions segments are grouped together with a complete difference in protein expression 

compared to the other segments (Figure 18). With the focus set on the immunoglobulins 

expression in the conditioned media, we highlighted one cluster. In this cluster, different chains 

of Igs are identified i.e. heavy chains corresponding to gamma and mu chains and light chains 

corresponding to kappa and lambda chains. IgM containing mu chain corresponds to primo 

infection and they will quickly decrease and be replaced by another isotype. Their main roles 

are the antigen agglutination and the complement activation. IgGs containing gamma chain are 

the most common antibodies which activate the complement, and are able to go through blood 

vessels. IgG are mature immunoglobulins. All of these identified chains correspond to the 

constant part of the immunoglobulins. The main subclass found is related to IgG2. IgG2a is 

known to be superior to IgG1 in the complement activation. Moreover, it was found that the 

IgG2a isotype was able to interact very efficiently with FcγR. These immunoglobulins are over-

expressed in the lesion segment and under-expressed in the R2 and C2 segments. The presence 

of IgGs one day after lesion is surprising. In fact, IgG2 isotypes need a second infection and 

more than 21 days after antigen presentation to be produced by the peripheral system. Thus, 

their presence at such an early stage after lesion remains questionable. 
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Figure 18: Heat map from the hierarchical clustering of conditioned media 24 hours after injury. Protein 

under-expression is colored in green and over-expression is in red. Table focus on the cluster shown in white in the 

heat map, in which Ig and complement factors are expressed. 

- Who produce the immunoglobulins? 

- Which are their targets? 

- What is the effect of these immunoglobulins in the regeneration process?  

In this way, thanks to our first results, we have shown the co-expression between IgG 

and neurons. The central nervous system is protected by the blood brain barrier, and it is 

considered to be an immune-privileged site where immunocytes and immunoglobulin are 

excluded from the CNS (Carson et al. 2006). It was well known that IgGs could be produced 

only by lymphocyte B; however, several studies report the presence of Ig in the CNS. In 1991, 

Chun et al., showed a low level of RAG-1 genes into murine CNS (Chun et al. 1991). Further 

studies demonstrated the presence of Igs in the early generated neurons of rats and cats (Dunn, 

Kirsch, and Naegele 1995; Henschel and Wahle 1994) and in adult rabbit brain neurons 

(Yoshimi et al. 2002). It was then shown that mouse neurons produced immunoglobulin G at 

early stage and the adult stage (J. Huang et al. 2008). In 2011, Niu et al., have shown that 82.3% 
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of cells expressing Ig kappa, gamma and lambda chains are neurons in human (Niu, Zhang, 

Guo, et al. 2011). Brain microglia, glial cells from the spinal cord and ganglia contain Ig 

gamma. They detect the expressions of RAG-1 and RAG-2 in the brain, the spinal cord and the 

spinal and sympathetic ganglia. RAG-1 and RAG-2 genes are involved in the V(D)J 

recombination (Chun et al. 1991). Fcγ receptors (FcγR) for IgG were found on the spinal cord 

(FcγRI (CD64), FcγRII (CD32) and FcγRIII (CD16)) with a variability in the expression on 

neurons and glial cells. The main role of FcγRIII expressed at the surface of microglia is the 

induction of chemokines and phagocytosis (Raghavan and Bjorkman 1996). FcγRI is expressed 

on primary sensory neurons and they are activated during the formation of IgG-antigen complex 

(Andoh and Kuraishi 2004). The complex formation increased the concentration of intracellular 

Ca2+ in DRG neurons and leads to the release of a neurotransmitter like substance P (Andoh and 

Kuraishi 2004). CNS resident macrophages express FcγRs, which allow for phagocytosis after 

the opsonized of invading pathogens by locally produced IgGs which bind to the receptor 

(Aloisi 2001). IgG production was shown in cortical rat neurons where the injury was mimiced 

by the presence of complement (J. Zhang, Niu, Li, et al. 2013). They demonstrated that the 

expression of FcγRI in microglia was increased in the presence of neuron-derived IgGs and the 

concentration of release NO was decreased. Zhang et al., have shown that neuron-derived IgG 

protects the neurons after complement and microglia activation. The expression of neuron 

derived IgG has been demonstrated in dopaminergic neurons of human and rat mesencephalon 

(J. Zhang, Niu, Wang, et al. 2013). In the Parkinson’s disease model, they showed that a neuron-

derived IgG is able to improve the survival and reduce apoptosis of dopaminergic neurons (J. 

Zhang, Niu, Wang, et al. 2013). The neuroprotective phenotype of microglia was expressed by 

the release of TNFα and Il-10 due to neuron-derived IgG via the FcγRI and TLR4 pathway (J. 

Zhang, Niu, Wang, et al. 2013). 

In this context, the communication between the nervous and the immune system is not 

only bi-directional. The immune system expresses the endocrine phenotype and the nervous 

system can expresses the immune phenotype by producing neuronal IgGs (Salzet 2002). 

Nevertheless, some questions still remain. In fact, we have to precise the main role of RAG 

genes in neurons, the existence or not of paratope re-arrangement in neurons and the nature of 

epitopes as well as their roles. These questions will be the main goal of our next studies without 

closing the door on finding a peripheral origin of such antibodies. 
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 MEMO1-RHOA-DIAPH1 signaling pathway 

Among the inhibitory factors implicated in spinal cord injury, the small intracellular 

GTPase, RhoA is one of the most important. In fact, previous experiments have showed that 

lysophosphatidic acid causes neurite retraction and cell rounding by activating RhoA (Tigyi et 

al. 1996). The use of C3 transferase to inactivate RhoA in primary neurons culture confirmed 

the role of RhoA in neurite outgrowth inhibition. Thus blockers of the post-receptors 

components of RhoA are now used to improve long-distance axon regeneration and sprouting 

(Martin E Schwab et al. 2002). Of note, RhoA pathway is important to control the neuronal 

response after CNS injury and the RhoA inhibitor cethrin is actually in phase I/II a clinical trial 

(Fehlings et al. 2011). The mechanism by the way that RhoA signaling inhibits neuritis growth 

has been investigated using p75 neurotrophin receptor– (p75NTR) -null mutant mice (T. 

Yamashita, Higuchi, and Tohyama 2002). Data shown that RhoA binds to p75NTR and RhoA 

forms part of the membrane raft receptor complex responsible for growth inhibitory signaling 

(Ellezam et al. 2002; Winton et al. 2002; Dergham et al. 2002). More recently, several studies 

have established that activation of RhoA and its downstream effector kinases triggers growth 

cone collapse and represents a significant barrier to axon regeneration (Forgione and Fehlings 

2014). Furthermore, there is evidence that Rho-ROCK signaling mediates the inhibitory effects 

of chondroitin sulfate proteoglycans (CPSG) on neurons and sustained delivery of RhoA 

inhibitor and BDNF promote axon growth in CPSG region after SCI (Jain et al. 2011). 

Moreover, novel inhibitors, i.e. cholesterol and sphingomyelin as novel myelin-associated 

inhibitors, have also demonstrated to operate through a RhoA-dependent mechanism (Mar et 

al. 2016). Thus in order to better understand the mechanism by which RhoA inhibitor can be 

used for SCI treatment, in vivo and in vitro studies followed by proteomic approaches based on 

time course have been undertaken.  

Investigate RhoA inhibitor in vivo 

Based on our previous results in spatio-temporal study, we decided to perform in vivo 

studies using the RhoA inhibitor and an immunosuppressant, calcineurin inhibitor (FK506) in 

order to diminish the inflammation (Devaux et al. 2016). Moreover, these two factors have been 

used in the presence of functionalized alginate as we previously showed the beneficial impact 

on neuritis outgrowth (Grulova et al. 2015) (Figures 19A). In that context, the RhoAi + FK506 
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treated group showed significantly higher density of SYN+vesicles at lesion site (Figures 19A, 

19D, 19G) in comparison to SCI, but no apparent differences between rostral and caudal 

segments were detected (Figure 19E). Quantification of GAP-43 immunoreactivity outlining 

regrowing axons within damaged dorsal and lateral white matter tracts did not show significant 

differences between treated and not treated RhoAi + FK506 groups (Figure 19H, 19I). Dense 

network of GAP-43 immunoreactive axons of different thickness oriented in various directions 

were present in both rostral and caudal segments as well as at the lesion epicenter (Figure 19H). 

Furthermore, the sections taken from control rats revealed no GAP-43 immunoreactivity, nor 

in the gray or white matter regions, confirming that GAP-43 positivity strictly corresponds with 

axonal outgrowth (Figure 19H a, b, 19I).  BBB score studies showed that 7 days after treatment 

with RhoA inhibitor and FK506, the score reached from 1 to 5 whether the non treated group 

took 25 days to get the same score level (Figure 19J). Nevertheless, after 7 days of treatment, 

the BBB score never increased and got a plateau whereas control SCI reached a slightly better 

one, e.g. around 6. These data clearly show that the beneficial effect of RhoA inhibitor is at the 

beginning of the treatment but it is not sufficient even in the presence of alginate and anti-

inflammatory factors. Thus, in order to better understand the mechanism of RhoA inhibitor in 

vivo, we decided to develop an in vitro model to determine the target of this inhibitor in similar 

conditions than in vivo in both a spatially and timely manner. 
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Figure 19: Quantification of synaptophysin (SYN) at the lesion site (A) and rostral-caudal segments (E) 

showed significant decrease of SYN after injury, while RhoAi + FK506 treatment increased SYN expression 

significantly at lesion, but not in rostral or caudal segments (E), *P<0.05, ** P<0.001, *** P<0.0001 One-way ANOVA. 

Representative images of synaptophysin immunoreactivity (SYN, green) revealed intensely stained synaptic vesicles – 

punctate structures within the spinal cord- lesion site in control (B) and treated group (D), not in SCI (C).  Confocal 

imagines with double labeling of GAP-43 (red) and SYN(green) antibodies, confirmed enhanced growth of axons with 

dense synaptic vesicles distribution after RhoA inhibitor + FK506 treatment (G).   The in vivo experiments did not 

revealed significant differences between SCI and treated RhoAi+ FK506 groups in GAP-43 immunoreactivity (I), 

outlining growing axons within damaged dorsal and lateral white matter tracts (Ha, Hb). Note, high number of GAP-

43 axons penetrating the lesion site. Scale bar =25µm. BBB score study of rat with injury (SCI) and after treatment 

with RhoAi + FK506 at 0, 7, 14, 21, 28, 35, 42 and 49 days post injury, reveals that with treatment BBB score reached 

to 5, 14 days after SCI whereas without treatment rats need around 30 days to get score at 5. However, the score does 

not increase after 14 days (J). 

In vitro investigation of RhoA inhibitor on secreted factors from ND7/23 DRGs cell 

line cultivated in presence of conditioned media from spinal cord injury segments 

In vitro, RhoA inhibitor was added to ND7/23 DRGs cell line cultivated with lesion (L), 

rostral (R1) and caudal (C1) conditioned media (CM) 3 days post injury to reproduce the injured 

environment (Figure 20). Combination of 1/3 CM with 2/3 DMEM supplemented media was 

added to the cells for 24 hours and then 1µg/mL of RhoA inhibitor was added or not in the 

media.  Time course showed that ND7/23 cells in presence of R1, L or C1 conditioned media 

start to produce neurite outgrowth 24h after cultivation and the results are statistically 

significant at 48h (Figures 20A, 20B). These results established the ability to block the 

MEMO1-RHOA-DIAPH1 signaling pathway and stimulate neurogenesis using such RhoA 

inhibitor.  



108 

 

 

 

 

Figure 20: ND7/23 DRG cell line cultured for 24 hours in 1/3 of SCI-CM rostral (R1), lesion (L) or caudal 

(C1) or DMEM as control, then an addition or not of RhoA inhibitor was applied for 24 hours (A). Quantification of 

neurite outgrowth by ImageJ demonstrates the effect of RoAi on neurite outgrowth (B) (One Way ANOVA followed 

by Tukey-Kramer test *p<0.05, **p<0.01, ***p<0.001, ns= non-significant). Arrows indicate the neurite outgrowth 

Shot gun proteomic of secreted factors from ND7/23 DRGs cell line cultivated in 

presence of conditioned media from spinal cord injury segments 

Proteomic approach was then performed with ND7/23 DRGs cell line cultivated with 

lesion, R1 and C1 conditioned media 3 days post injury in the presence of no RhoA inhibitor 

(Figure 21). Secretomes collected in each condition have been subjected to shot gun analyses. 

Proteins with an abundance that was significantly different among the samples were determined 

according to the MaxQuant and Perseus software. As a criterion of significance, we applied an 

ANOVA significance threshold of p-value<0.05, and heat maps were generated (Figure 21). 

Heat maps were performed and hierarchical clustering indicated two main branches, i.e. one for 

control (cells in DMEM conditions with or without RhoA inhibitor). The second one is related 

to the conditioned media (L, R1, or C1) with or without RhoA inhibitor. This branch is then 

sub-devised between lesion one side from the R1 or C1 in the other side (Figure 21a). From 

these data clear clusters can be retrieved between the two branches. By contrast, in the second 

branch, only one main cluster allows to differentiate all conditioned media in the presence or 
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not of RhoA inhibitor. A zoom of this cluster is presented in Figure 21b and the ibaq quantitative 

values in Table 4. Main proteins found in this cluster are immunoglobulins (IgG chains light 

and heavy), AKT proteins (AKT1, AKT2, AKT3), BMP1, syntaxin 12, serpin 3, GMP 

ganglioside activator, meosin, hemopexin, protein VSP26b, 14-3-3 protein theta, protein 

disulfide isomerase. The ibaq value showed that most of these proteins are under-expressed in 

DMEM with a slightly higher expression in some cases in presence of RhoA inhibitor like 

immunoglobulins, AKT3 or BMP1 except Cthrc1, STX6, VSP26b and 14-3-3 theta protein 

(Table 4).  

 

Figure 21: Heat map of proteins from the secretome after different stimulation of ND7/23 DRG cell line. 

Control (DMEM) or lesion (L), rostral (R1) or caudal (C1) conditioned media from spinal cord 3 days after injury 

were used to stimulate the cells with or without stimulation of RhoA inhibitor 24 hours after CM stimulation (a). 

Zoom of the cluster showing a difference between SCI-CM media stimulation with lesion CM and proteins name 

expressed in this cluster (b). 
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Table 4: Ibaq value of the selected cluster reflecting the more divergent quantitative value of between 

treatment and conditioned medium from R1, lesion or C1 3 days after SCI. 

RhoA inhibitor modulates IgGs levels in ND7/23 DRGs cells line 

We confirmed, by western blot based on time course experiments and along the spinal 

cord segments after SCI, the presence of IgGs related to IgG1 and 2 family (Figure 22a, b) and 

confirmed by mass spectrometry. Antibodies heavy (Figure 22a) and light (Figure 22b) chains 

have been detected in tissue extract from rostral, lesion and caudal segments 3, 7 and 10 days 

post SCI. However, the highest significant statistically amount detected is in lesion 3 days after 

SCI. This amount decreases at 7 days and increases at 10 days (Figure 22a, b). The lowest 

amount is in R1 whatever the time considered after SCI (Figure 22a, b).  

DMEM DMEM_rho R1 R1_rho L L_rho C1 C1_rho

Ig kappa chain C region, B allele 18.6964 NaN 25.3768 25.2277 26.9871 27.4438 25.6016 25.5407

Ig lambda-2 chain C region 17.9321 16.4463 22.2698 21.8589 23.3483 23.8509 22.0366 22.0278

Ig gamma-1 chain C region NaN NaN 22.0093 20.4461 24.4393 22.8095 22.7104 20.9456

Ig gamma-2A chain C region 18.624 17.4331 25.1896 25.1779 27.0487 27.2894 26.02 25.4072

Ig gamma-2B chain C region 15.5964 20.2113 25.1799 24.731 26.7321 27.3434 26.0332 26.1656

Ig gamma-2C chain C region 19.0482 NaN 19.6379 19.3413 21.8845 21.4192 22.532 19.9571

Hemopexin 17.5556 17.6568 24.9554 24.9718 26.501 26.3767 25.2757 25.2145

Akt3 19.3788 18.713 20.2253 18.4289 19.2018 20.113 20.4927 19.8739

Akt1;Akt2 15.0586 17.7401 19.6831 20.2621 20.3283 19.1436 16.7678 NaN

Serpina3c NaN NaN 21.9487 21.0965 24.1171 23.3147 22.4255 22.6554

Snx12 22.6267 22.4524 22.975 23.0775 22.4477 23.2473 23.3919 23.7252

Gm2a 21.9105 22.9234 23.095 23.8827 23.9187 24.4643 24.738 24.6447

Moesin 26.5945 26.648 25.8551 26.4947 26.2415 26.9661 26.9044 27.2905

Timm44 19.3845 19.6954 18.1395 16.9738 18.5047 17.9652 18.7997 18.2434

Cthrc1 22.9094 24.5055 22.9746 24.0133 23.7669 23.8026 24.2895 24.6324

Hemoglobin subunit beta-1 21.1296 21.3739 25.3049 25.0801 28.489 28.4313 25.1673 26.6007

Itih1 16.9337 17.7239 19.2479 19.0848 22.3506 21.45 19.9322 19.455

Aqp4 NaN NaN 24.4126 24.7302 23.8243 23.8015 25.5617 25.3911

Aggrecan core protein 17.4545 NaN 20.3905 20.1099 19.2471 17.804 20.9868 19.9415

Stx6 20.5775 21.3753 21.2685 20.7684 20.4223 21.9301 21.3914 22.1322

Vps26b 20.8545 21.2238 22.5601 21.4776 20.7158 21.0633 21.4782 21.5435

14-3-3 protein theta 27.1402 27.5267 27.8992 27.8027 27.0406 27.6516 27.938 28.2779

Metalloendopeptidase, BMP1 19.3751 18.9169 19.4476 19.8589 21.1409 19.5239 19.8614 20.4628

Protein disulfide-isomerase 23.9259 23.5827 24.2834 24.6904 24.2698 25.1837 24.5249 24.6569
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Figure 22: Immunoglobulins in spinal cord injury tissue from rostral, lesion and caudal segments after 3, 7 

and 10 days post injury. Expression of heavy chain of IgG (a) and light chain expression (b) were assessed by western 

blot. Higher expression of IgGs heavy or light chain was observed at 3 days post SCI in the lesion site.  

For C1, the amount is higher than in R1 but nosignificant differences are registered in 

time course. Shot gun studies in the presence of RhoA inhibitor performed on the secreted 

factors confirmed the presence of IgGs (Figure 21). Studies showed that after R1 and C1 

stimulation, globally the level of these antibodies diminished except in lesions where the ibaq 

value registered is either constant or slightly higher in the presence of RhoA inhibitor (Table 

4). These results can be paralleled with neurite outgrowth tests. In fact, in lesion compared to 

R1 or C1, in presence of RhoA inhibitor, the neurite outgrowth is less important. These results 

tend to demonstrate that RhoA inhibitor impact the IgGs level by either diminishing their 

production by DRG cells or by a neuronal internalization (Congdon et al. 2013) by binding to 

their own receptors that could be present in DRG cells (CD16/CD32, CD64) as recently 

suggested (Qu et al. 2011).  This part of the work will be further completed. 
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Global proteomic analyses of RhoA inhibitor treated ND7/23 DRGs cell line 

From table 4 real differences are registered in AKT protein family. With RhoA inhibitor 

the level of AKT3 is diminished compared to the one registered without treatment. For AKT1 

and AKT2, RhoA inhibitor increased the level in R1 and diminished in lesion and C1. 

Serpina3c, Snx12, Gm2a, moesin, Timm44, Cthrc1, Stx6, vsp26b, Itih1, Aqp4, aggrecan core 

protein, BMP1 are over-expressed in C1 compared to R1 or lesion with or without treatment. 

In R1 with RhoA inhibitor only AK1, AKT2 are over-expressed, by contrast Timm44, STX6, 

Cthrc1, AKT3, STX6 are under-expressed. In lesion, most of proteins present in this cluster are 

under-expressed or have the same level with RhoA inhibitor treatment except Gm2a, 

hemopexin, Protein disulfide-isomerase, Stx6 which are over-expressed. Proteomic analysis of 

secretome from cells after treatment without SCI-CM, means control with DMEM stimulation 

treated or not with RhoAi, and with SCI-CM treated with RhoAi (RhoAi) or non-treated (NT) 

have shown common but also exclusive from each condition (Figure 23a). 

 

Figure 23: Heat map of proteins secreted by ND7/23 cell line after stimulation with or without RhoAi. 

Control is cell in DMEM with or without RhoAi, cells stimulated with conditioned media from SCI and RhoAi is 

named Rho and without RhoAi is called (NT). Venn diagram with the total proteins identified show the presence of 

exclusive and common proteins for each conditions (a). Heat map of secreted proteins from control versus SCI-CM 

stimulation with or without RoAi treatment (Rho vs NT) have shown distinct clusters. 
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A global analysis between control (DMEM treatment) and treated (Rho) or non treated 

(NT) cells after SCI-CM (R1, L and C1) confirmed that secretome controls are separated from 

the secretome of cells cultivated with conditioned media (Figure 23b). The second separation 

confirmed the separation between treated or not with RhoA inhibitor. Five clusters have been 

identified and again cluster comparisons revealed more proteins under-expressed or absent with 

RhoA inhibitor treatment (Figure 23b). 16 secreted proteins from ND7/23 DRGs cell line are 

over-expressed after RhoA inhibitor treatment and 23 are under-expressed (Table 5). Among 

the 16 over-expressed proteins, some are already known to be implicated in neurite outgrowth 

or neurogenesis e.g. Pde6d (Tweedie et al. 2016), Clip2 (Ota et al. 2013), Enah (Doss et al. 

2012), Vps26b (Chan et al. 2015).  
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Table 5: Ibaq values of the selected cluster reflecting the overexpressed and underexpressed proteins in 

conditioned media treated or not with RhoA inhibitor. NT regroups all non-treated cells and RhoAi are all treated 

cells with RhoA inhibitor in presence of SCI-CM. 

Secretion of such factors have to be associated with the transcription factors involved 

after RhoA inhibitor treatment from DRG cells proteins extract (PE). Proteomic data of the 

cellular proteins extract revealed the presence of 179 modulated proteins between non treated 

and treated cells (Figure 24).  

Gene name Protein name DMEM DMEM RhoAi NT RhoAi

Ctlb Clathrin light chain B 22,9108 20,9079 24,6101 24,5589

Psmd9 26S proteasome non-ATPase regulatory subunit 9 22,0575 22,5024 23,731 23,3539

Ltbp4 Protein Ltbp4 20,7261 21,3022 21,4152 21,2313

Vegfa Vascular endothelial growth factor A 22,2847 21,7441 22,6636 22,6461

Ctsz Cathepsin Z 22,2676 22,4209 23,5532 23,7262

Pde6d Phosphodiesterase 6D, cGMP-specific, rod, delta 22,9597 22,3894 23,2059 23,9704

Stx6 Syntaxin-6 20,5775 21,3753 21,159 21,6134

Clip2 CAP-Gly domain-containing linker protein 2 18,8133 19,9872 20,7688 20,9273

Ywhaq 14-3-3 protein theta 27,1402 27,5267 27,636 27,8027

Gga1 Golgi associated, gamma adaptin ear containing, ARF binding protein 121,1791 21,474 21,5419 21,8458

Gm2a GM2 ganglioside activator 21,9105 22,9234 23,9187 24,059

Clu Clusterin 21,5919 21,6096 24,059 24,173

Fkbp2 Peptidyl-prolyl cis-trans isomerase 24,2425 25,0884 25,3438 25,2155

Pdxk Pyridoxal kinase 21,3779 23,0917 23,8266 24,1404

Enah Protein Enah 21,4766 22,2339 21,0658 22,1981

Vps26b Protein Vps26b 20,8545 21,2238 21,3013 21,4243

Phax Phosphorylated adapter RNA export protein 20,6057 21,5545 20,0058 19,9327

UPF0587 protein C1orf123 homolog 19,8283 21,1305 23,2625 22,6816

Ddt D-dopachrome decarboxylase 16,4287 NaN 23,5922 22,1647

Minpp1 Multiple inositol polyphosphate phosphatase 1 20,7669 21,2727 20,8248 20,6688

Sar1b GTP-binding protein SAR1b 21,694 21,3152 22,3763 21,0747

Timm44 Mitochondrial import inner membrane translocase subunit TIM4419,3845 19,6954 18,3148 17,6879

Mvd Diphosphomevalonate decarboxylase 21,7602 22,097 21,6105 20,9859

Ranbp3 Protein Ranbp3 21,6703 21,842 20,7514 20,5318

Ipo4 Importin 4 21,2689 22,5999 20,5059 21,1659

Gtpbp4 Nucleolar GTP-binding protein 1 20,5677 21,7242 19,3613 19,1347

Fnta Farnesyltransferase, CAAX box, alpha 20,1966 21,4274 19,902 19,6791

Cul2 Protein Cul2 22,5187 22,6432 21,8199 21,1874

Nae1 NEDD8-activating enzyme E1 regulatory subunit 21,1429 22,6173 21,6993 21,0846

Eif1a Eukaryotic translation initiation factor 1A 24,6291 24,4566 23,3243 23,0823

Aimp2 Aminoacyl tRNA synthase complex-interacting multifunctional protein 224,6959 24,8529 24,2577 24,0347

Cstf2 Protein Cstf2 19,0881 19,8525 17,8731 18,7524

Mybbp1a Myb-binding protein 1A 20,4748 20,2285 20,4614 19,8938

Psmd1 26S proteasome non-ATPase regulatory subunit 1 24,2726 24,1721 23,5677 23,3707

Sf3a2 Splicing factor 3A subunit 2 24,508 24,8563 22,9886 22,9425

Tomm70a Mitochondrial import receptor subunit TOM70 21,4271 22,0365 20,8489 19,3298

Pcna Proliferating cell nuclear antigen 25,5532 26,1335 24,8067 25,222

Arpc3 Actin-related protein 2/3 complex subunit 3 24,4744 24,7873 24,3182 24,6005

Ago2 Protein argonaute-2 19,1549 20,7609 18,8243 18,982

Lmnb1 Lamin-B1 25,0612 25,1812 24,723 24,7027

Rps16 40S ribosomal protein S16 27,2324 27,7085 26,8235 26,6169

Khdrbs1 KH domain-containing, RNA-binding, signal transduction-associated protein 125,7151 25,6983 25,0325 25,056

Bclaf1 BCL2-associated transcription factor 1, isoform CRA_a 24,1191 24,2525 22,9701 23,1659

Rps19l1 Protein Rps19l1 27,747 27,8637 26,4202 26,8181

Snrpd3 Protein Snrpd3 25,7155 26,0016 25,3816 26,0275

Slc39a10 Protein Slc39a10 20,4879 21,6648 19,3242 19,6973

Tcerg1 Protein Tcerg1 22,7216 22,8235 22,1174 22,4468

Sf3a3 Protein Sf3a3 24,4827 24,3498 23,7063 23,5636
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Figure 24: Venn diagram of proteins identified from the cellular protein extract (PE) of ND7/23 cell line. 

Comparison of control (DMEM) with or without RhoAi and protein extract from cells treated with SCI-CM with 

(RhoAi) or not treated (NT). 

 

The Ibaq value confirmed the over-expression of Tp53, Stat2, Stat3, Proteins of the 

Smad family (smad1, smad2, smad3, smad4 and smad5), Smarcc1 and smarcc2, Akt3, rpap3, 

b-raf and pten (Table 6). The string protein analysis confirms that all these proteins are in the 

same network (Figure 25). In fact, numerous factors could regulate the intrinsic growth 

capacity, including certain transcription factors (TF). 



116 

 

 

 

 

Figure 25: Evidence for protein-protein interaction network of the enriched transcription factors 

constructed by STRING. 

cAMP-responsive element binding protein (CREB), signal transducer and activator of 

transcription 3 (STAT3), nuclear factor of activated T cell (NFAT), c-Jun activating 

transcription factor 3 (AFT3), Krüppel-like factors (KLFs), and intracellular signaling proteins, 

such as PI3 kinase, Akt, phosphatase and tensin homolog (PTEN), suppressor of cytokine 

signaling 3 (SOCS3), B-RAF, dual leucine zipper kinase (DLK), and insulin/insulin-like 

growth factor-1 (IGF-1) signaling (Byrne et al., 2014; Lu et al., 2014) are known to be involved 

in growth capacity. 

 DMEM 
DMEM 
RhoA i NT RhoA i 

Tp53 23.5765 23.6175 23.6662 25.2294 

Stat3 18.6756 19.4725 21.8684 21.91 

Stat2 17.8025 19.0435 21.0399 21.1396 

Smad5;Smad1 17.725 19.2049 17.8188 18.9579 

Smad2;Smad3 20.3157 23.2613 21.0561 24.0844 

Smad4 17.2251 19.8908 20.3623 17.6374 

Smarcc1 21.8454 23.0071 22.0338 22.8988 

Smarcc2 19.6602 22.573 17.6423 21.0827 

Akt3 14.9283 19.0033 16.8991 22.1317 

Rpap3 20.6973 21.7109 20.5903 21.082 

B-raf NaN NaN 20.6447 20.8239 

Pten 18.4462 15.7211 19.5392 20.9376 
 

Table 6: Ibaq values of transcription factors present in protein extract between treated and not treated cells 

in presence of not the SCI-CM. 
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Parts of these TF are detected here. Nevertheless, one most intriguing is the presence of 

PTEN. In fact, it is known that deletion of the tumor suppressor PTEN in conditional knockout 

(KO) mice appears to result in most dramatic regrowth of CNS axons after injuries (Kevin 

Kyungsuk Park et al. 2008; K. Liu et al. 2010), suggesting that PTEN/mammalian target of 

rapamycin (mTOR) signaling is critical to regulate the intrinsic regenerative ability of young 

and adult neurons (Kevin K. Park et al. 2010). However, other positive factors are over-

expressed. Smad proteins family is one of the key players in the regeneration process. Smad1 

is known to integrate signals from BMP receptors. Together with Smad4, phosphorylated 

Smad1 assembles a multi-subunits complex that regulates transcription (Zou et al. 2009). In the 

absence of Smad1, conditioned DRG neurons show impairment in axon elongation in vitro 

(Parikh et al. 2011). Blockade of BMP signaling with the BMP antagonist Noggin inhibits 

axonal growth in both naive and preconditioned DRG neurons (Ma et al. 2011). The second 

player is the tumor suppressor p53. Previous studies have shown that after SCI, transcriptionally 

active p53 undergoes a series of acetylation events on its C-terminal domain (Di Giovanni et 

al. 2006; A Tedeschi et al. 2009; Andrea Tedeschi et al. 2009). After injury, active gene 

transcription is necessary to synthesize new proteins needed for axon growth. Acetylated-p53, 

together with CBP/p300 and PCAF, selectively occupies regulatory regions upstream to the 

TSS of pro-neurite and axon-outgrowth genes such as Coronin 1b, Rab13, and GAP-43 during 

an early regenerative response (P Gaub et al. 2010; Perrine Gaub et al. 2011; Floriddia, Nguyen, 

and Di Giovanni 2011). Acetylated-p53 may have a critical role in modulating different 

transcriptional responses during axonal regeneration (Perrine Gaub et al. 2011). For STATs 

proteins, it is known that in the absence of STAT3, peripheral nerve regeneration is impaired 

in DRG neurons (Bareyre et al. 2011). Interestingly, sustained STAT3 expression promotes 

terminal and collateral sprouting by controlling initiation of axon growth after dorsal columns 

injury (Bareyre et al. 2011). B-raf is known to be a regulator of RhoA (Klein and Higgins 2011). 

MAG inhibition is also a positive signal for neurite outgrowth (McKerracher et al. 1994). 

Interestingly is the presence of SWI/SNF complex subunit SMARCC1 and SMARCC2 

proteins. These two proteins belong to the neural progenitors-specific chromatin remodeling 

complex (npBAF complex) and the neuron-specific chromatin remodeling complex (nBAF 

complex) (Staahl and Crabtree 2013). The npBAF complex is essential for the self-

renewal/proliferative capacity of the multipotent neural stem cells. The nBAF complex along 
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with CREST plays a role regulating the activity of genes essential for dendrite growth (Wu et 

al. 2007). These two proteins are over-expressed after RhoA inhibition treatment. 

Taken together, our results suggest a balance between positive and negative signals in 

TF after RhoA inhibition treatment in DRG cell line. This balance is positive due to a cascade 

of factors including smad family proteins, SMARCC1&2, P53, STAT3 and secretion of Bmp1 

factors. The production of IgG2 isotypes is still in debate and needs further studies. Our next 

steps will be the time course study of TF expression and neosynthesize proteome after RhoA 

inhibitor treatment in order to establish which factor activates the other one and the impact in 

the intracellular trafficking and signaling after RhoA inhibitor treatment. Such informations 

will allow us to determine when other factors need to be added in order to modify the neuritis 

media for stimulating reconnection.  

For that purpose, we engage the studies about the characterization of bone marrow 

stromal cell factors in order to evaluate the benefit of the secretome of such cells to 

counterbalance the medium at the lesion and caudal site in time course after SCI. These studies 

constitute the part 2 of my thesis. 
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 PART 2: MODULATION OF THE INFLAMMATION AND 

IMPROVEMENT OF THE REGENERATION PROCESS 

AND SPINAL CORD PLASTICITY: IN VITRO AND IN VIVO 

STUDIES 

 CHAPTER 2: Properties of factors released by bone marrow stromal 

cells to modulate microglia cells 

Currently, there is no effective treatment for spinal cord injury that can reduce and allow 

for the modulation of the inflammation and the regeneration. Among all the elements studied 

for the modulation of the inflammation, stem cells secretome may help in this cause in 

conjunction with Rho A inhibitor treatment.  

Mesenchymal stromal cells (MSCs) are non-hematopoietic cells with multipotent 

abilities and self-renewable cells. MSCs are known for their immunomodulatory properties. 

MSCs are also able to modulate the CNS injured environment, to promote repair as they secrete 

anti-inflammatory and trophic factors which are able to support axonal growth, 

immunomodulation and to promote angiogenesis and remyelination. Since MSCs have the 

capacity to differentiate into different types of cells, the first studies worked to engraft the cells 

into the injured tissue. Despite the fact that in vivo studies in which MSCs were injected 

following SCI have yielded controversial results, overall the results have been rather positive 

(Ritfeld, Roos, and Oudega 2011; Ritfeld et al. 2012). Transplantation of bone marrow derived 

stromal cells (BMSCs) from rats into the SCI rat model has shown slight improvements in 

neural regeneration with significant restoration of motor function and attenuation of 

inflammatory response (Abrams et al. 2009; Gu et al. 2010; Boido et al. 2014). However, 

engraftment of cells is a rare event, which is difficult to correlate with a possible improvement. 

Transplantation as a therapeutic approach is limited due to the environment present around the 

injury site (glial scar, inflammation, inhibitory molecules) rendering the engraftment of the 

cells, their differentiation and their survival difficult (Mothe et al. 2013). Nakano et al., 

characterized the conditioned media of cultured bone marrow stromal cells by antibody-based 

protein array analysis and ELISA. They demonstrated the presence of trophic factors such as 

insulin-like growth factor, hepatocyte growth factor, vascular endothelial growth factors and 

transforming growth factor-β (Nakano et al. 2010). They showed their role in the neuronal 
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survival and outgrowth in vitro. Macrophages / microglia are a key component of the innate 

immunity. Their role in the primary phase is the defense of the injured tissue to remove the 

cellular debris (Ransohoff and Perry 2009). Regarding the microenvironment, macrophages are 

able to change their phenotype in order to adapt specific functional activities relevant to the 

level of the inflammation. Two main classes of macrophages have been described as pro-

inflammatory and anti-inflammatory phenotypes respectively, M1 and M2. M1 macrophages 

are induced by TLR ligands and IFNγ, and they express a higher level of CD86 and produce 

several pro-inflammatory molecules such as iNOS, IL-6, TNFα. In contrast, M2 macrophages 

are induced by cytokines like IL-4 or IL-13 and they express CD206 and arginase I and produce 

IL-10 and TGFβ (Kigerl et al. 2009). 

In this context, we have taken advantage of the strength of the mass spectrometry 

analysis to determine factors released by BMSCs without a priori. We first performed a 

proteomic study of their released molecules to identify factors that can modulate inflammation 

and allow the switch microglia / macrophages from M1 to M2 phenotype. 

We compared conditioned media from either naive or injured rat spinal cord tissue, 

considered as an agent stimulating inflammation (SC-CM, SCI-CM), with rat bone marrow 

stromal cells (BMSCs-CM, therapeutic immunomodulation agent). BMSCs produced growth 

factors such as connective tissue growth factor (CTGF), placenta growth factor (PGF), platelet 

derived growth factor (PDGF), insulin-like growth factor binding protein 7, transforming 

growth factors beta-1, 2 and 3 (TGFβ-1 2 and 3), or osteogenic factors like osteopontin, 

periostin, spondin 2, as well as differentiating factors like SPARC, FAM3C, cornifin, or 

neural migration factors (NOV, neurofascin, neuropilin2, neuroplastin) and immunomodulators 

such as arginase1, ST2, galectins and metalloproteinase inhibitors. The comparison has shown 

that SCI-CM produce chemokines (CCL3, CXCL2 and MIF) and neurotrophic factors (GAP-

43 and neurotromin) whereas BMSC-CM contain factors involved in microglia chemoattraction 

(CCL2) and factors involved in inflammatory regulation (arginase 1, ST2 and galectins). We 

have shown in vitro the attenuation of microglia recruitment of BV2 cell line and primary 

microglia using Boyden chambers. The combination of BMSC-CM with SCI-CM prevents the 

recruitment of microglia cells which confirms the involvement of BMSC-CM in the modulation 

of the immune response after the activation of microglia cells. In order to define the 

immunomodulatory effect of BMSC-CM, we investigated the morphological changes and the 
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viability of the microglia. In presence of SCI-CM, microglia cells present a prolonged bipolar 

or stellar-like shape from 3 hours to 24 hours whereas in the presence of BMSC-CM alone or 

with SCI-CM lower number of microglia are stimulated and present round to oval or multipolar 

shape. The production of NO inflammatory mediators decreased in treated primary microglia 

in the presence of BMSC-CM. Taken together, our proteomics data have shown high 

modulatory potential of BMSC-CM on inflammation, microglia polarization and neurite 

outgrowth, which could be used as a cocktail to prevent inflammation after SCI. 

 

  



122 

 

 

 

 Article 3: Modulation properties of factors released by bone 

marrow stromal cells on activated microglia: an in vitro study 

Authors: Stéphanie Devaux*, Dasa Cizkova*, Françoise Le Marrec-Croq, Julien 

Franck, Lucia Slovinska, Juraj Blasko, Jan Rosocha, Timea Spakova, Christophe Lefebvre, 

Isabelle Fournier, Michel Salzet 

Article Status: published in Scientific Reports 2014 Dec 19; 4: 7514 

Summary: Proteomic experiments and procedures were realized by Ms Devaux. She 

performed BMSC and primary isolation and immunocytochemistry. She participated in the 

writing of the manuscript and in the revision. 

 



Modulation properties of factors released
by bone marrow stromal cells on
activated microglia: an in vitro study
Dasa Cizkova1,2*, Stéphanie Devaux1*, Françoise Le Marrec-Croq1, Julien Franck1, Lucia Slovinska2,
Juraj Blasko2, Jan Rosocha3, Timea Spakova3, Christophe Lefebvre1, Isabelle Fournier1 & Michel Salzet1

1Laboratoire PRISM: Protéomique, Réponse Inflammatoire, Spectrométrie de Masse, -U1192 INSERM, Bât SN3, 1er étage,
Université de Lille 1, F-59655 Villeneuve d’Ascq, France, 2Institute of Neurobiology, Slovak Academy of Sciences, Center of
Excellence for Brain Research, Soltesovej 4-6, 040 01 Kosice, Slovakia, 3Associated Tissue Bank of the Pavol Jozef Safarik
University, Faculty of Medicine, University Hospital of. Louis Pasteur in Kosice, Trieda SNP 1, 040 66 Kosice, Slovakia.

In the present paper we develop a new non-cell based (cell-free) therapeutic approach applied to BV2
microglial cells and spinal cord derived primary microglia (PM) using conditioned media from rat bone
marrow stromal cells (BMSCs-CM). First we collected conditioned media (CM) from either naive or injured
rat spinal cord tissue (SCI-CM, inflammatory stimulation agent) and from rat bone marrow stromal cells
(BMSCs-CM, therapeutic immunomodulation agent). They were both subsequently checked for the
presence of chemokines and growth, neurotrophic and neural migration factors using proteomics analysis.
The data clearly showed that rat BMSCs-CM contain in vitro growth factors, neural migration factors,
osteogenic factors, differentiating factors and immunomodulators, whereas SCI-CM contain chemokines,
chemoattractant factors and neurotrophic factors. Afterwards we determined whether the BMSCs-CM
affect chemotactic activity, NO production, morphological and pro-apoptotic changes of either BV2 or PM
cells once activated with SCI-CM. Our results confirm the anti-migratory and NO-inhibitory effects of
BMSCs-CM on SCI-CM-activated microglia with higher impact on primary microglia. The cytotoxic effect
of BMSCs-CM occurred only on SCI-CM-stimulated BV2 cells and PM, not on naive BV2 cells, nor on PM.
Taken together, the molecular cocktail found in BMSCs-CM is favorable for immunomodulatory
properties.

B
one Marrow Stromal Stem Cells (BMSCs) are a population of heterogeneous cells derived from the non-
blood forming fraction of the bone marrow1. Under physiological conditions they provide stromal support
for developing hematopoietic cells2 through the continuous release of erythropoietin (EPO) and granulo-

cyte-colony stimulating factor (G-CSF). This continuous release of EPO and G-CSF provides the stromal support
for developing hematopoietic cells. Although initially found in the bone marrow, adult stem cells capable of self-
renewal and differentiation into various mesodermal cell lineages have been identified in many other organs and
tissues including adipose tissue, umbilical cord, blood, skin, teeth, testes, gut, liver and ovarian epithelium3–5.
Unlike other stem cells such as Keratinocyte Stem cells6–8, or pancreatic islet-derived stem cells9, BMSCs derived
from the bone marrow produce low levels or none of class I and II Major Histocompatibility Complex (MHC)
antigens and lack CD40, CD80 and CD86, co-stimulatory molecules required for activation of T cells.
Furthermore, BMSCs are able to migrate to the site of inflammation and suppress the function of lymphocytes
(T and B)10,11, natural killer cells12, dendritic cells13 and neutrophils14. The immunosuppressive properties of
BMSCs give them a privileged role in ameliorating chronic inflammation-related neuronal damage in various
central nervous system (CNS) disease models15–18. In the case of spinal cord lesion, after initial primary injury
caused by direct mechanical insult, the spinal cord tissue progressively undergoes pathological changes that are
associated with secondary damage affecting intact, neighboring tissue19,20. One of the key events of secondary
processes is related to the development of acute inflammation characterized by fluid accumulation (edema) and
the recruitment of immune cells (neutrophils, T-cells, macrophages and monocytes)20,21. The beneficial and
detrimental effects of inflammation have been compared to glial scar, which is actively formed after spinal cord
injury (SCI)22. Much evidence suggests that glial scar plays an important role in the immediate response to injury,
corresponding to the acute phase23,24. Glial scar ensures sealing of the injury site, restoring homeostasis, preserv-
ing spared tissue and modulating immunity, however these roles become noxious for the recovery, neurogenesis
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and axonal growth in the later phases. Among the immune cells
activated during inflammatory processes within the brain and spinal
cord, microglia cells are one of the major effectors of immunity25. In
response to injury, microglia proliferate and secrete cytotoxic nitric
oxide (NO) and pro-inflammatory cytokines such as Tumor
Necrosis Factor alpha (TNF-a) and Interleukin 1-beta (IL-1b)26,27

or neuroprotective molecules28. Thus, modulating reactive microglial
cells via BMSCs-based therapy may limit chronic inflammation and
tissue damage within the CNS29–32.

Moreover, BMSCs have been transplanted into rodent models of
SCI by various research groups33–36. Despite considerable variation, a
clear functional beneficial effects can be expected after transplanta-
tion of BMSCs into the injured spinal cord37–40. These effects include
improvements in locomotion, sensorimotor function, promotion of
axonal regeneration, and preservation of neural tissue. However,
knowledge of the underlying mechanisms is essential to increase
the overall outcomes. The question which arise is which molecules
and receptors are involved in spinal cord repair? In this context, the
content of BMSCs products was investigated at a proteomic level.
Furthermore, in order to further understand the mechanism of
BMSCs-mediated down-regulation of CNS inflammation, it is
important to examine the influence of BMSCs on the activated
microglia. Here we have developed a new non-cell based (cell-free)
therapeutic approach applied to SCI-CM-stimulated BV2 cells and
primary microglia (PM) isolated from rat spinal cord microglia. First
we collected conditioned media from injured spinal cord tissue
(Spinal Cord Injury Conditioned Media (SCI-CM): inflammatory
stimulatory agent) and from rat BMSCs (BMSCs-CM: therapeutic
immune-modulating agent) and checked their molecular pattern for
the presence of inflammatory cytokines, chemokines and neuro-
trophic factors using proteomic analysis. Afterwards we evaluated
the BMSCs-CM effects on chemotactic activity, and morphological
and pathological changes of BV2 cells and PM following stimulation
with SCI-CM. Our results confirmed the anti-migratory and cyto-
toxic effects of BMSCs-CM on BV2 cells and PM, and also Nitric
Oxide (NO)-inhibitory effects on PM activated with SCI-CM, but
not on control microglia. Furthermore, the molecules found in
BMSCs-conditioned media via proteomics are favorable for the path-
ways involved in their immunomodulatory properties.

Experimental Procedures
Chemicals. All chemicals were of the highest purity obtainable.
Water, formic acid (FA), trifluoroacetic acid (TFA), acetonitrile
(ACN), and methanol (MeOH) were purchased from Biosolve B.V.
(Valkenswaard, the Netherlands). Sequencing grade, modified
porcine trypsin was purchased from Promega (Charbonnieres,
France).

Animals. The study was performed with the approval and according
to the guidelines of the Institutional Animal Care and Use
Committee of the Slovak Academy of Sciences and with the
European Communities Council Directive (2010/63/EU) regarding
the use of animals in Research, Slovak Law for Animal Protection No.
377/2012 and 436/2012.

BMSCs culture and conditioned media collection. BMSCs were
isolated from the bone marrow of three adult male Wistar rats
(300 g), collected from the long bones (femur and tibia)36,41. The
bone marrow was dissected into small pieces, gently homogenized,
and filtered (70 mm) to remove bone fragments. Mononuclear cells
(MNCs) were isolated by Ficoll density gradient centrifugation
(1.077 g/mL; Sigma-Aldrich, Steinheim, Germany) at 400 g for
20 min. MNCs were collected from the interface, washed with
alpha-MEM (LONZA, Walkersville Inc.), and centrifuged at 600 g
for 10 min. The cell pellet was re-suspended in 1 mL of alpha-MEM,
the pooled cells were counted, and their viability was assessed using

the trypan blue dye exclusion method. MNCs were subsequently re-
suspended in culture medium composed of alpha-Minimum
essential media (MEM) supplemented with 10% of fetal calf serum
(FCS)(GIBCO Laboratories, Grand Island, NY) and antibiotics
(10,000 units/mL penicillin, 10,000 mg/mL streptomycin, and
25 mg/mL amphotericin B; Invitrogen, Carlsbad, CA), and plated
at a density of 30.000 cells/cm2 in tissue culture flasks. The cells
were incubated in a humidified atmosphere with 5% CO2 at 37uC.
Non-adherent cells were removed after 4–5 days by medium change
and the remaining cells were fed twice per week. When the cultures
reached 80% of confluence, the BMSCs were passaged with 0.25%
trypsin/0.53 mM Ethylene diamine tetra acetic (EDTA)
(Invitrogen), centrifuged, and re-plated at a density of 5000 cells/
cm2. The BMSCs were expanded 3 times to achieve the desired cell
numbers. Cells at passages 3 cultured in Dulbecco’s modification of
Eagle’s medium (DMEM) with low glucose and without fetal bovine
serum were incubated in a humidified atmosphere with 5% CO2 at
37uC for 24 h and used for BMSCs conditioned media (BMSCs-CM)
collection, using a similar protocol as in the previous study42.

Characterization of rat bone marrow derived BMSCs. Before
experimental use, the ability of BMSCs (from passage 3) to
differentiate into adipocytes and osteoblasts was tested. To induce
adipogenic differentiation, confluent adherent cells were cultured in
alpha-MEM, supplemented with 10% of FCS, 1 mM dexamethasone
(Sigma-Aldrich, Inc., USA), 500 mM 3-isobutyl-1-methylxanthine
(Sigma-Aldrich, Inc., USA), 100 mM Indomethacin (Sigma-Aldrich,
Inc., USA), and 10 mg/mL insulin (Sanofi-Aventis Deutschland
GmbH), and the medium was replaced every 3 days. Oil Red O
staining was used to identify adipocyte-differentiated BMSCs. To
induce osteogenic differentiation, the alpha-MEM medium was
supplemented with 10% of FBS, 0.1 mM dexamethasone, 10 mM
beta-glycerophosphate (Sigma-Aldrich, Inc., USA), and 50 mM
sodium L-ascorbate (Sigma-Aldrich, Inc., USA), and the medium
was also replaced every 3 days. Cell differentiation into
hydroxyapatite-producing osteoblasts was confirmed by Alizarin
Red staining. BMSCs were maintained for 3 passages in alpha-MEM
(LONZA, Walkersville Inc.), supplemented with 10% (v/v) FBS
(LONZA, Walkersville Inc.) and 1% (v/v) antibiotic/antimycotic
solution before being used for further analysis.

Flow cytometry. The phenotypic properties of BMSCs were
determined on the basis of the expression of CD90, CD29 and the
absence of the pan-hematopoietic marker CD45 at passage 1 and 3.
Briefly, BMSCs (0.2 3 106 cells) were incubated with Phycoerythrin
(PE)-conjugated antibodies or isotype-matched control immuno-
globulin Gs (IgGs, 1 mg each) diluted in PBS containing 2% FCS,
2 mM EDTA, and 0.01% sodium azide (PFEA buffer) at 4uC for
45 minutes (BD Biosciences). For flow cytometry, the follow-
ing antibodies were employed according to the supplier’s
recommendations: PE anti-mouse/rat CD29 (Clone: HMb1-1,
BioLegend); PE anti-rat CD45 (Clone: OX-1, BioLegend), and PE
anti-rat CD90 (Clone: OX-7, BioLegend, all from San Diego, CA)
and their isotype controls: PE Armenian Hamster IgG (CD29) and
PE Mouse IgG1 (CD45, CD90) from Biolegend.

Samples were analyzed using a flow cytometer FACS Calibur (BD
Biosciences) operated by CellQuest software and at least 20,000
events were collected per sample. Data were analyzed using
WinMDI software (Version 2.8). Forward and side scatter profiles
were obtained from the same samples.

Conditioned media collection from spinal cord injury tissue.
Spinal cord trauma. The spinal cord injury (SCI) was induced
using the modified balloon compression technique in adult male
Wistar rats (n 5 4), weighing between 300 and 320 g, according to
our previous study43. Manual bladder expression was required for 3
days after the injury. No antibiotic treatment was used. In the sham
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group/control (n 5 4), a 2-French Fogarty catheter was inserted at
the same level of spinal cord, but the balloon was not inflated and no
lesion was made. All animals survived three days.

Conditioned media collection from spinal cord injury tissue.
Experimental SCI rats (n 5 4) and control rats (n 5 4) were
sacrificed by isoflurane anesthesia followed by decapitation. The
spinal cord was pressure flushed out by injecting sterile saline
(10 mL) throughout the vertebral canal, along the caudo-rostral
axis. Each spinal cord was macroscopically observed and the
central lesion distinguished at Th7–Th10 level. Samples
(approximately 1.0 cm) taken from the central lesion (were
additionally chopped into 0.3 cm-thick sections/3per segment) and
deposited into a 12-well culture plate, containing 2 mL of DMEM
without FBS and without antibiotics. After 24 hours incubation in a
humidified atmosphere with 5% CO2 at 37uC, 2 mL samples of SCI–
CM were collected and centrifuged 30 min at 15.000 rpm at 4uC. The
same procedure was performed for obtaining CM from control
spinal cord tissue. A 50-mL aliquot from the 2 mL sample was used
for trypsin digestion (24 h, 37uC). The portion was desalted using a
solid-phase extraction procedure employing Millipore ZipTips. The
solution was then dried again using the SpeedVac and re-suspended
in water containing 5% of acetonitrile and 0.1% of formic acid before
injection into nano Liquid Chromatography (LC).

Microglia culture. Highly purified spinal cord derived primary
microglia cultures (PM) were prepared using post natal day (P) 2–
3 Wistar rats (Velaz, CZ) that were anesthetized on ice and
afterwards sacrificed by decapitation44. The entire spinal cords
were removed; meninges were dissected away; spinal cord tissue
was minced with a sterile microsurgical scissors and digested with
1 mL trypsin trypsin/EDTA 1 3 (Mediatech, Herndon, VA, USA)
and 1 mL PBS for 15 min at 37uC. After centrifuging at 300 3 g for
3 min, the cells were plated into 75 cm2 flasks which had been coated
with poly-L-lysine. Mixed glial cells were cultured in DMEM
containing 10% FBS at 37uC in 5% CO2 in air and 95% humidity.
The culture medium, one-half of the volume was replaced with an
equal volume of fresh growth medium after 6–7 days. After 12–14
days in vitro (DIV 13), the flasks were confluent with astrocytes and
microglia. Flasks were agitated on shaker in laminar box (230 rpm,
37uC for 3 hours) supernatants were removed and centrifuged at
300 g for 10 min, plated into 75 cm2 flasks, after 30 min the
supernatant containing mixed glial population (astrocytes 1
microglia) was removed and the adherent, highly enriched microglia
was cultured with fresh media for 7–10 DIV. Adherent microglia
enriched cultures were found to be 98.3 6 0.52% microglia by
staining with Iba1 antibody a marker for the microglia, while
mixed glial population contained high percentage of astrocytes
95.8 6 1.38%. The BV2 cells (Species: mouse, C57BL/6; Tissue:
brain, microglial cells) were purchased from the IRCCS Azienda
Ospedaliera, Universita San Martino (Italy)45.

Experimental groups. The PM and BV2 cells were divided into five
experimental groups: 1) Control group, cells were incubated in
DMEM containing 2% fetal bovine serum (FBS) and 2)
Conditioned media (CM) groups, where cells were incubated in
DMEM containing 2% FBS (DMEM) and control spinal cord
tissue SC-CM (DMEM5SC-CM (251), and 3) DMEM 1 BMSCs-
CM (251), and 4) DMEM 1 SCI-CM (251), and 5) DMEM 1 SCI-
CM 1 BMSCs-CM (15151).

Chemotaxis assays. The effects of conditioned media i) BMSCs-CM,
ii) SC-CM (control spinal tissue/Th7–10 segment-conditioned
medium), iii) SCI-CM (spinal cord injury tissue central lesion/
Th7–10 segment-conditioned medium), and iv) BMSCs-CM 1
SCI-CM on microglial cell recruitment were determined using
Boyden chambers (Cell Biolabs, CytoSelectTM 24-Well Cell

Migration Assay, 5 mm)46. The BV2 cells were initially cultured in
RPMI medium supplemented with 10% of FBS and 1% of penicillin/
streptomycin (P/S), and split twice a week to obtain a sufficient
number of BV2 cells. Before the experiment, the cells were
replaced in a medium appropriate for the assay, which was DMEM
with P/S (all reagents from Invitrogen). BV2 cells and PM at a
concentration of 50000 per insert were plated into the upper
chamber, while a different combination of CM (SC-CM, SCI-CM,
SCI 1 BMSCs/CM, and BMSCs-CM) was filled into the lower one
and then cultured for 3 hours. Each CM (152/CM5DMEM)
concentration of total protein was measured using the Bradford
protein assay (2.2 mg–2.8/10 mL/per each CM), and was
centrifuged for 10 min at 1.500 rpm and sterilized through 0.2 mm
filters prior to application. As positive control for microglial cell
recruitment, ATP (10 mM) together with DMEM, the culture
medium for microglia cells (negative control), was used. The
migrating BV2 cells and PM were detected by Hoechst staining
and the number was counted on dissected membranes transferred
on glass slides and mounted with Vectashield mounting medium
(Vector Laboratories, Inc. on LinkedIn). Three different counts
under Nikon Eclipse Ti microscope with motorized stage were
performed. Chemotaxis experiments were carried out in triplicate
and their results are expressed as the mean of the microglial cell
number 6 SEM. *P , 0.01, *** P , 0.001, one-way ANOVA
followed by Tukey-Kramer test (SigmaStat 3.11).

Morphology and viability of Microglia. Morphology. To analyze the
morphological changes of microglia after SCI-CM stimulation
(DMEM5SCI-CM/251), SCI-CM co-cultured with BMSCs-CM
(DMEM5SCI-CM5BMSCs-CM/15151), or only with BMSCs-CM
(DMEM5BMSCs-CM/251, the BV2cells and PM were plated in a
concentration of 20000 cells per well of 24-well plates. Digital images
of BV2 cells were taken at 3 h, 18 h, 24 h and 48 h and of PM at 24 h
and 48 h in cultures stimulated with SCI-CM, SCI-CM1BMSCs/
CM and BMSCs-CM (Nikon Ti). The percentage of BV2 ramified
cells (spindle shaped or multipolar) over the total BV2 cells was
calculated by using ImageJ software, at each time period within
five sampling fields (500 3 500 mm) for each experimental group
in triplicates. To confirm morphological characteristics of BV2 cells
and PM after different CM treatment we have defined five following
parameters: soma diameter, soma area, process diameter and length,
and process length in relation to the soma diameter. Data were
collected from measurements of 100 cells per CM treatment
(Supplementary data).

Immunohistochemistry. PM and BV2 cells after each CM treatment
were fixed with 4% paraformaldehyde in phosphate buffered saline
(PBS). After pre-incubation with 10% normal goat serum (NGS) in
PBS for 60 min, the cells were washed 3 times with PBS and
incubated with the primary antibody anti-Iba1 (a marker for
microglia rabbit IgG, 151000; Wako Pure Chemical Industries,
Osaka, Japan) (15500) antibodies in PBS containing 2% NGS and
0.1% Triton X for 2 h. Cells were then washed 3 times and incubated
with the secondary fluorescent antibody: goat anti-rabbit IgG
conjugated with Texas Red (Alexa Flour 594). For nuclear staining,
we used 4–6-diaminidino-2-phenylindol (DAPI) (15200). Finally,
cells were washed in 0.1 M PBS, mounted, and cover slipped with
Vectashield mounting medium (Vector Laboratories, Inc.) and
observed under a fluorescence microscope (Nikon Eclipse Ti,
Japan) and confocal laser scanning microscope (Leica TCS SP5
AOBS, Leica Microsystems, Mannheim, Germany). The density
analysis of Iba1 positive microglia was enrolled to evaluate possible
morphological changes of activation form, based on the fact that
hypertrophied/amoeboid microglia and its branched processes
occupied larger micro-territory than resting type, in the identical
sampling fields. Quantification for Iba11 cells was performed at
40 3 magnification and was analyzed by Image J software
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according to the previous protocol (Jones et al. 2002). In the
monochrome 8-bit images we have determined the mean gray level
number of black and white pixels (value 0–255, when 0 5 white
pixels, 255 5 black pixels) within five identical sampling fields
(500 3 500 mm) for each experimental group in triplicate. The
threshold values were maintained at a constant level for all
analyses. Data are represented as mean pixels 6 SEM. *P , 0.1
**P , 0.01, *** P , 0.001, one-way ANOVA followed by Tukey-
Kramer test.

Viability and apoptosis. After 48 h incubation (each experimental
group), the culture medium was aspirated, and the adherent BV2
cells and PM were harvested by trypsin-EDTA buffer at 37uC (5–
7 min) followed by centrifugation. The cell pellets were washed twice
in cold PBS (1.4 M NaCl, 27 mMKCl, 100 mM KH2PO4/K2HPO4,
pH 7.2), suspended in 1 3 binding buffer at 1 3 106 cells/mL, and
stained with Annexin V/Propidium Iodide labeling kit (Apoptosis
Detection Kit I, BD Pharmingen, San Jose, CA) to determine dead
and apoptotic cells. Labeling was done with 5 mL PI and 5 mL AV (PI,
a standard probe used to distinguish viable cells from nonviable ones;
AV, recombinant Annexin-V conjugated to green-fluorescent Alexa
FluorH 488 dye recognize the externalization of phosphatidylserine
in apoptotic cells, BD Biosciences) at a concentration of 50 mg/mL.
After standing for 15 min in the dark, the cells were transferred to
cytospin slides by centrifugation of 200 mL sample/10 min 300 g,
cover-slipped, mounted with Vectashield mounting medium with
1.5 mg/mL DAPI (Vector Laboratories). The percentage of necrotic
AV2/PI1 and late apoptotic AV1/PI1 (BD Bioscience) cells to
total DAPI stained nuclei were counted within five sampling fields
(500 3 500 mm) for each experimental group in triplicates. The
results are expressed as the mean % of ramified microglial cell
number. Data are represented as mean 6 SEM. *P , 0.1 **P ,

0.01, *** P , 0.001, one-way ANOVA followed by Tukey-Kramer
test.

Griess assay for nitric oxide production. Nitric oxide production
was assessed by using the Greiss Assay (Promega, Madison, WI,
USA) following the manufacturer’s protocol. Detection of nitrite
was performed in 96-well plates, BV2 cells and PM (5 3 105 cells/
well) were incubated in DMEM containing 2% FBS alone or in
combination with SC-CM, and BMSCs-CM, and SCI-CM, and
SCI-CM 1 BMSCs-CM, ratio 251/DMEM5CM for 24 hours. NO
was detected in the 50 mL of culture supernatant from each sample in
triplicate and added with the same volume of Griess reagent (1%
sulfanilamide/0.1% N-1- napthylethylenediaminedihydrochloride/
2.5% phosphoric acid; all from Sigma-Aldrich, St. Louis, MO,
USA). Absorbance was read at 530 nm (MRX II microplate reader,
Dynex Technologies, VA, and USA) after 15 minute incubation.
Nitrite concentration was calculated with reference to a standard
curve of freshly prepared sodium nitrite (0 to 100 mM). All
treatments were completed at least three times and data were
expressed as mean mM concentration of NO2 6 SEM.

Proteomic studies. Three different combinations were applied to the
BMSCs-CM before analyzing them using on-line coupling of
nanoLC with an ESI MS instrument (ESI-LTQ XL orbitrap, built
in 2010) and each experiment was conducted in triplicate.

Bottom-up analyses

. In the first set of analyses, 50 mL of the solution of BMSCs-CM
was added to 25 mL of a solution of dithiotheitol (DTT) (50 mM)
in ammonium bicarconate (NH4HCO3) buffer (50 mM) (pH 5
8) and heated for 15 min at 55uC. After cooling, 25 mL of a solu-
tion of IAA (150 mM) in NH4HCO3 buffer (50 mM) was added
and the mixture was incubated for 15 min at room temperature in
the dark. 20 mL of a solution of trypsin (20 mg/mL) in NH4HCO3

(50 mM) was then added and the sample was incubated overnight
at 37uC.

. In the second set of analyses, 900 mL of the solution of BMSCs-
CM was filtered with Sep-Pak Shorty C18 (Waters Corporation,
Milford MA, USA), dried under vacuum and then re-suspended
in 50 mL of DTT (50 mM) in NH4HCO3 buffer (50 mM) (pH 5

8), sonicated and heated for 30 min at 93uC. After cooling, 50 mL
of a solution of IAA (150 mM) in NH4HCO3 buffer (50 mM) was
added and the mixture was incubated for 20 min at room tem-
perature in the dark. 50 mL of a solution of trypsin (20 mg/mL) in
NH4HCO3 (50 mM) was then added and the sample was incu-
bated overnight at 37uC. The digestion was stopped by adding
1 mL of trifluoro acetic acid (TFA), and the product was dried in a
vacuum concentrator system.

. In the third set of analyses, 1 mL of the solution of BMSCs-CM
was centrifuged at 12000 g for 10 min and the supernatant was
collected and dried. 100 mL of Laemmli was used to re-suspend
the pellet. The solution was incubated for 30 min at 93uC. The
solution was then loaded into a 12% polyacrylamide gel, stacked
at 70 V for 15 min and then separated at 120 V until the dye front
reaches the other end of the gel. After migration, the gel was
incubated in the gel fixative solution for 30 min and stained with
Colloidal Coomassie brilliant blue overnight. The stain was
removed by washing the gel four times with distilled deionized
water. The gel was cut into eight pieces. The pieces were washed
with 300 mL of distilled deionized water for 15 min, 300 mL of
ACN for 15 min and 300 mL of 100 mM NH4HCO3 (pH8) for
15 min. A mix of 300 mL of NH4HCO3/ACN (151, v/v) was
added for 15 min and 300 mL of ACN for 5 min. Band pieces
were dried in a vacuum concentrator for 5 min. The reduction of
cysteine residues was performed with 50 mL of 10 mM DTT in
100 mM NH4HCO3 (pH8) followed by incubation at 56uC for
1 hour. Alkylation of cysteine was obtained by addition of 50 mL
of 50 mM IAA in 100 mM NH4HCO3 (pH8) followed by incuba-
tion at room temperature in the dark for 30 min. Band pieces
were then washed once more with 300 mL of 100 mM NH4HCO3

(pH8) for 15 min, 300 mL of NH4HCO3/ACN (151, v/v) for
15 min and 300 mL of ACN for 5 min. Band pieces were dried
in a vacuum concentrator for 5 min. Bands were digested by
addition of trypsin (12.5 mg/mL) in 20 mM NH4HCO3 (pH8)
(enough to cover pieces) followed by incubation at 37uC over-
night. Peptides were then extracted on a shaking platform with
50 mL of 1% FA two times for 20 min and 150 mL of ACN for
10 min. The supernatant was transferred into the new tube and
dried in a vacuum concentrator.

NanoLC-MS & MS/MS. Samples from 3 sets of experiments were re-
suspended in 20 mL of TFA 0.1%, then they were desalted on a C-18
Ziptip dried under vacuum and then re-suspended in AcN/0.1% FA,
852, v/v). The samples were separated by online reversed-phase
chromatography using a Thermo Scientific Proxeon Easy-nLC
system equipped with a Proxeon trap column (100 mm ID 3

2 cm, Thermo Scientific) and C18 packed tip column (100 mm ID
3 10 cm, NikkyoTechnos Co. Ltd). Elution was carried out using an
increasing gradient of AcN (5% to 30% over 120 min) at a flow rate
of 300 nL/min. A voltage of 1.6 kV was applied via the liquid
junction of the nanospray source. The chromatography system was
coupled to a Thermo Scientific LTQ-Orbitrap XL mass spectrometer
programmed to acquire in data-dependent mode. The survey scans
were acquired in the Orbitrap mass analyzer operated at 60,000
(FWHM) resolving power. A mass range of 300 to 2000 m/z and a
target of 1E6 ions were used for the survey scans. Precursor ions
observed with an intensity over 500 counts were selected ‘‘on the fly’’
for ion trap collision-induced dissociation (CID) fragmentation with
an isolation window of 4 a.m.u. and a normalized collision energy of
35%. A target of 5000 ions and a maximum injection time of 200 ms
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were used for MS2 spectra. The method was set to analyze the top 20
most intense ions from the survey scan and dynamic exclusion was
enabled for 20 s.

Data analyses. All MS/MS samples were analyzed using Sequest
(Thermo Fisher Scientific, San Jose, CA, USA; version 1.3.0.339)
and X! Tandem (The GPM, thegpm.org; version CYCLONE
(2010.12.01.1)). Sequest was set up to search Rattus norvegicus
Uniprot ref proteome 112011.fasta assuming the digestion enzyme
trypsin. X! Tandem was set up to search a subset of the RAT database
also assuming trypsin. Sequest and X! Tandem were searched with a
fragment ion mass tolerance of 0.50 Da and a parent ion tolerance of
10 ppm. Carbamidomethylation of cysteine was specified in Sequest
and X! Tandem as a fixed modification. Glu-.pyro-Glu of the n-
terminus, ammonia-loss of the n-terminus, gln-.pyro-Glu of the n-
terminus, amidation of the c-terminus, oxidation of methionine,
acetylation of the n-terminus and phosphorylation of tyrosine
were specified in X! Tandem as variable modifications. Oxidation
of methionine, acetylation of the n-terminus and phosphorylation of
tyrosine were specified in Sequest as variable modifications. Scaffold
(version Scaffold_4.0.6.1, Proteome Software Inc., Portland, OR) was
used to validate MS/MS-based peptide and protein identifications.

Label free quantification. For the validation of protein
identifications obtained from Sequest and X! Tandem, the protein
identifications were accepted if they could be established at greater
than 99% probability and contained at least 2 identified peptides
(FDR 0.1%). Protein probabilities were assigned by the Protein
Prophet algorithm47,48. Peptide identifications were accepted if they
could be established at greater than 95% probability by the Peptide
Prophet algorithm49 with Scaffold delta-mass correction. Proteins
that contained similar peptides and could not be differentiated
based on MS/MS analysis alone were grouped to satisfy the
principles of parsimony. Normalization followed by quantification
was done on top 3 total ion current (TIC) in addition to spectral
counting.

Results and Discussion
Characterization of bone marrow stromal stem cells (BMSCs).
BMSCs isolated from rat bone marrow were expanded in primary
culture and passaged three times. Cultured cells at initial phases of
growth contained attached spindle-shaped cells forming colonies
and small, bright, round, floating cells (Figures 1A–D), reaching
confluence approximately at day 14 (Figures 1B, D, F). The initial
high number of bright floating cells in the primary culture of BMSCs

Figure 1 | Representative Fields showing BMSCs morphologies in primary culture and after passaging. BMSCs showed diverse morphologies including

ovoid, bipolar and large, flattened cells enriched with a large number of small, round-like floating light cells in the primary culture (A, B, B9). In passage 1,

most of the BMSCs exhibited large, flattened or fibroblast-like morphology with sporadically occurring round, bright cells (C, D, D9, arrows) that were

completely abolished after passage 3 (E, F, F9). Images B9, D9, F9 correspond to boxed areas from B, D, F. Scale bars A–F 5 200 mm; B9, D9, F95 50 mm.

Figure 2 | Micrographs documenting multipotent characteristics of BMSCs, differentiated into adipocytes (A) and osteocytes (B). Scale bars A, B 5

100 mm.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 7514 | DOI: 10.1038/srep07514 5



(Figures 1A–B9) significantly decreased at passage 1 (Figure 1C–D9)
or was completely abolished at passage 3 (Figures 1E–F9). To examine
the multipotent differentiation potential, we showed that BMSCs
generated Oil red-O positive fat cells, while for the osteoblasts, we
visualized them with Alizarin Red Solution (Figures 2A and 2B).
BMSCs were characterized immunophenotypically and confirmed
throughout passages 1–3 using a panel of hematopoietic and non-
hematopoietic markers (Table 1).

Immunophenotyping of BMSCs. BMSCs at passage 3 expressed
CD29 (94%) and CD90 (96%) but not hematopoietic surface
marker CD45 (Table 1, Figure 3) and maintained their typical
phenotype throughout passages 4–5 (data not shown). As isotype
controls, PE-conjugated Mouse IgG1 (C, C9, E, E9) was used for
CD45 (D, D9) and CD90 (F, F9); PE-conjugated Armenian
Hamster IgG (A, A9) was used for CD29 (B, B9).

Proteomic studies: identification of BMSCs–CM content. BMSCs-
CM collected after one day culture were centrifuged and the
supernatant subjected to different procedures. These were
combined (Figure 4A) and subjected to separation using a nano-
LC coupled to an ESI-LTQ-Orbitrap XL instrument for LC MS
&MS/MS analysis. We identified 658 proteins based on 99%
probability and contained at least 2 identified peptides with a false
discovery rate (FDR) of 0.1%. Each accession number, protein
description, gene name and relative score associated with the
selected proteins is reported in Table 2 (Supplementary data 1 &
2). Specific markers of BMSCs were identified e.g. osteogenic
factors, like osteopotin, periostin, spondin 2 and osteoglycin,
differentiating factors (SPARC, FAM3C, cornifin) as well as
growth factors i.e. Placenta growth factor, Platelet derived growth
factor, Insulin-like growth factor-binding protein 7, Transforming
growth factor beta-1, 2 & 3, and Matricellular proteins of the CCN

Table 1 | Expression of surface markers in BMSCs after Passage 1 and 3

Surface antigens

CD29 CD90 CD45

1 passage 11 11 1

3 passage 111 111 2

2 no expression (,10%); 1 weak expression (11–40%); 11 moderate expression (41–70%); 111 strong expression (.71%).

Figure 3 | Representative flow cytometry analysis of cell surface markers (CD29, CD45, and CD90) expressed on BMSCs at passage 3.
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family (CYR61/CTGF/NOV). Moreover, proteins involved in
immunomodulation (arginase 1, ST2, galectins, TIMP-1 and
TIMP-2) and in chemotaxis (C-type lectin11a) were identified
(supplementary data 1 & 2). The proteins identified in conditioned
media obtained either from BMSCs, 3 days injured spinal cord (SCI)
or non-injured spinal cord (Control) were compared after shot-gun
analyses using scaffold proteome software 4.06. In addition a spectral
counting and normalization based on total ion current was done in
the three samples. The TOP3 in TIC was used for label-free
quantification (Figure 4B). Data clearly reflected that BMSCs
produce growth factors (CTGF, PDGF, PGF, TGFb, IGF binding
protein 7, BMP 1, C1q/TNF5), neural migration factors (NOV,
neurosfascin, neuropilin 2, neuroplastin,) and immunomodulators
(arginase 1, ST2, galectins, metalloproteinase inhibitors (supplemen-
tary data 1&2)) and chemoattractant factors (CLEC11a) (Table 2).
These differences showed that BMSCs produce both factors involved
in microglia chemoattraction (CCL2) and factors involved in
inflammatory regulation (arginase 1, ST2, galectins), whereas SCI-
CM contain chemokines (CCL3, CXCL2, MIF) and neurotrophic

factors (GAP-43 and neurotrimin). According to Riffeld and
collaborators50, BMSCs have been shown to secrete various growth
factors, including brain-derived neurotrophic factor (BDNF), glial-
derived neurotrophic factor (GDNF), vascular endothelial growth
factor (VEGF), fibroblast growth factor 2 (FGF-2), nerve growth
factor (NGF) and neurotrophin-3. Our proteomic data confirm
and complete previous work. Thus, based on the secretion profile,
BMSCs-CM. may contribute to neuroprotection in a direct manner
by rescuing neural cells and switching the microglial cells/
macrophages to a M2 polarization33.

Modulation of stimulated microglia (BV2, PM) using BMSCs-
CM. Attenuation of microglia recruitment. Proteins released from
the central lesion segment of injured and control spinal cords were
analyzed on microglial BV2 cells or PM using Boyden chambers in
the presence or absence of BMSCs–CM. Activation of BV2 cells and
PM was measured and quantified by counting the number of
Hoechst labeled cells attached to the Boyden membrane. More
than a 7-fold increase of attached BV2 cells (35.2 6 2.2) and

Figure 4 | (A) Scheme of the methods used to analyze BMSCs Proteins identification was done on an orbitrap LTQ XL with a protein threshold of 99%

(FDR 0.1%) and peptide threshold of 97% (FDR 0.1%) and contained at least 2 identified peptides as parameters (Supplementary data 1&2).

(B) Label free quantification of immune modulators, neurotrophic and growth factors and apoptotic molecules identified in conditioned media obtained

from BMSCs, spinal cord lesion (SCI) or control (non injured) using Scaffold_4.0.6.1. Label-free quantification was done on top3 of the total ion

current (TIC). (BMP 1: Bone morphogenic protein 1, Cdh13: T-Cadherin, CLEC11a: C-type lectin domain family 11 member A CTGF: connective tissue

growth factor, Epha 3: Ephrin A isoform 3, Epdr1: Ependymin related protein 1, FAM3C: family with sequence similarity 3, member C Gal 1: galectin 1;

GAP-43: Growth associated protein 43, Ltbp: Latent TGF-beta binding protein, IgFbp 7: Insulin growth factor binding protein 7, MIF: macrophage

inhibiting factor, PDGF: Platelet derived growth factor, PGF: placenta growth factor, spondin 2, SPARC, TIMP-1: Tissue inhibitor metalloproteinase

1 & 2).
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8.5-fold increase of PM (42.5 6 1.9) attached cells were obtained with
the conditioned media from SCI (SCI-CM) compared to those from
the control spinal cord SC-CM (5.2–7.5 6 1.9), BMSCs-CM (5.5–6.2
6 2.4) or DMEM (3.2–4.1 6 1.1) (Figures 5A, A9, B–D). The
simultaneous application of BMSCs-CM and SCI-CM (BMSCs-
CM 1 SCI-CM), significantly diminished BV2 cells (31.6 6 1.3,
*P , 0.1) and PM microglial (30.8 6 1.9, *** P , 0.001) mobility
(Figures 5A, 5C) in comparison to SCI-CM alone (Figures 5A, 5B).
Whereas, application of BMSCs-CM or DMEM had low influence on
BV2 cells and PM migration (Figures 5A, 5D). These data confirmed
the involvement of BMSCs in immune response modulation of
microglial cells once activated.

Stimulation of microglia: morphological changes and viability.
Chemotaxis assays confirmed increased numbers of migrated
microglia with significantly enlarged nuclei after SCI-CM
treatment (Figure 5B) compared with microglia nuclei after
DMEM treatment (Figure 5A9). Our next aim was therefore to
investigate the morphological changes in stimulated microglia in a
time-dependent manner. We compared the effects of: i) SCI-CM, ii)
SCI-CM 1 BMSCs-CM and iii) BMSCs-CM administration on BV2
cell morphology from 3 h to 24 h (Figures 6 A–E). The first
significant changes were observed in the presence of SCI-CM,
where most BV2 cells revealed a prolonged bipolar-like or stellate-

like shape (Figures 6A, 7A). Addition of SCI-CM 1 BMSCs-CM or
BMSCs-CM alone stimulated a lower number of BV2 cells, the latter
changing cells from round to oval or multipolar cells (Figures 6B,
6C). After further incubation (24 h) significant morphological
variability in BV2 cells begins to show, corresponding to different
conditioned media exposure. The most significant impact followed
after SCI-CM incubation, when the majority of BV2 cells revealed
multipolar or prolonged cell shapes with hypertrophied cell bodies
and ramified morphology (Figures 6D, 7A9). A similar pattern was
seen in SCI-CM 1 BMSCs-CM, but only in a small number of cells
(Figure 6E). In the case of BMSCs-CM, round to oval cells
dominated, apart from a few that had a differentiated pattern,
similar as at 3 hr (Figure 6C). After 48 h incubation, activated
BV2 cells with elongated morphology remained only after SCI-CM
stimulation (Figure 7A0). We could follow the time-dependent (3 h–
48 h) morphological changes in BV2 cells after SCI-CM stimulation
(Figures 7 A–A0). The percentages of ramified (multipolar or
spindle-shaped) BV2 cells stimulated with SCI-CM, SCI 1

BMSCs/CM, BMSCs-CM and SC-CM after 3 h were respectively:
27.4 6 3.6, 17.6 6 2.2, 21.78 6 3.1, 5.2 6 1.4; at 18 h: 49.77 6 2.7,
42.9 6 1.4, 5 6 1.8, 6.7 6 1.5; at 24 h: 67.14 6 3.8, 6.01 6 1.8, 6.2 6

0.9, 7.1 6 1.1; and at 48 h: 64.2 6 4.9, 5 6 1.1, 5.6 6 0.8, 6.4 6 0.9
(Figure 7B).

Table 2 | Immune and neurotrophic factors identified by shot-gun analyses from MSCs and SCI. Sequence coverage are established from
shot gun analyses using LTQ-Orbitrap XL mass spectrometer and based on protein identification with a protein threshold of 99% (FDR 0.1%)
and peptide threshold of 97% (0.1%) and contained at least 2 identified peptides (see Supplementary data 2)

ProteinFamily Protein Name Accession Number SequenceCoverage

Chemokines CCL3 P50229 35%
CXCL2 P303484 49%
C1qc P31722 16%
cC1qR O35796 20%
MIF P30904 36%

Immune ST2(ILRL1) Q62611 24%
Regulators CLEC11a O88201 20%

Gal 1 P11762 64%
Gal 3 P08699 9%
Arginase 1 P07824 9%

CD CD9 P40241 15%
CD14 Q63691 17%
CD59 P27274 30%

GrowthFactors CTGF Q9R1E9 56%
BDNF P23363 12%
TGFb1 P17246 16%
TGF b2 Q07257-2 18%
TGF b3 Q07258 12%
PGF Q63434 22%
PDGF Q5RJP7 19%
IGFbp7 F1M9B2 54%
BMP1 F1M798 4%
Epdr1 Q5XII0 19%
C1q/TNF5 Q5FVH0 28%

Neurotrophic Factors Neurotrimin Q62718 16%
GAP43 P07936 63%
Calumenin O35783 36%

Neural Migration Factor Neuroplastin P97546 10%
Neuropilin 2 035276 3.7%
Neuromodulin P07936 63%
NOV Q9QZQ5 30%

Metalloproteinase TIMP-1 P30120 71%
TIMP-2 P30121 54%

Osteogenic Factors Osteoglycin D3VZB7 13%
Osteopontin PO8721 21%
Périostin D3ZAF5 66%

Differentiating factors SPARC P16975 60%
FAM3C Q10F4 9%
Cornifin Q63532 11%
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To further compare the morphological changes in stimulated
BV2 cells (Figures 8A–C) and PM (Figures 8E–G9), in each con-
ditioned group we used Iba1 antibody, confirming the positivity
in both control and stimulated populations after 24 h. The PM
treated with SCI-CM demonstrated a significant shift from rest-
ing cells with small soma and ramified, spread-out, thin and long
processes, (Figure 8E) to activated forms characterized by marked
cellular hypertrophy and thick, short and radially-projecting pro-
cesses (Figures 8 F9–F0). Similarly, PM incubated in BMSCs-CM
and SC-CM showed many hypertrophied microglia with richly-
ramified processes (Figures 8 G–G9). Morphological changes were
further confirmed using quantification analysis of Iba11 micro-
glia response (Figure 7), also revealing morphological disparities
between BV2 and PM microglia activation. While BV2 cells chan-
ged from oval to multipolar or spindle-like forms (Figures 7A,B),
a large number of PM transformed from small, less-ramified cells
to oval-amoeboid shaped Iba11 microglia with hypertro-
phied soma and retracted gross processes with rich branching
(Figures 7C–C9999). However, in all experimental groups we could
detect common intermediate forms of microglia. We therefore
quantified the density of all morphological forms of Iba11

microglia (Figures 7C9–C999) that occurred after treatment with
DMEM and different combinations of CM. Thus, the PM with
thick processes (Figure 7C9999) or enlarged bipolar or multipolar
BV2 cells (Figure 7C0) occupied more space (expressed in pixel
values within identical fields) after SCI-CM (Figure 7C) than after

the other CM treatments. To confirm morphological character-
istics of microglia after different CM treatment we have defined
five following parameters: soma diameter, soma area, process
diameter and length, and process length in relation to the soma
diameter (Supplementary data 3).

The viability test with Propidium iodide (PI) and Annexin-V
(AV) confirmed the time-dependent cytotoxic effect of BMSCs-
CM when added in combination with SCI-CM (44 6 7% of PI1
and 12 6 2.5% of AV1 BV2 cells; 21 6 4% of PI1 and 10.1 6

3.9% of AV1 PM) (Figures 9B, E), but not alone (18 6 6% of PI1
and 3 6 2.3% AV1 BV2 cells; 12.3 6 4.4% of PI1 and 5 6 2.1%
AV1 BV2 cells) (Figure 9C), whereas SCI-CM (14 6 7% of PI1
and 7 6 1.9% of AV1 BV2 cells; 12.7 6 8.6% of PI1 and 8 6

2.9% of AV1 PM) (Figures 9A, D) or DMEM (11.2 6 4.4% PI1
and 8.6 6 1.5% of AV1 BV2 cells; 14.1 6 4.2% of PI1 and 5.2 6

2.7% of AV1 PM) had a low influence on BV2 cell viability, as
revealed by PI1 and AV1 cells. PI is a membrane-impairment
dye that is generally excluded from viable cells, while phosphati-
dylserine cell surface membrane exposure is typical for cell apop-
tosis and could be detected by its binding to the protein Annexin-
V. Thus, in our case it is most probably that PI labeling discrimi-
nated necrotic cells PI1/AV2) (Figure 9F) that had lost mem-
brane integrity, while Annexin–V and PI labeling distinguished
late apoptotic cells (PI1/AV1) (Figure 9G). Only occasional
Annexin-V (AV1/PI2 , 2%) labeled BV2 and PM cells were
detected when cultured with SCI-CM or BMSCs-CM.

Figure 5 | BMSCs-CM inhibition of BV2 cell and PM chemotaxis in the trans-well assay. Note that the high number of migrated BV2 cells and PM induced

by SCI-CM (lesion site) (A, B) was attenuated when they were co-incubated with BMSCs conditioned media (SCI1BMSCs/CM BMSCs/CM) (A, C),

as quantified by the number of Hoechst labeled cells. Incubation of BV2 cells and PM with BMSCs-CM or DMEM had low influence on their migration (A, D).

Data are represented as mean 6 SEM. *P , 0.01, *** P , 0.001, one-way ANOVA followed by Tukey-Kramer test. Scale bars A9 5 100 mm; B, C, D 5 50 mm.
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Inhibition of NO with BMSCs-CM. BV2 cells and PM robustly
increased NO release into the culture media after SCI-CM
treatment. Peak release of 9.98 6 0.17 mM (p , 0.001) NO from
BV2 cells and 8.5 6 0.27 mM (p , 0.001) NO from PM at 24 h was
significantly decreased in PM to 4.86 6 0.13 mM (p , 0.001) after
BMSCs-CM-CSI-CM treatment, but not in BV2 cells, which released
9.6 6 0.2 mM (p , 0.001) NO. DMEM, SC-CM and BMSCs-CM
induced low levels of NO in BV2 cells and PM respectively (0.91 6
0.2, 1.82 6 0.06, 1.41 6 0.3 mM and 0.92 6 0.12, 2.14 6 0.21, 0.69 6

0.1 mM) (Figure 10).

Discussion
The early phase of cellular inflammation is comprised principally of
neutrophils (peaking 1 day post-injury), macrophages/microglia
(peaking 7 days post-injury) and T cells (peaking 9 days post-
injury)51. This acute phase is decomposed by the production of
pro-inflammatory mediators produced by resting microglia, and
neutrophils (0 to 1 days), which is correlated to necrosis, followed
by apoptosis processes (peaking 3 days post-injury) then demyelina-
tion (peaking 7 days post-injury). Anti-inflammatory cytokines are
produced rapidly and peaking at 3 days. The late phase of cellular
inflammation was detected after 14 days post-injury, peaked after 60
days post-injury and remained detectable throughout 180 days post-
injury for macrophages/activated microglial cells and neutrophils51.
Understanding this role is complicated by the observations that while
some aspects of post-traumatic inflammation in the spinal cord are
clearly detrimental, other delayed inflammatory aspects may facil-
itate repair mechanisms52. For example, the inflammatory response
is critical for the clearance of cellular debris, which can prevent the
regeneration of surviving neurons. However, over- activation of
the inflammatory response can damage healthy tissue and exacerbate
the injury53,54. Thus in this context, a therapeutic approach that has to

be designed needs to be focused more on the secondary injury pro-
cess where the chronic phase of inflammation occurs and needs to be
controlled. Previously, it was proposed that, BMSCs could be poten-
tially transplanted during both acute and chronic phases of SCI,
because they modify the inflammatory response in the acute setting
and may reduce the inhibitory effects of scar tissue in the subacute/
chronic phase to provide a permissive environment for axonal exten-
sion. However, recently the main attention is focused on their delivery
during acute inflammatory processes. Pre-clinical studies showed that
acute transplantation of human BMSCs after SCI in rats increases
axonal growth and improved locomotor function55. Similarly, in
clinical trials using BMSCs (alone or in combination with granulo-
cyte-macrophage colony stimulating factor) with over 10 weeks of
follow-up moderate functional recovery was noticed in acute and sub-
acute SCI groups56–58, while no improvement was detected in chron-
ically treated patients59. On the other hand some experimental studies
showed that chronically injured spinal cord axons can regenerate
through the gliotic scar only in the presence of local growth-stimulating
factors. For example, genetically modified BMSCs secreting neurotro-
phin-3 (NT-3) injected into the central lesion site were able to induce
penetration of modest number of axons through the scar tissue60. In
general, BMSCs represent a safe, feasible, and reliable method of cel-
lular transplantation for SCI with no fear of tumor formation.

In this context, we focus our attention on factors that can be
produced by BMSCs. BMSCs factors are known to ameliorate disease
in various animal models of neuroinflammation could control in
vitro SCI-CM–induced BV2 chemotaxis29,58, NO release, as well as
morphological changes in activated microglia. Similarly to microglia,
BMSCs are attracted towards areas of tissue damage, indicating that
microglia may primarily serve as a homing signal61. Here we show
that BMSCs-soluble factors significantly down-regulated SCI-CM-
induced BV2 and PM migration, which confirms their modulatory

Figure 6 | Representative images depicting morphological changes of BV2 microglial cells incubated with SCI-CM, SCI-CM 1 BMSCs-CM or BMSCs-

CM from 3 h (A–C) to 24 h (D–E). Note the prolonged, bipolar-like morphology of BV2 cells after SCI-CM (A), while after SCI-CM 1 BMSCs-CM

(B, E) or BMSCs-CM (C) incubation only few cells changed their shape into oval or stellate types during 3 h treatment. Most significant

morphological changes of BV2 cells were observed after incubation with SCI-CM and SCI-CM 1 BMSCs-CM at 24 h, when BV2 cells revealed multipolar

or prolonged cell shapes with hypertrophied cell bodies and ramified morphology (D,E), while treatment with BMSCs-CM resamble the same pattern as

3 h (C). BV2 cells incubated with DMEM during 24 h revealed oval shape, but occasional ramified cells occurred (F) Scale bars A–F 5 50 mm.
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properties58,60. Because the chemotactic response was associated with
enlarged nuclei as well, we also examined temporal changes in BV2
cell morphology and PM. Our results provide further evidence of a
link between migratory response and morphological changes in
microglial cells upon exposure to different conditioned media.
SCI-CM (lesion site) served as a strong trigger for microglia migra-
tion and also caused BV2 cell transformation from round-shaped,
semi-adherent cell lines into adherent, stellate–like or long bipolar
cells with filopodia production61, revealing typical inflammatory res-
ponse during the entire time period. However, BMSCs that clearly
attenuated microglia migration showed time-dependent cytotoxic
effects on BV2 cells. A similar study has confirmed that BMSCs
inhibit the proliferation of lipopolysaccharide (LPS)-activated BV2
microglia by various effects, which may correlate with our cytotoxic
findings58. It is well known that BMSCs and microglia cells modulate
SCI inflammation and regeneration processes.

The proteomic analysis of BMSCs-CM clearly shows that these
cells can produce both immune modulator, neurogenic factors and
osteogenic factors as well as differentiating molecules. In fact, using a
shot-gun proteomic approach we identified several immune modu-
lators (arginase 1, ST2, galectins) and chemoattractant factors
(CLEC11a) known to act towards microglia62. The different

immune-modulators present in BMSCs-CM i.e. arginase, ST2,
CCL2 have the ability to shift the polarization of the microglial cells
into M2 phenotype which is neuroprotective. Moreover, PDGF, PGF
and TGF b are known to increase survival and proliferation of oli-
godendrocytes63. BDNF also increases oligodendrocyte proliferation
and BMP 1 signaling mediates astrocyte differentiation of oligoden-
drocyte progenitor cells64. SPARC has been shown to modulate sev-
eral growth factor signaling cascades (i.e., VEGF (vascular
endothelial growth factor), PDGF (platelet-derived growth factor),
FGF2 (fibroblast growth factor-2), and TGF (transforming growth
factor beta)) and can regulate integrin-mediated adhesion65,66. The
matricellular protein family CCN, which stands for CYR61/CTGF/
NOV are suggested to be important players in the modulation of
inflammatory cytokines and chemokines production67. CCN pro-
teins act alone or in concert with their specific partners in order to
regulate the production of cytokines and chemokines. CCN2/CTGF
is currently the only CCN family member in which expression has
been demonstrated in vivo in CNS astrocytes68. CCN2 has been
demonstrated to bind to TrkA (neurotrophic tyrosine kinase recep-
tor type 1) and p75NTR (p75 neurotrophin receptor), receptors
which transduce neurotrophin signals69. Similarly, the C1q/TNF-
related protein (CTRP) family are also important immune modula-

Figure 7 | Quantification of stimulated BV2 cells based on their morphological changes (multipolar/spindle shape) (Figures 7A–A0) after
incubation with SCI-CM, SCI-CM 1 BMSCs-CM, BMSCs-CM and SC-CM from 3 h to 48 h. Note the higher % of ramified BV2 cells in time after

incubation with SCI-CM (B). Quantification of Iba11 microglia morphological changes within identical fields (C9 and C9999) treated with DMEM,

SCI-CM, SCI-CM 1 BMSCs-CM or BMSCs-CM (C). Note, representative morphology of BV2 cells with round oval shape (C9) and PM with small soma

extending to few long thin processes treated with DMEM (C999), while after treatment with SCI-CM, BV2 cells with enlarged bipolar morphology (C0)

and PM with hypertopied multipolar cell body and retracted thick processes occurred. Data are represented as mean 6 SEM. *P , 0.1, **P , 0.01,

*** P , 0.001, one-way ANOVA followed by Tukey-Kramer test. Scale bars A–A0, C9–C9999 5 20 mm.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 7514 | DOI: 10.1038/srep07514 11



tors70. The presence of ST2, a receptor of IL-33, confirms previous
data showing that IL-33 is known to induce proliferation of
microglia and enhances the production of pro-inflammatory
cytokines, such as IL-1b and TNFa, as well as the anti-inflam-
matory cytokine IL-1062. Galectins were recently shown to be
produced by BMSCs with high immunosuppressive activity as
well as tissue-inhibitor metalloproteinases64–66. Chang et al70 have
shown that BMSCs release TIMP-1, which would exert an
immune modulatory effect on BV2 LPS-activated microglial cells.
The authors have shown that in co-culture between BMSCs and
BV2 after LPS activation, TIMP-1 secretion downregulates MMP-
9 expression in microglial cells. At the same time, BMSCs pro-
duce growth and neurotrophic factors70. The CLEC11A, also
known as stem cell growth factor64,67, act in conjunction with
insulin-like growth-factor binding protein 1065,66, transforming
growth factor beta-171, and SPARC69,70. Some recent data show
moreover that SPARC seems to act as a novel regulator of micro-
glial proliferation, and may play an important role in differently
regulating the gray and white matter microglial responses to CNS
lesion45. Concerning the osteogenic factors produced by BMSCs,
these molecules act like osteopontin towards microglial cells in
the same way as cytokines, and stimulate their proliferation.
Tambuyzer et al71 have demonstrated that osteopontin shifts

microglia to an alternative functional profile more suited to the
immune-balanced microenvironment of the CNS.

Here we confirm that SCI-CM triggers morphological changes
in microglia and production of NO inflammatory mediators, while
incubation with BMSCs-CM leads to partial attenuation of these
processes. The use of morphological change as a readout of micro-
glia activation was supported also by our previous experiment
comparing the number of microglia processes to the expression
level of P2Y12 (a metabotropic purinergic receptor) under activ-
ating conditions71. In this study the authors clearly demonstrate a
positive correlation between decreased process number (amoeboid
morphology) and P2Y12 down-regulation. The present data are
consistent with these findings and provide fundamental informa-
tion on the morphological features of BV2 cells and PM upon
SCI-CM activation. Based on Iba1 expression or light microscopy
image analysis, we present clear morphological differences
between microglia cell lines and primary microglia in terms of
soma shape, size and extending processes evaluated following
induced activation and BMSCs-CM treatment. Unlike other auto-
mated or manual quantification methods of microglia morphology
based on various parameters72,73, we have used simple ImageJ
software to quantify the 2D area occupied by each Iba1 positive
cell. Thus, hypertrophied microglia and their extended processes

Figure 8 | Immunohistochemistry of Iba11 BV2 cells (A–C) and PM (E–G9) corresponding to different conditioned media exposure. The round BV2

cells treated with DMEM (A, arrows) changed after SCI-CM exposure to bipolar cells with thin processes (B, arrows), while after BMSCs-CM 1 SCI-CM

cells were round or with partial elongated cell body, but the processes had disappeared (C, arrows). The PM treated with SCI-CM demonstrated a

significant shift from resting microglia with a small soma and ramified spread out thin and long processes (E, arrowheads), to activated forms

characterized by marked cellular and nuclear hypertrophy (F, dashed arrow) with retracted and thickened radially projecting processes (F9–F0,

arrowheads). Note, following BMSCs-CM 1 SCI-CM incubation, many hypertrophied microglia (G,G9, intermitted arrows) with ramified processes

retained (G–G9), while rich fine branches, closest to the cell soma, began to thicken. Evaluation of PM purity with Iba1 and GFAP antibodies (D, D9). Scale

bars A–G9 5 50 mm.
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Figure 9 | PI and Annexin V (AV) labeling of BV2 cells (D, E) counterstained with Dapi (A–C). Note, the highest number of late apoptotic or necrotic

(PI1/AV1, PI1/AV2) BV2 cells exposed to SCI 1 BMSCs/CM (B, E) when compared to incubation with SCI-CM with occasional late apoptotic

(PI1/AV1) and early apoptotic cells (PI2/AV1) (A,D) or BMSCs-CM (C) (purple, indicated by dashed circles) at 48 h. PI/red, Annexin V/green labeled

BV2 cells (D,E). Bar graph reporting the percentage of necrotic and late apoptotic microglia cells after different CM treatment after 48h in vitro

incubation. Data are represented as mean 6 SEM. *P , 0.1 **P , 0.01, *** P , 0.001, one-way ANOVA followed by Tukey-Kramer test (F,G). Scale bars

A-E 5 20 mm.

Figure 10 | NO release from BV2 (A) cells and PM (B) into the culture media after different conditioned media exposure after 24 h. Note, significant

increase of NO in BV2 cells and PM after SCI-CM when compared to DMEM, SC-CM, and BMSCs-CM incubation, while significant NO decrease

in PM, not in BV2 cells occurred after BMSCs-CM 1 SCI-CM treatment. Data are represented as mean mM 6 SEM. *P , 0.01, *** P , 0.001, one-way

ANOVA followed by Tukey-Kramer test.
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that fill larger micro-territory than the resting type proved to be
effective enough as a method of capturing microglia in activated
state.

Furthermore, we demonstrate that factors released from BMSCs-
CM significantly decreased NO levels in SCI-CM treated PM cul-
tures. Although some studies have indicated that MSCs increase NO
when exposed to soluble factors from LPS-activated microglia or
when co-cultured with stimulated T lymphocytes, we document
the opposite effect10,74. The inhibition of NO levels in activated PM
was most likely attributed to the molecule composition of cell-free
BMSCs-conditioned medium which unlike mesenchymal cells is
unable to produce additional NO. However, the levels of NO were
significantly higher in both stimulated microglia cells treated with
BMSCs. That may be caused by factors released from SCI-CM, but
this needs to be confirmed in further experiments.

Taken together, our preliminary proteomic data obtained with
BMSCs-CM confirm the high modulatory potential of these cells
on inflammation, microglia polarization and neurite outgrowth
activity and could be used as a therapeutic cocktail to prevent the
chronic phase of inflammation.
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 CONCLUSION CHAPTER 2 

Inflammation at the acute phase of SCI is necessary in order to clear the debris of the 

apoptotic cells which could prevent regeneration. However, at the chronic phase, inflammation 

becomes a barrier for remyelination, axon outgrowth and regeneration. Our study of the 

released proteins by BMSC has pointed out that these cells are able to produce immune 

modulators such as arginase 1, ST2 and galectins and chemoattractant factors such as CLEC11a 

and CCL2. These factors are known to switch the polarization of microglia cells into M2 

phenotype which is neuroprotective and anti-inflammatory. Moreover, the presence of BMSC 

conditioned media reduces the chemoattractivity of the SCI conditioned media to modulate the 

inflammation and diminishes the activation of the microglia cell line and primary microglia. 

The production of NO is reduced in presence of BMSC-CM, which is correlated with the 

decrease of the cells activation. BMSCs-CM stimulate the M2 polarization of macrophages. 

The expression of M2 macrophages in the injured environment proves the interest of using 

BMSC-CM for wound healing spinal cord injury. In our study, we reinforced this theory in 

which local injection of the cocktail containing multiple factors will act directly on several 

mechanisms. 

We highlighted the beneficial effects of secreted factors from BMSC-CM to modulate 

inflammation and to improve regeneration. By using a cocktail of molecules instead of targeting 

only one factor, the efficiency of the therapy will be more complete and efficient. In general, 

stem cell therapies are used for their differentiation properties and are then be involved in tissue 

repair and in the immune system function (Akiyama et al. 2012). The advantage of conditioned-

media is that healing actions occur through the paracrine and autocrine pathways to modulate 

the vascular genesis, the tissue regeneration and the immune modulation (Maguire et al. 2013; 

Pluchino and Cossetti 2013). 

Future work will be oriented to couple the BMSC-CM with an alginate, a biomaterial 

which has the propriety to create a scaffold able to fill the cyst cavity formed after SCI. Different 

factors can be bound and released progressively into the lesion microenvironment. However, 

further studies need to be carried out for the affinity-binding alginate scaffold allowing the 

release of a cocktail of molecules as released by BMSC-CM. 
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Among growth factors identified in the conditioned media from BMSC, fibroblast 

growth factor 2 (FGF2) is known to promote angiogenesis (Montesano et al. 1986), and be 

neuroprotective if secreted by neurons to induce microglia activation and phagocytosis of debris 

(Noda et al. 2014). Kang et al., have shown that delivery of FGF2 can reduce the permeability 

of the blood-spinal cord barrier (C. E. Kang et al. 2010). Moreover, another growth factor, 

epidermal growth factor (EGF), is known to preserve the blood-spinal cord barrier integrity and 

improves functional recovery after SCI (Zheng et al. 2016). The combination of FGF2 and EGF 

enhances the neuroprotective and the cell proliferative effects (Martens, Seaberg, and van der 

Kooy 2002; Kojima and Tator 2002). In this way, after an in vitro point of view, the third 

chapter of my thesis will discuss the delivery of FGF2 and EGF coupled with the alginate 

biomaterial, in order to enhance spinal repair. 
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 CHAPTER 3: Alginate biomaterial coupled with growth factors to 

promote in vivo regeneration 

After in vitro studies to promote the neurite outgrowth via RhoA inhibitor and to 

modulate the inflammation through the microglia activation using factors released by BMSC, 

the third chapter of my thesis will be dedicated to the in vivo study by taking advantages of both 

elements. 

SCI leads to the formation of a cavity which does not allow the neurons and cells to 

adhere in a physical matrix to support their growing and repairing. Hydrogel is one biomaterial 

with appropriate physical properties that can mimic the environment and architecture of the 

CNS. Hydrogel has been used to fill cavities in SCI (Nomura, Tator, and Shoichet 2006) and to 

provide a substrate for axon attachment and regrowth (N. Zhang, Yan, and Wen 2005; Piantino 

et al. 2006; Prang et al. 2006). Moreover, the biocompatibility with the host tissue is primordial. 

It will not be toxic nor induce immune response during injection and degradation (M. Wang et 

al. 2011). The alginate is a natural hydrogel obtained from a brown algae. It is an anionic 

polymer used for many biomedical applications and mild gelation through the addition of 

divalent cations such as Ca2+  (Gombotz and Wee 1998; K. Y. Lee and Mooney 2012). 

Hydrogels retain a significant fraction >20% of water which allows them to mimic the aqueous 

environment of the extracellular matrix (Pego et al. 2012). The methods of drug delivery to 

treat spinal cord injuries such as injection, or several injections, implantation of pump or 

intrathecal catheter are often highly invasive and uncontrolled method, causing scarring and 

compression for the intrathecal infusions (L. L. Jones and Tuszynski 2001). Hydrogel can be 

directly injected into the lesion site, where it will polymerize and will be used as a cell-delivery 

vehicle. Alginate will acquire the shape of the cavity and function as an extracellular matrix 

(Taylor and Sakiyama-Elbert 2006). It has been shown that alginate enhances cell resistance to 

oxidative stress, and increases neuronal regeneration (Matyash et al. 2012). A scaffold made of 

alginate-sulphate/alginate was developed by Smadar Cohen group in 2008 (Freeman, Kedem, 

and Cohen 2008). They have shown in vitro that alginates coupled, with FGF2 and EGF 

promote neural progenitor cell proliferation, survival and differentiation (Dasa Cizkova et al. 

2015). FGF2 is present in the nervous system and was shown to support survival and growth of 

neurons and NPS in vitro (Mayer et al. 1993). FGF2 has a neuroprotective role (Lee et al. 1999). 
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EGF has been shown to attenuate the blood-spinal cord barrier permeability (Zheng et al. 2016).  

The scaffold releases GFs in time to avoid repetition of GF delivery in cell media. FGF2 anf 

EGF have strong but reversible binding to alginate-sulphate (Freeman, Kedem, and Cohen 

2008) which exhibited continuous release of the factors for over 21 days (Dasa Cizkova et al. 

2015).  

Our data obtained from in vitro BMSC-CM studies showed the presence of neurotrophic 

factors such as BDNF, TGF , CTGF, PGF, PDGF and IGF (Dasa Cizkova et al. 2014). The 

previous work related to alginate coupled with EGF and FGF2 (Dasa Cizkova et al. 2015) leads 

us to inject alginate, releasing identical GFs into the lesion site seven days after SCI. We focus 

first on the delivery of only two factors to get an overview of the beneficial effects of alginate 

alone and coupled with these GFs injections, before starting with a more complex cocktail of 

molecules. The aim is to see in vivo the potential of this hydrogel injection with or without GFs 

on the locomotor behavior recovery, the cavity size, the motor neurons survival, the synaptic 

alterations, the impact on sensory fibers as well as on the immune response via microglia 

activation.  

We conducted a tissue shot gun proteomic analysis in order to define the main molecular 

profile expressed at different times and locations, such as in a control spinal cord without injury 

and after 7 and 10 days in rostral and caudal adjacent segments, and the lesion segment grouping 

7 and 10 days together. A totally different profile of tissue control has been highlighted 

compared to the injured tissue. Moreover, rostral and caudal tissues from each time condition 

are grouped together with a different branch for the lesion segments. We have shown at 7 and 

10 days in the caudal segment the over-expression of neurotrophic and adhesion molecules and 

signaling proteins (neurofascin, radixin, NDRG2, glia maturation factor b, NCAM1). In rostral 

segments, proteins involved in mitochondrial and cytoplasm metabolisms in intracellular 

signaling were over-expressed (amphiphysin, microtubule associated protein 1A, hydroxyacyl 

glutathione hydrolase, inositol monophosphatase, superoxide dismutase). These proteomics 

data demonstrated a clear difference between rostral and caudal segments adjacent to the lesion 

in terms of physiological and molecular processes through time after injury, which is in line 

with the spatio temporal study performed at the level of the secreted factors (Devaux et al. 

2016). Important factors for neurogenesis are present in the caudal segment, but they are 
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repressed by the expression of proteoglycans as we previously found in secretome (Devaux et 

al. 2016). 

In this way, we used alginate to link the rostral and caudal segments in order to build a 

scaffold where cells will be able to grow and communicate via a structure similar to the 

extracellular matrix. From these analyses, the other studies will focus on the physiological and 

regenerative differences along the rostro-caudal axis after biomaterial treatment. Regarding the 

locomotor recovery, the BBB score was assessed from 0 to 49 days. Significant differences 

were observed 12 and 14 days post injury between SCI + saline (SCI+SAL) and SCI + alginate 

+ GFs (SCI+ALG+GFs) /SCI + alginate (SCI+ALG). The sensitivity to a normal non-painful 

cold stimulus was assessed after SCI. SCI results into adverse pain behavior with development 

of cold allodynia. Low increase in sensitivity to a normally innocuous stimulus was observed 

in the entire survival in SCI+ALG+GF compared to sham. 16 days post injury, a significant 

difference was observed between SCI+SAL and SCI+ALG+GFs. The cavity formation is one 

of the elements which takes place after the acute phase corresponding to high inflammation 

around 7 days post SCI. We filled the cavity 7 days after injury with alginate directly into the 

lesion site to create a favorable environment for regeneration. 42 days post treatment, a 

histological assessment was performed in the rostro-caudal axis with Luxol Fast Blue staining 

to measure the cavity length and size. The cavity length and size decreased with SCI+ALG or 

SCI+ALG+GFs compared to SCI+SAL. SCI+ALG+GFs is more efficient than SCI+ALG in 

reducing the cavitation. The loss of neurons occurs after SCI. Among neurons present in the 

spinal cord, motor neurons are present in the ventral horn and sensory neurons are present in 

the dorsal horn. We first have shown that after the injury and with the saline treatment, the 

number of neurons decreased significantly. However, with alginate and GFs, the number of 

neurons NeuN positive increased significantly compared to saline treatment, to get a similar 

number to the sham group. We then focused on motoneurons using ChAT antibody in rostral 

and caudal ventral horns. A significantly higher number of ChAT positive neurons were 

detected after the delivery of alginate and GFs in both segments. A higher decrease of ChAT 

positive motoneurons is observed in the caudal ventral horn after injury and saline treatment. 

Treatment with alginate and GFs supports the survival of ChAT positive motoneurons. In order 

to assess the synaptic response of the motoneurons, we looked at the distribution of 

synaptophysin positive vesicles in the area of ChAT positive neurons of the ventral horns 42 
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days after treatment. Numerous fine dots were distributed along the motoneurons surface and 

the proximal dendrites. The alginate coupled to GFs treatment revealed a significant increase 

of the synaptic vesicles in the motoneurons area. However, no difference was observed between 

rostral and caudal segments. We then investigated the reponse of the sensory fibers determined 

by the CGRP expression in the dorsal horn. All treatment groups have shown a significant 

increase of the length of the CGRP fibers compared to the sham. However, no difference was 

observed between treatment conditions, the delivery means of alginate alone or with GFs. SCI 

leads to disruption of long projection axons, therefore here we have analyzed the axonal 

sprouting via BDA tracing after alginate treatment. The corticospinal tract (CST) projections 

are very important for the voluntary motor function. We delivered BDA to the sensorimotor 

cortex to label the descending CST axons of the spinal cord. The treatment with alginate and 

GFs significantly increased the BDA label fibers compared to the saline treatment. Another 

point of view for the efficacy of the alginate is to point out the treatment effect on the immune 

response by focusing on the microglia cells. Rostral and caudal sections were stained with Iba1 

antibody to show their activation and the morphology after the different treatments. Basal 

microglia expression was present in the sham group. For each segment, a high increase in 

microglia activation was observed in the saline group; however, the alginate + GFs treatment 

allowed a significant attenuation of microglia compared to saline. The delivery of injectable 

alginate biomaterial coupled with EGF and FGF2 into the lesion site 7 days post injury 

demonstrates the improvement of the spinal cord repair through different aspects: the reduction 

of the cavitation, an increase of the motoneurons and their synaptic connections, the 

enhancement of the CST axons outgrowth and the attenuation of the inflammation. Moreover, 

biomaterial treatment enhanced changes in CGRP fibers, but without behavioural adverse 

sensory response. 
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Delivery of Alginate Scaffold 
Releasing Two Trophic Factors for 
Spinal Cord Injury Repair
I. Grulova1, L. Slovinska1, J. Blaško1, S. Devaux1,2, M. Wisztorski2, M. Salzet2, I. Fournier2, 
O. Kryukov3, S. Cohen3 & D. Cizkova1,2

Spinal cord injury (SCI) has been implicated in neural cell loss and consequently functional motor and 
sensory impairment. In this study, we propose an alginate -based neurobridge enriched with/without 
trophic growth factors (GFs) that can be utilized as a therapeutic approach for spinal cord repair. 
The bioavailability of key GFs, such as Epidermal Growth factor (EGF) and basic Fibroblast Growth 
Factor (bFGF) released from injected alginate biomaterial to the central lesion site significantly 
enhanced the sparing of spinal cord tissue and increased the number of surviving neurons (choline 
acetyltransferase positive motoneurons) and sensory fibres. In addition, we document enhanced 
outgrowth of corticospinal tract axons and presence of blood vessels at the central lesion. Tissue 
proteomics was performed at 3, 7 and 10 days after SCI in rats indicated the presence of anti-
inflammatory factors in segments above the central lesion site, whereas in segments below, neurite 
outgrowth factors, inflammatory cytokines and chondroitin sulfate proteoglycan of the lectican 
protein family were overexpressed. Collectively, based on our data, we confirm that functional 
recovery was significantly improved in SCI groups receiving alginate scaffold with affinity-bound 
growth factors (ALG +GFs), compared to SCI animals without biomaterial treatment.

Spinal cord injury (SCI) involves a multifactorial process that initiates pathological cellular and molecu-
lar responses resulting in limited spontaneous axonal regeneration1. Clinical symptoms following trauma 
can vary in severity, but usually lead to complete paralysis and spasticity1–4. The development of a safe 
and efficient treatment for spinal cord injuries is greatly complicated by the existence of a highly complex 
injury environment. Over the past decades various strategies have been proposed including inflamma-
tory processes and suppression of edema5,6, promotion of axonal regeneration through the decrease of 
inhibitory molecules7–9, transplantation of stem cells to replace lost tissue, or enhancement of endoge-
nous repair with trophic factor support and rehabilitative training10–12. All these strategies were devel-
oped to target specific pathological players during secondary damage, whereas nowadays a combinatorial 
approach integrating biomaterial scaffolds, cell transplantation and molecule delivery seems to be more 
promising for regeneration and functional recovery13–16.

An attractive strategy for repairing injured spinal cord is to incorporate multiple neurotrophic factors 
in biodegradable and biocompatible microspheres, or injectable matrices that allow controlled, sustained 
and localized delivery of those factors17,18. The alginate scaffold is a suitable biomaterial construct provid-
ing a cellular mechanical framework of polysaccharide chains that gels by ionic cross linking after mixing 
aqueous alginate solution with divalent cations such as Ca2+19. Natural substrate isolated from the wall 
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of brown seaweed represents a non-toxic/non-inflammatory, highly porous scaffold with relatively low 
cost20. Alginate hydrogel has been widely used for drug or cell delivery as an injectable vehicle capable 
of filling cavities in the injured spinal cord21–23, and of providing the substrate for axon attachment and 
re-growth15,20,24.

Along these lines, we have recently reported that an affinity-binding alginate scaffold which sustains 
the release and presentation of both epidermal growth factor (EGF) and fibroblast growth factor-2 (bFGF) 
is capable of supporting the viability, expansion and lineage differentiation of neural progenitor cells 
(NPCs) in vitro25. Following these findings, our next goal was to test this scaffold with its affinity-bound 
growth factors (GFs) for treatment of spinal cord compression in rats. Although increasing evidence 
demonstrates that the adult spinal cord harbours a population of multipotent neural precursor cells 
(NPCs), which is further increased by injury, their ability to replace lost neuroglia populations has been 
shown to be insufficient. Optimizing the SCI environment, therefore, by enhancing the presence and 
longevity of EGF and bFGF may provide an appropriate supportive microenvironment for the survival, 
and integration of endogenous NPCs into functional neural circuitry in situ14,26–28. The GFs selected for 
this study share important roles in regulating NPC proliferation and differentiation: bFGF is a known 
mitogen for stem cell self-renewal, while EGF induces both proliferation and differentiation in many 
mammalian stem cells29 including NPCs. Furthermore, both GFs accelerate neovascularisation, necessary 
for supporting and rebuilding the damaged tissue.

In the present study, we performed biomaterial treatment at 7 days after SCI followed by tissue micro-
proteomics and immunocytochemistry. Our microproteomic data based on high-resolution (HR) MS/
MS shot-gun procedures and statistical analyses30 indicated that the caudal region 7–10 days post SCI 
compared to that of 3 days post SCI is able to initiate neurogenesis if trophic and inflammatory inhibitors 
factors are present on-site. We therefore addressed the therapeutic efficacy of the affinity-binding algi-
nate scaffold as described herein in terms of functional recovery and nerve tissue repair. Specifically, we 
investigated its influence on: (i) tissue sparing via reduction of the central cavity and enhanced survival 
of neuronal populations, ii) neurite outgrowth, iii) angiogenesis, iv) response of astrocytes and microglia 
involved in inflammation and scarring, and v) functional recovery of sensory-motor pathways during a 
period of 49 days after SCI in rats.

Materials and Methods
Experimental groups.  Male Wistar albino rats weighing 290–320 g were divided into 5 groups: 1) 
sham-operated SCI group (n =  6), 2) sham-operated and SCI rats (ALG+ ALG+ GFs) after biotinylated 
dextran amines (BDA) tracing (n =  10), 3) SCI group receiving saline injection (SCI+ SAL) (n =  8), 4) SCI 
group receiving an injection of alginate scaffold/lacking growths factors (SCI+ ALG) (n =  8), and 5) SCI 
group receiving an injection of alginate scaffold with affinity-bound EGF and bFGF (SCI+ ALG+ GFs) 
(n =  8). During the survival, rats were behaviourally tested and after 49 day post-injury, all groups were 
sacrificed and spinal cord tissue was processed for immunohistochemistry and tracing analysis. A set of 
12 animals subjected to SCI at 3, 7, 10 days (n =  4 for each time point) was used for proteomic analyses.

Animals.  The study was performed with the approval and according to the guidelines of the 
Institutional Animal Care and Use Committee of the Slovak Academy of Sciences and with the European 
Communities Council Directive (2010/63/EU) regarding the use of animals in Research, Slovak Law 
for Animal Protection No. 377/2012 and 436/2012. In present study we used a total of 40 rats, and 34 
survived.

Spinal cord injury.  The SCI was induced using the modified balloon-compression technique accord-
ing to our previous study31. Briefly, 2-French Fogarty catheter was inserted epidurally at Th8-9 level and 
the balloon was inflated with 12.5 μ l of saline for 5 min. After compression of spinal cord tissue, catheter 
was deflated and removed from epidural space. In the sham group (n =  4), the catheter was inserted at 
the same level of spinal cord, but balloon was not inflated and no lesion was performed. Manual blad-
der expression was required for 7–14 days after the injury until the bladder reflex was established. No 
antibiotic treatment was used.

Tissue protein extraction.  Fresh frozen spinal cord collected after 3, 7 and 10 days after lesion and 
controls were embedded (n =  4, each group) on optimal cutting temperature polymer before sectioned 
using a cryomicrotome (Leica Microsystems, Nantere, France) and subjecting to trypsin digestion. Spinal 
cord tissue sections (20 μ m thick) were mounted on a parafilm covered glass slide and the tissue was 
microdissected manually using a binocular. The pieces were extracted by incubating in 20 μ L of 50 mM 
bicarbonate buffer containing 50 mM dithiothreitol and 1% SDS at 55 °C for 15 min. The extracts were 
then loaded on 12% polyacrylamide gel and separated at 70 V for 15 min and then 120 V until the dye 
front reaches the other end of the gel. After migration, the gel was incubated in the gel fixative solution 
for 30 min and stained with colloidal Coomassie brilliant blue overnight. The stain was removed by 
washing the gel four times with distilled deionized water30.

In gel digestion.  The gel was cut into ten pieces. Pieces were washed with 300 μ L of distilled deion-
ized water for 15 min, 300 μ L of ACN for 15 min and 300 μ L of NH4HCO3 (100 mM; pH8) for 15 min 
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followed by incubation of 300 μ L of NH4HCO3/acetonitrile (ACN) (1:1, v/v) for 15 min and 300 μ L of 
ACN for 5 min. Band pieces were dried in a Speedvac for 5 min. The reduction of cystine residues was 
made with 50 μ L of 10 mM of DTT in NH4HCO3 100 mM (pH8). Pieces were incubated at 56 °C for 
1 hour. Alkylation of cystine was made with 50 μ L of of iodo acetamide IAA (50 mM ) in NH4HCO3 
(100 mM; pH8). Pieces were incubated at room temperature in the dark for 30 min. Band pieces were 
washed a second time with 300 μ L of NH4HCO3 100 mM (pH8) for 15 min, then with a mix of 300 μ L of 
NH4HCO3/ACN (1:1, v/v) for 15 min and 300 μ L of ACN for 5 min. Band pieces were dried in a Speedvac 
for 5 min. A digestion of band pieces was made with trypsin (12.5 μ g/mL) in NH4HCO3 20 mM (pH8), 
enough to cover pieces. Pieces were incubated at 37 °C overnight. Peptides were extracted on shaking 
platform with 50 μ L of formic acid (FA) 1% two times for 20 min, then 150 μ L of ACN for 10 min. The 
supernatant was transferred in new tube and dried with Speedvac. Samples were resuspended in 20 μ L of 
0.1% trifluoro acetic acid (TFA) and then desalted with Ziptip C18 and eluted with 10 μ L of ACN/0.1% 
TFA (8:2, v/v). Samples were dried in a Speedvac and resuspended in 15 μ L of ACN/0.1% FA (2:98, v/v).

NanoLiquid Chromatography –High Resolution-MS/MS (NanoLC-HR- MS/MS).  Samples were 
separated by online reversed-phase chromatography using a Thermo Scientific Proxeon Easy-nLC sys-
tem equipped with a Proxeon trap column (100 μ m ID ×  2 cm, Thermo Scientific) and a C18 packed-tip 
column (100 μ m ID ×  10 cm, Nikkyo Technos Co. Ltd). Peptides were separated using an increasing 
amount of acetonitrile (5%–30% over 120 minutes) at a flow rate of 300 nL/min. The LC eluent was 
electrosprayed directly from the analytical column and a voltage of 1.6 kV was applied via the liquid 
junction of the nanospray source. The chromatography system was coupled to a Thermo Scientific 
LTQ-Orbitrap XL mass spectrometer. The LTQ-Orbitrap XL instrument was set to acquire top 20 MS/MS 
in data-dependent mode. The survey scans were taken at 70,000 full width at half maximum (FWHM) 
(at m/z 400) resolving power in positive mode and using a target of 3E6 and default charge state of 2. 
Unassigned and + 1 charge states were rejected, and dynamic exclusion was enabled for 20 s. The scan 
range was set to 300–1600 m/z. For the MS/MS, 1 microscan was obtained at 17,500 FWHM and isola-
tion window of 4.0 m/z, using a scan range between 200–2000 m/z 30,32.

Mass Spectra Data Analysis.  Tandem mass spectra were processed with Thermo Scientific Proteome 
Discoverer software version 1.3. Resultant spectra were searched against the Swiss-Prot®  Rattus norvergi-
cus database (version January 2012) using the SEQUEST®  algorithm. The search was performed choos-
ing trypsin as the enzyme with two missed cleavages allowed. Precursor mass tolerance was 10 ppm, 
and fragment mass tolerance was 0.5 Da. N-terminal acetylation, methionine oxidation and arginine 
deamination were set as variable modifications. Peptide validation was performed with the Percolator 
algorithm. Peptides were filtered based on a q-Value below 0.01, which corresponds to a false discovery 
rate (FDR) of 1%. All the MS data were processed with MaxQuant33 (version 1.5.1.2) using Andromeda34 
search engine. Proteins were identified by searching MS and MS/MS data against Decoy version of the 
complete proteome for Rattus norvegicus of the UniProt database [UniProt Consortium. Reorganizing 
the protein space at the Universal Protein Resource (UniProt). Nucleic Acids Res. 2012, 40 (Database 
issue), D71− 5.] (Release June 2014, 33675 entries) combined with 262 commonly detected contam-
inants. Trypsin specificity was used for digestion mode, with N-terminal acetylation and methionine 
oxidation selected as variable, carbarmidomethylation of cysteines was set as a fixed modification and 
we allow up to two missed cleavages. For MS spectra an initial mass accuracy of 6 ppm was selected and 
the MS/MS tolerance was set to 0.5 Th for CID data. For identification, the FDR at the peptide spectrum 
matches (PSM) and protein level was set to 0.01. Relative, label-free quantification of proteins was done 
using the MaxLFQ algorithm35 integrated into MaxQuant with the default parameters.

The data sets used for analysis are deposited at the ProteomeXchange Consortium36 (http://pro-
teomecentral.proteomexchange.org) via the PRIDE partner repository37 with the dataset identifier.

Analysis of the proteins identified was done using Perseus software (http://www.perseus-framework.
org/) (version 1.5.0.31). The file containing the information from identification was used and hits to 
the reverse database, proteins only identified with modified peptides and potential contaminants were 
removed. Then the LFQ intensity were logarithmized (log2(x)). A normalization was achieved using a 
Z-score with a matrix access by rows. Data coming from control samples were average as the one coming 
from the lesion part. Six conditions were then analyzed: control (ctrl), lesion part (lesion), segment R1 
or C1 seven days (respectively r1_7D and C1_7D) or ten days (r1_10D and C1_10D) after lesion. Only 
proteins presenting a valid value of LFQ intensity for these six conditions were used for statistical analy-
sis. A Hierarchical clustering was first performed using a Pearson correlation for distance calculation and 
average option for linkage in row and column trees using a maximum of 300 clusters. For visualization of 
the variation of proteins expression depending to the segment/time parameter, the profile plot tool was 
used with a reference profile and an automatic selection of the 10 or 15 correlated profiles.

Preparation of alginate scaffold with affinity-bound factors.  Fabrication of the scaffold with 
the affinity-bound dual growth factors (ALG+ GFs) involved preparing bioconjugates of bFGF and 
EGF with alginate-sulfate and then mixing both bioconjugate solutions with the solution of a par-
tially calcium-cross-linked alginate. The bioconjugates were prepared by mixing bFGF or EGF with 
alginate-sulfate solution (1%, w/v) and incubating for 1.5 h at 37 °C, to allow equilibrium binding. The 
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partially calcium-cross-linked alginate solution was prepared as previously described38. Briefly, stock 
solutions of sodium alginate (VLVG, 30–50 kDa, > 65% guluronic acid content, NovaMatrix FMC 
Biopolymers, Drammen, Norway) and D-gluconic acid/hemi calcium salt were prepared by dissolving 
the materials in DDW and stirring at room temperature. Each solution was filtered separately through a 
sterile 0.2 μ m filter membrane into a sterile container in a laminar flow cabinet. Equal volumes from each 
stock solution (2.08% and 0.68% (w/v) for VLVG alginate and D-gluconic acid, respectively) were com-
bined by extensive homogenization for several minutes to facilitate homogenous distribution of the cal-
cium ions and cross linking of alginate chains. Finally, the bFGF and EGF alginate-sulfate bioconjugates 
were mixed with the partially cross-linked alginate to yield an bFGF/EGF-containing, affinity-binding 
alginate scaffold (0.1% alginate-sulfate, 0.9% alginate, 0.3% D-gluconic acid, w/v) (ALG+ GFs). For the 
control system- lacking GFs, the scaffold was prepared with no affinity-bound factors (ALG).

Intraspinal delivery of alginate scaffold.  Seven days after SCI, animals were anesthetized with 1.5–
2% halothane and partial laminectomy at Th6-12 level was performed. Using a 50-μ l Hamilton syringe 
(30G needle, Cole Parmer, Anjou, Quebec) connected to UltraMicroPump III with Micro4 Controller, 
4-Channel (World Precious Instruments, Inc., Sarasota FL) and stereotactic device, 4 intraspinal injec-
tions/per animal were applied at the lesion site that showed discreet signs of haemorrhage and slight 
atrophy. In most cases the lesion cavity was apparent through the dorsal site of spinal cord. Bilateral 
delivery of i) saline, ii) ALG, or iii) ALG+ GFs (2 injections of 2 μ l/per injection/on left and 2 injections 
of 2 μ l/per injection/on right side with delivery rate of 0.5 μ l/min, loaded with 200 ng/ml of each GF) 
was performed. Based on our in vitro study results, an affinity-binding alginate scaffold loaded with 
200 ng of bFGF/EGF confirmed long term release of GFs25. Each delivery was positioned 1 mm from the 
spinal cord midline and injected at the depth of 1.8–2 mm from the pial surface of the spinal cord. The 
distance between injections was 1 mm, avoiding vessels. After injecting the dose of alginate scaffold, the 
needle was maintained in the tissue for an additional 30 seconds. No antibiotic treatment was performed 
during animal’s survival.

Anterograde biotinilated dextran amine (BDA) motor corticospinal tract (CST) axon trac-
ing.  Sham rats (n =  4) and SCI rats (ALG (n =  3), and ALG+ GFs (n =  3)) at 3 weeks post-injury were 
anesthetized with 2% halothane and placed in a stereotaxic device. The halothane level was maintained at 
2–3% throughout the surgery. An incision was made to expose the skull and to identify the bregma and 
lambda landmarks. Rats received injections of 10% solution of BDA (biotinilated dextran amine 10,000 
MW; Molecular Probes, Eugene, OR) in sterile 10 mM sodium phosphate buffer, pH 7.4, injected via glass 
micropipettes (inner tip diameter of 60–80 μ m) using a controlled pressure device (PicoPump; World 
Precision Instruments). The injection site was positioned into right and left motor cortex performed at 
anatomical coordinates: 1.0 mm lateral to bregma, 1.5 mm anterior/posterior to the bregma and 1.5 mm 
deep to the cortical surface from the pial surface of the brain based on the Stereotaxic Coordinates 
(Paxinos and Franklin, 2001) (Supplementary Figure 1). A total 8 injections with approximately 0.5 μ l 
of BDA was injected at each of the four sites at a rate of 80 nl/min during 6–7 min/per injection. The 
micropipette remained in place for 3 minutes following each injection. After the delivery was completed, 
the skin overlying the skull was sutured and rats returned to their cages.

Behavioral Testing.  BBB scoring.  Animals were behaviourally tested for 5 min using BBB open-field 
locomotor test39 after SCI at day 1, 3, 5, 7, and then in weekly intervals. Each rat was tested for 5 min 
by two blinded examiners. BBB test measuring locomotor outcome (hindlimb activity, body position, 
trunk stability, tail position and walking paw placement) of rats by BBB rating scale ranges from 0 - no 
observable hindlimbs movements to a maximum 21 - plantar stepping, coordination and trunk stability 
like healthy rats.

Cold allodynia.  Cold sensitivity of the hindpaws to the acetone was quantified by foot withdrawal fre-
quency. All animals were tested at day 3 post-injury and then in weekly intervals at day 16, 25, 32 and 49 
after SCI. Before testing, the rats were left to acclimatize inside acrylic-plastic cages during the 10–15 min. 
A drop of acetone (50–100 μ l) was applied to the left and right hindpaws using a plastic syringe, 5 times, 
with at least 5 min recovery between administrations. The number of brisk foot withdrawals or flinching 
were considered to be positive behaviour. Data are presented as mean response duration (in seconds). 
Statistical differences between groups were determined with an unpaired Student’s t test.

The sequence of surgical and behavioural procedures performed in time are described in Supplementary 
Figure 2.

Tissue Processing and Immunohistochemistry.  After a 49 day survival period, animals were deeply 
anesthetized by intraperitoneal thiopental injection (50 mg/kg) and perfused transcardially with 500 ml 
saline, followed by 500 ml of 4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered. Spinal cords 
were removed, postfixed in 4% PFA at 4 °C overnight, embedded in gelatin–egg albumin protein matrix 
(10% ovalbumin, 0.75% gelatine) polymerized by glutaraldehyde (albumin from chicken egg white, grade 
II, Sigma–Aldrich) subsequently fixed in 4% PFA, and cryoprotected with 30% sucrose in 0.1 M PB at 
4 °C. Cryostat transversal and sagittal spinal cord sections (40 μ m) were cut from rostral, central or 
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caudal blocks (each 0.5 cm thick) (Supplementary Figure 3) and collected in 24-well plates with 0.1 M 
PBS containing 0.1% sodium aside. For immunohistochemistry, free floating sections (40 μ m) were 
immersed in PBS (0.1 M; pH 7.4) containing 10% normal goat or normal rabbit serum (NGS, NRS), 
0.2% Triton X-100 for 2 h at room temperature to block non-specific protein activity. This was followed 
by overnight incubation at 4 °C with primary antibodies: mouse mouse anti-neuronal nuclei antigen 
(NeuN; 1:500, Merck-Millipore), goat anti-Choline acetyltransferase (ChAT; 1:5000, Merck-Millipore), 
rabbit anti-calcitonine gene related protein (CGRP; 1:100, Merck-Millipore), rabbit anti- ionized 
calcium-binding adapter molecule 1 (Iba1; 1:500, Wako), mouse anti- glial fibrillary acidic protein 
(GFAP; 1:1000, Merck-Millipore) rabbit anti-vWF (1:200, Chemicon) and mouse anti-synaptophysin 
(SYN; 1:500, Merck-Millipore) for 24 h. Afterwards sections were washed in 0.1 M PBS and incubated 
with secondary fluorescent antibodies goat anti-mouse, goat anti-rabbit, rabbit anti-goat conjugated with 
Texas Red (Alexa Flour 594) and fluorescein isothiocyanate (FITC) (Alexa Flour 488) at room tem-
perature for 2 hours. For general nuclear staining 4-6-diaminidino-2-phenylindol (DAPI) (1:200) was 
added to the final secondary antibody solutions. Finally, sections were mounted and coverslipped with 
Vectashield mounting medium (Vector Laboratories).

Serial sagittal sections from each animal were stained for BDA to determine labelled CST axons 
through the lesion site. Sections were washed in TBS (50 mM Tris/HCl, 150 mM NaCl, pH =  7.6) and 
subsequently incubated overnight at 4 °C with ABC kit (ABC Vectastain Ellite kit; Vector Laboratories) 
diluted in TBS. After rinsing 3 times for 10 minutes in TBS, sections were reacted with DAB (consisting 
of DAB substrate, DAB buffer and 0.6% NISO4) for 20 minutes. Sections were finally washed in TBS and 
coverslipped in Enthelan. Similarly serial sagittal sections (n =  5) were stained with Luxol Fast Blue to 
determine the length and cavity size area40. Schematic concept of dissected spinal cord segments consist-
ing of rostral (Th5-7), central (Th8-9), caudal (Th10-12) segments processed for immunohistochemical 
analyses is included in (Supplementary Figure 3).

Quantification analysis.  Immunochemicaly stained sections were analyzed using Olympus BX-50 
fluorescent microscope at 4x, 10x 20x and 40x magnifications, captured with digital camera HP Olympus 
and analyzed by Image J software according to the previous protocol41–43. Quantification of NeuN, ChAT, 
Iba1, CGRP, GFAP and SYN positive cells was performed on five transverse sections from rostral and 
caudal segments of each spinal cord treatment and from sham tissue. Similarly, for quantification of 
BDA tracing, GFAP, Iba1, vWF expression and cavity size in sagittal sections from lesion epicentre, 
five sections per each experimental animal were analyzed. Number of NeuN positive cells was evalu-
ated through sample field of 200 μ m ×  200 μ m, bilaterally positioned at Laminae I–IV (DH =  area 1), 
IV–V (deep dorsal horn =  area 2) and VIII–IX (ventral horn =  area 3). Analysis of ChAT labelling was 
performed by using the identical field positioned in Laminae VIII–IX, bilaterally. Number of Iba1+  
cells rostrally and caudally from injury epicenter was measured at the identical field in the Lamina VII 
gray matter (GM =  area 1), lateral white matter (LWM =  area 2) and ventral white matter (VWM =  area 
3) (Supplementary Figures 4 A,B). Quantification of immunofluorescence intensity (CGRP, Iba1, SYN) 
rostrally/caudally from lesion site and GFAP, Iba1 also at the site of central lesion) was performed by 
using ImageJ software. Captured digital images were transformed into monochrome 8-bit images and 
determined the mean grey level number of black and white pixels within the tissue (value 0–255, when 
0 =  black pixels, 255 =  white pixels). The final result yields the mean ratio of black and white pixels 
expressed by the histogram. Length of BDA were equally evaluated by Image J and expressed in mm. 
Morphometric analyses of cavity size were performed on five 1.6 cm sagittal sections from the lesion site 
of each experimental and sham tissue. Modified Luxol Fast Blue labelling was performed to evaluate 
cavity area in spinal cord sections40. Mean number of cavitation of experimental groups was expressed 
by mm relative to Sham spinal cord, which was without cavitation’s and represent zero (no cavity).

Data and statistical analysis.  Obtained data from tissue analyses and behavioural testing were 
reported as mean ±  SEM. Mean values among different experimental groups were statistically compared 
by one-way ANOVA and Tukey’s post hock tests using Graph pad PRISM software. Values of P <  0.05 
were considered statistically significant (*P value of <  0.05, **P value of <  0.01, ***P <  0.001).

Results
Spatiotemporal proteomic study of spinal cord tissue after injury.  Spinal cord tissues, the ros-
tral, lesion and caudal segments, were collected at 7 and 10 days after lesion and were subjected to tissue 
microproteomic, MaxQuant proteins analyses followed by Perseus allowed to statistically validate the 
identification and performed clustering. Figure  1 clearly shows that the control tissue is on a separate 
branch from lesion, rostral and caudal segments. The time course study reflected that 7 and 10 days 
are separated from each other. Comparison of the data obtained at 7 days between rostral and cau-
dal segments clearly shows a common cluster of over-expressed groups of proteins (Fig.  1a) and four 
different clusters between the rostral and caudal of over- or sub-expressed protein groups (Fig.  1b–e). 
Proteins overexpressed at 7 days (Fig. 1a) are sub-expressed at 10 days (Fig. 1f). Only a cluster of pro-
teins is differentially overexpressed at the caudal level (Fig. 1g). Specific proteins overexpressed in lesion, 
rostral and caudal segments are presented in Table  1. Radixin, Neural cell adhesion molecule, COP9 
signalosome complex (CSN); Cofilin 2; AP-2, dynamin-like, Rab-7a, GST_P are specific proteins that 
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are overexpressed only in caudal regions at 7 and 10 days. In rostral segment 7 and 10 days after SCI, 
amphiphysin, hydroxyacyl glutathione hydrolase, inositol monophosphatase, Neurofilament heavy poly-
peptide, Glycogen phosphorylase, Superoxide dismutase [Cu-Zn], phosphoglycerate mutase 1, septin 8, 
microtubule-associated protein 1A, CD59 glycoprotein, LETM1 and EF-hand domain-containing protein 
1, Elongation factor Tu, Succinate dehydrogenase [ubiquinone] flavoprotein subunit, Vesicle-associated 
membrane protein-associated protein B are the ones specifically overexpressed.

Locomotor function recovery.  During the initial days post-injury, the compression caused hind-
limb paralysis with slight movement in one or two joints in all experimental groups. On follow-
ing days, the animals in the SCI+ ALG and SCI+ ALG+ GFs biomaterial treatment groups showed a 
similar gradual recovery of hindlimb locomotion up to 21D after SCI; greater than the recovery in 
the SCI+ SAL group, where only limited recovery of motor function was noted. The significant loco-
motor improvement (*p <  0.05) between SCI+ SAL and SCI+ ALG/SCI+ ALG+ GFs was detected at 
12 and 14 days post-injury with the final BBB scores 7.3 ±  2.5/12D, 8.4 ±  2.7/14D (SCI+ ALG+ GFs), 
6.9 ±  2.1/12D, 7.8 ±  2.9/14D (SCI+ ALG) and 4 ±  2.4/12D, 4.5 ±  2.714D (SCI+ SAL) (Fig. 2A). The BBB 
score of hindlimb motor function gradually increased in all experimental groups with the survival (21, 
28, 35, 42 and 49 days post-surgery), however the highest scores were observed in SCI+ ALG+ GFs 
(10.8 ±  3, 12.9 ±  3.6, 13.1 ±  1.2, 13.8 ±  3.1, 14.0 ±  3), which closely correlated with SCI+ ALG (10.5 ±  2.5, 
11.5 ±  1.4, 12.4 ±  0.9, 12.7 ±  0.9, 12.9 ±  1.9) but the increase was less prominent. The SCI+ SAL group 
following initial gradual motor function improvement at 8 to 28 days, showed only limited recovery dur-
ing further survival (7.4 ±  3.6/21D, 9.5 ±  3.6/28D, 10 ±  3.1/35D, 10.6 ±  2.9/42D, 11.4 ±  3/49D) (Fig. 2A).

Cold allodynia.  Increased sensitivity to normally non-painful cold stimulus is a characteristic feature 
of clinical neuropathic pain states. In our experiments, spinal cord injury result into adverse pain behav-
iour - development of cold allodynia with positive responses to cold stimulus as paw withdrawal, licking, 
lifting and shaking of the hindpaw. Increased sensitivity to the acetone application developed mainly at 
10D post-injury in the saline (9.6 ±  6.2/SCI+ SAL) and alginate (8.7 ±  7.8/SCI+ ALG) treated groups. 
Low increase in sensitivity to a normally innocuous stimulus was observed in SCI+ ALG+ GFs during 
entire survival (4.6 ±  3.1/10D, 4.7 ±  3.8/16D, 4.6 ±  2.1/25D, 6 ±  2.7/32D, 6.1 ±  3.2/49D), compared to 
sham (4 ±  1.8/10, 16, 25, 32, 49D). Frequent and more severely aversive responses to the acetone stimulus 

Figure 1.  Heat Map of proteins from control, lesion, R1 (rostral segment adjacent to central lesion) at 7 
and 10 days (7D and 10D), and C1 (caudal segment adjacent to central lesion) at 7 and 10 days. Green-
subexpression, red-overexpression. (a) Protein cluster overexpressed at 7 days compared to 10 days. (b) 
Protein cluster overexpressed in C1 at 7 days compared to R1 at 7D. (c) Protein cluster subexpressed in R1 
at 7D compared to C1 at 7D. (d) Protein cluster subexpressed in C1 at 7D compared to R1 at 7D. (e) Protein 
cluster overexpressed in R1 at 7D compared to C1 at 7D. (f) Protein cluster subexpressed at 10D compared 
to 7D. (g) Protein cluster overexpressed at 10D in C1.
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Number 
Accession Protein Name Lesion

Rostral 
7D

Rostral 
10D

Caudal 
7D

Caudal 
10D

P11505-5 Plasma membrane 1, isoform CRA_b X

D4A5× 7 Ganglioside-induced differentiation-associated-protein 1 X

F1LMW7 Myristoylated alanine-rich C-kinase substrate X

F1LXA0 NADH dehydrogenase 1 alpha subcomplex X

Q64591 2,4-dienoyl-CoA reductase, CRA_a X

M0R4S2 Apolipoprotein D X

M0R655 Protein Fmnl2 X

P04904 Glutathione S-transferase alpha-3 protein X

P31647 Sodium- and chloride-dependent GABA transporter 3 X

P35213 14-3-3 protein beta/alpha X

P62747 Rho-related GTP-binding protein RhoB X

P97532 3-mercaptopyruvate sulfurtransferase X

Q02563 Synapticvesicleglycoprotein 2A X

Q04462 Valine-tRNA ligase X

B0BNM9 Glycolipidtransferprotein X

D3ZDK7 ProteinPgp X

M0R5K9 40S ribosomal protein S18 X

D4ACB8 Chaperonin subunit 8, isoform CRA_a X

O35814 Stress-induced-phosphoprotein 1 X

P18418 Calreticulin X

Q6PDW4 Proteasomesubunit beta type-1 X

Q68G41 Dodecenoyl-Coenzyme A delta isomerase X

P31399 ATP synthase subunit d, mitochondrial X

P39069 Adenylate kinase isoenzyme 1 X

Q4KM73 UMP-CMP kinase X

Q5U300 Ubiquitin-like modifier-activatingenzy. 1 X

Q5XIN6 LETM1 and EF-hand domain protein 1 X

Q920L2 Succinatedehydrogenaseflavoprotein X

Q9WVB1 Ras-relatedprotein Rab-6A X

B0BNM9 Glycolipidtransferprotein X

F1LM47 Protein Sucla2 X

O35244 Peroxiredoxin-6 X

P07722 Myelin-associatedglycoprotein X

P32089 Tricarboxylate transport protein X

P51583 Multifunctionalprotein ADE2 X

Q66H18 Protein Sypl1 X

Q68FQ0 T-complexprotein 1 subunit epsilon X

Q9QUL6 Vesicle-fusing ATPase X

Q9QX69 LanC-likeprotein 1 X

Q9QZR6 Septin-9 X

F1LM47 Protein Sucla2 X

B0BNK1 Protein Rab5c X

P47942 Dihydropyrimidinaserelatedprotein2 X

B2GUZ5 F-actin-capping protein subunit alpha-1 X

D3ZNW5 Neurofascin X

P62986 Ubiquitin-60S ribosomal protein L40 X

G3V9L3 MAGUK p55 subfamily member 3 X

P19234 NADH dehydrogenaseflavoprotein 2 X

Continued
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retained in SCI+ ALG group at 10D, 16D, 25D (8.7 ±  7.8/10D, 6.6 ±  3.3/16D, 9 ±  8.3/25D, 5.9 ±  2.6/32D) 
and SCI+ SAL group until 49D post injury (9.6 ±  6.4/10D, 9.7 ±  7.2/16D, 8.3 ±  5/25D, 11.4 ±  6/32D, 
6.7 ±  4.8/49D). Significant differences *p <  0.05) were observed among SCI+ SAL (9.7 ±  7.2) and 
SCI+ ALG+ GFs (4.7 ±  3.8) groups at 16D post-injury (Fig. 2B).

Cavity size.  During the first week post-injury, a severe inflammatory response occurs at the central 
lesion. The secondary damage processes lead to cell death and development of cavitations at the epicenter 
and along the rostrocaudal axis of the spinal cord40. In order to fill the cavity and create a permissive 
environment for regeneration, we administered the liquid form of alginate scaffold directly to the lesion 
cavity at 7D post injury. Histological assessment of spinal cord sections stained with Luxol Fast Blue 
revealed cavity area reduction in SCI+ ALG+ GFs and SCI+ ALG groups compared to SCI+ SAL at 42 
day post-implantation (Fig.  3). Quantitative stereological analyses of tissue fenestration in 1.6 cm seg-
ment revealed significant (**P <  0.01, ***P <  0.001) reduction of cavitation (analysing length and area of 
cavity) after application of ALG+ GFs (cavity length/3.3 ±  1.5 mm/area/0.56 ±  0.2 mm2) and ALG (cavity 
length/5.4 ±  1.2 mm/area/1.13 ±  0.2 mm2) compared to the saline treatment (cavity length/7.7 ±  1.4 mm/
area/1.96 ±  0.3 mm2) (Fig. 3).

Quantification of NeuN.  Quantification analyses of representative transverse sections were pro-
cessed bilaterally in dorsal (Laminae I–IV), ventral horns (Laminae VIII–IX) and Laminae IV–V, 
rostrally and caudally from the lesion site (Fig. 4). The higher number of NeuN-positive cells was doc-
umented rostrally from the injury site in all studied groups SCI+ ALG+ GFs, SCI+ ALG and SCI+ SAL. 
The most profound neuronal loss was observed in the SCI+ SAL group (Rostral/Laminae I–IV 69.5 ±  8.1; 
Laminae VIII–IX 13 ±  1.5; Caudal/Laminae I–IV 68.8 ±  17.7; Laminae VIII–IX11.8 ±  5.8). The delivery 
of ALG or ALG+ GFs promoted the survival of neuronal cells, resulting in a significant increase in num-
ber of NeuN-positive cells SCI+ALG: Rostral/Laminae I–IV 103.1 ±  26.6; Laminae VIII–IX 22 ±  5.5; 
Caudal/Laminae I–IV 103.3 ±  16.8; Laminae VIII–IX 15.8 ±  2,7; SCI+ ALG+ GFs: Rostral/Laminae I–IV 

Number 
Accession Protein Name Lesion

Rostral 
7D

Rostral 
10D

Caudal 
7D

Caudal 
10D

D4A8U7 Dynactinsubunit 1 X

E2RUH2 Ribonucleaseinhibitor X

E9PT65 ProteinRdx X

G3V8A5 Vacuolar protein sorting protein 35 X

G3V8C4 Chloride intracellular channel protein 4 X

Q63228 Glia maturation factor beta X

P18484 AP-2 complexsubunit alpha-2 X

P97852 Peroxisomalmultifunctional enzyme type 2 X

Q5I0D7 Xaa-Pro dipeptidase X

Q7TMC7 Ab2-417 X

Q8VBU2. NDRG2 X

Table 1.   Specific proteins present in tissue in lesion, rostral at 7days, rostral at 10 days, caudal at 7 days 
or in caudal at 10days.

Figure 2.  Functional recovery of hindlimb motor (A) and sensory functions (B) following SCI in Sham, 
SCI+SAL, SCI+ALG and SCI+ALG+GFs experimental groups. (A) *P <  0.05 indicates significant 
differences among the experimental groups.
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110 ±  5.3; Laminae VIII–IX 27.3 ±  4.4; Caudal/Laminae I–IV 125.5 ±  4.2; Laminae VIII–IX 23.6 ±  6.4). 
Moreover, the number of NeuN positive cells in the SCI+ ALG+ GFs group closely correlated with the 
NeuN numbers observed in Sham group (Rostral/Laminae I–IV 122 ±  5.2; Laminae VIII–IX 23.1 ±  5; 
Caudal/Laminae I–IV 120.7 ±  12.7; Laminae VIII–IX24 ±  3.8) (Fig.  4). The differences in NeuN posi-
tive profiles show a statistical significance between individual experimental groups: Sham, SCI+ SAL, 
SCI+ ALG, SCI+ ALG+ GFs ***P <  0.001, **P <  0.01, *P <  0.05.

ChAT labeled motoneurons.  The average number of ChAT positive cells in the SCI+ SAL, SCI+ ALG 
and SCI+ ALG+ GFs groups was compared to confirm the hypothesis whether neuronal sparing has 
included motor neurons of ventral horns. Rostral to the lesion site, the number of spared ChAT+  neu-
rons within the ventral horns significantly increased (*P <  0.05) following alginate biomaterial treatment 
(10 ±  2.1/SCI+ ALG; 10.9 ±  1.7/SCI+ ALG+ GFs) when compared to the control saline group (7.4 ±  0.9) 
(Figs  5 and 6). Significant differences in sparing of motor neurons (*P <  0.05, ***P <  0.001) were also 
recorded among experimental groups caudal to the injury site, although the average number of posi-
tive cells had declined (6.9 ±  1.5/SCI+ ALG+ GFs, 5.4 ±  0.9/SCI+ ALG, 2.8 ±  0.8/SCI+ SAL, 11.9 ±  1.9/
Sham) compared to spinal rostral part (Figs 5 and 6). Our results demonstrate that alginate biomaterial 
implantation resulted not only in common NeuN positive neurons sparing, but also in the specific spar-
ing of endogenous ChAT+  motor neurons.

Synaptic vesicles alterations.  In the spinal cord of Sham and both SCI-SAL and SCI-ALG groups 
of treated rats, synaptophysin immunoreactivity (SYN+ IR) appeared as numerous diffusely distributed 
fine dots along the surface of motor neurons and their proximal dendrites, and delineated their polyg-
onal contours (Fig.  7A,B). However, after ALG+ GFs treatment, the density of SYN+  vesicles around 
remaining CHAT+  motor neurons of the anterior horns strikingly increased when compared to all 
experimental groups (Fig. 7C,D). The immunoreactive profiles appeared as coarse granules of different 
size that were also distributed on motor neuron surface. Quantitative analysis of SYN+  vesicle expressed 
as % of SYN+  positive vesicles within identical fields of anterior horns in all experimental groups con-
firmed significant increase in ALG+ GFs treated group, particularly caudally to the epicentre of injury 
(Fig. 7D). Interestingly, we did not see any differences in the density of SYN+  positive vesicles within 
segments above the lesion site (data not shown).

CGRP positive fibres.  CGRP immunoreactivity was observed in all experimental groups 
(SCI+ ALG+ GFs, SCI+ ALG, SCI+ SAL) in fibres and punctuate terminals of superficial dorsal horn 
(Laminae I–III) and LT (LT-Lissauer’s tract) area44 located along the lateral edge of the dorsal horn and 
medial grey mater (Fig. 8). Moreover, depending on the experimental group, few individual CGRP pos-
itive fibres extending from Lamina III toward Laminae V (0.226 ±  0.099 mm/SCI+ SAL) and VII (Figs 8 
and 9) were detected. The longest CGRP+  fibres with the average of length 0.301 ±  0.103 mm were 
observed after administration of alginate biomaterial alone and alginate biomaterial with affinity-bound 
GFs to the injured spinal cord (0.301 ±  0.103 mm/SCI+ ALG; 0.27 ±  0.053 mm/SCI+ ALG+ GFs). Sham 
spinal cord didn’t contain CGRP positive fibres extended into the intermedia spinal cord layers; however 
CGRP terminals within superficial dorsal horn were frequently observed. The differences associated with 
length of fibres show statistical significance (**P <  0.01, *P <  0.05) only between Sham and other exper-
imental groups (SCI+ SAL, SCI+ ALG, SCI+ ALG+ GFs) (Fig. 9).

The number of immunolabeled CGRP fibres varied among individual experimental groups and areas 
of spinal cord. The most numerous CGRP positive fibres, forming bundles –like structures were observed 
in rostral segments from the lesion site after the delivery of alginate biomaterial with the affinity-bound 

Figure 3.  Morphometric analyses of cavity length (A) and size (B) in experimental groups showed 
significant reduction after intraspinal injection of biomaterial alginate (**P < 0.01, ***P < 0.001). Cavity size 
was expressed by mm in injured experimental groups (SCI+ SAL, SCI+ ALG and SCI+ ALG+ GFs) relative 
to Sham spinal cord without cavitations represent by zero.
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GFs (6.7 ±  2.3/SCI+ ALG+ GFs, 4.5 ±  4/SCI+ ALG, 4.2 ±  3.3/SCI+ SAL, 1 ±  1/Sham). Average number 
of positive fibres was slightly decreased caudally to the epicentre of injury (5.9 ±  4/SCI+ ALG+ GFs, 
4.8 ±  4.5/SCI+ ALG, 4.1 ±  3/SCI+ SAL, 1 ±  1/Sham) (Figs 8 and 9). Among the individual experimental 
groups in both studied parameters we did not observe statistical differences (Fig. 9).

Axonal sprouting via BDA tracing.  BDA delivery to the sensorimotor cortex served to label 
descending CST axons of spinal cord. In sham animals, BDA-labelled CST axons were detected along 
the entire length of sagittal sections (16 mm) of the spinal cord; more specifically in the ventral part of 
the dorsal column, where stripe of organized BDA positive axons occurred (16 mm ±  0) (Figs  10 and 
11). After spinal cord injury, CST axons appeared disorganized, ended above the lesion site and many 
cut BDA axons formed terminal structures like buttons. Re-growth of CST fibres into denervated areas 
of spinal cord was monitored following alginate administration. Moreover, the alginate biomaterial alone 
and with affinity-bound EGF/bFGF promoted increased re-growth of few BDA positive fibres through 
the central lesion with occasional innervations below the lesion site (2.9 mm ±  0.7 from a total 16 mm 
length of section) compared to saline treatment (0.6 mm ±  0.1) (Figs 10 and 11) (*P <  0.05).

Iba1 immunohistochemistry.  In order to monitor the immune response of host tissue, particularly the 
presence of microglia cells after alginate biomaterial treatment, Iba1 immunoreactivity in lesion site and 
also in the adjacent segments located 0.8 cm rostrally/caudally to the epicenter, were used. Enhancement 
of the microglia responsiveness and subsequent density was observed mainly after injury with injec-
tion of saline (SCI+ SAL: Ros/17 ±  3, Ros-Centre/23.3 ±  3.4, Centre-Caud/22.3 ±  4.4, Caud/21.3 ±  4.9), 
while the decreased tendency of Iba1 expression was seen after treatment with alginate biomaterial 

Figure 4.  Stereological analyses of NeuN positive cells in Laminae I–IV, Laminae IV–V and Laminae 
VIII-IX after SCI and treatment. Number of NeuN labeled neurons in all studied areas increased after 
pure and enriched alginate administration compared to saline. Among the experimental groups we observed 
statistical differences (***P <  0.001, **P <  0.01, *P <  0.05).

Figure 5.  Quantification of ChAT labeled motoneurons in the Laminae VIII–IX. Marked depletion 
of motoneurons was observed caudally to the lesion site when compared with segment located rostrally. 
Significantly higher number of ChAT positive neurons was detected after delivery of enriched alginate in 
both studied segments (rostral, caudal) (***P <  0.001, *P <  0.05).
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Figure 6.  Representative transverse sections revealing ChAT positive motoneurons located rostrally 
and caudally to the lesion site following SCI in Sham, SCI+SAL, SCI+ALG and SCI+ALG+GFs 
experimental groups. Significant decrease of ChAT immunohistochemical staining was observed in ventral 
horns caudally to the lesion site (lower panel) following SCI and saline delivery. Injected alginate supports 
survival of ChAT positive motoneurons. Scale bar =  500 μ m.

Figure 7.  Distribution of synaptophysin positive vesicles (red) in the area of ChAT positive 
motoneurons (green) of the ventral horns. The density of vesicles after ALG+ GFs treatment (C) is 
increased compared to both sham (A) and ALG without GFs group (B). (D) Quantification has revealed 
statistical significance only between ALG+ GFs group and other experimental groups (SHAM, SCI+ SAL, 
SCI+ ALG). (**P <  0.01, ***P <  0.001). Scale bar =  50 μ m.
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(SCI+ ALG+ GFs: Ros/14.8 ±  2.1, Ros-Centre/17.3 ±  4.3, Centre-Caud/18.1 ±  3, Caud/17.4 ±  2.9; 
SCI+ ALG: Ros/16.4 ±  2.5, Ros-Centre/20.5 ±  3.2, Centre-Caud/17.6 ±  4.2, Caud/14.2 ±  4.3) (Fig.  12, 
Supplementary Figure 5). Positivity of Iba1 expression in Sham animals revealed basaline levels 
(Ros/9.4 ±  1.5, Ros-Centre/9.3 ±  0.8, Centre-Caud/9.3 ±  1.6, Caud/9.8 ±  1.6). Among experimental 
groups and individual parts of spinal cord significant differences were detected (***P <  0.001, **P <  0.01, 
*P <  0.05, Supplementary Figure 5).

Figure 8.  CGRP expression in transverse sections of dorsal horn/thoracic spinal cords from Sham, 
SCI+SAL, SCI+ALG and SCI+ALG+GFs groups 49D post-injury. Representative pictures demonstrate 
differences in CGRP expression, particularly in number and length of CGRP positive fibers among the 
experimental groups. Note, enhanced growth and branching of CGRP fibers from dorsal horn to Laminae 
III–V and VII in SCI+ ALG and SCI+ ALG+ GFs groups (A3, B3, A4, B4) when compared to sham and 
saline rats (A1, B1, A2, B2). Scale bar =  500 μ m. Lower panel shows higher magnification from corresponding 
regions. Scale bar =  250 μ m.

Figure 9.  Number and length of CGRP positive fibers. (A) Quantitative analyses of CGRP positive 
fibers number showed no significant differences between individual experimental groups. (B) Statistical 
significance was observed only in the length of CGRP positive fibers between Sham and other experimental 
groups (SCI+ SAL, SCI+ ALG, SCI+ ALG+ GFs) (*P <  0.05, **P <  0.01, ***P <  0.001).
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Glial scar modulation (GFAP immunoreactivity).  Baseline expression of GFAP-positive astro-
cytes with the characteristic round small soma and slender, long processes were seen in Sham spi-
nal cord distributed throughout white and grey matter (Ros/11 ±  1.8, Ros-Centre/10.81 ±  1.41, 
Centre-Caud/10.81 ±  1.41, Caud/12.6 ±  1.6) (Fig.  13). The significant response of astrocytes that 
resulted in increased density and change of cellular morphology was observed following SCI and 
saline delivery (***P <  0.001, **P <  0.01, *P <  0.05). Astrocytes assumed increased GFAP staining 
with subsequent cellular transformation into swollen hypertrophic appearance and short, thick pro-
cesses indicating activated phenotype (Fig.  13). Similarly, alginate biomaterial treatment alone or 
with affinity-bound bFGF/EGF induced appearance of activated astrocytes, but with poorer ramifi-
cation as seen after saline delivery (Fig.  13). The densitometry analysis revealed differences between 
the individual parts of 1.6 cm sections (Ros, Ros/Central, Central/Caudal, Caudal) of spinal cord. 
The highest positivity of GFAP was measured within Centro-Caudal site in all experimental groups 
(SCI+ ALG+ GFs: Ros/11 ±  1.8, Ros-Centre/10.81 ±  1.41, Centre-caud/10.81 ±  1.41, Caud/12.6 ±  1.6; 
SCI+ ALG: Ros/14.9 ±  4.1, Ros-Centre/13.4 ±  3.6, Centre-Caud/16 ±  3.5, Caud/13.8 ±  3.1; SCI+ SAL: 
Ros/17.9 ±  2.2, Ros-Centre/18 ±  3.7, Centre-Caud/21.5 ±  3.9, Caud/21.4 ±  1.6) (Supplementary Figure 
6). The quantification of GFAP immunoreactivity on transverse sections from rostral and caudal seg-
ments of spinal cord also confirmed an increase in immunoreactivity caudally to the lesion site especially 
after saline delivery (Rostrally: 14.8 ±  4.2/SCI+ ALG+ GFs, 14.9 ±  4.9/SCI+ ALG,18.11 ±  1.6/SCI+ SAL, 

Figure 10.  BDA labeling in the representative sagittal sections in Sham, SCI+SAL, SCI+ALG and 
SCI+ALG+GFs groups 49D post injury. Representative pictures and corresponding details (boxed areas) 
illustrate growth potential of CST fibers after SCI and individual treatments. Increased positivity of BDA was 
seen after alginate administration (SCI+ ALG and SCI+ ALG+ GFs groups) where CST axons were growing 
around the lesion site towards disconnected caudal segment. Scale bar =  500 μ m.

Figure 11.  Quantification of BDA positivity in sagittal section of spinal cord. Administration of alginate 
enriched with growth factors leads to the significant (*P <  0.05) increase of BDA labeled fibers when 
compared to saline treatment.
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13.6 ±  1.6/Sham; Caudally: 16.3 ±  3/SCI+ ALG+ GFs, 15.3 ±  3.4/SCI+ ALG, 17.6 ±  2.4/SCI+ SAL, 
13.2 ±  0.5/Sham). Differences in GFAP density between experimental groups in rostro-caudal segments 
were without observed significant differences (Supplementary Figure 6).

Angiogenesis.  For visualization of the vascular structures, the endothelial cell marker von Willebrand 
Factor (vWF) was used (Supplementary Figure 7). Numerous positive blood vessels were observed in 
the Sham group, mainly in the white matter compared to the injured spinal cord groups (SCI+ SAL or 
SCI+ ALG), where the density of blood vessels decreased in close vicinity of the lesion site (Supplementary 
Figure 7). Treatment with alginate biomaterial with the affinity-bound GFs resulted in an increase of 
vWF positive blood vessels in the white matter and in grey matter as well, at lesion site. Results obtained 
from immunohistochemical analyses suggest that GFs-enriched alginate biomaterial created a suitable 
environment for blood vessels survival or reconstruction, but without significant differences between 
treatment groups (data not shown).

Discussion
Currently, the field of SCI neurotherapeutics is still in its infancy and there are no effective ad approved 
therapies for SCI in humans. A contributing factor for such failed neuroregenerative processes has been 
attributed partly to the development of the optimal regeneration-supportive microenvironment that can 
initiate a neurobridge connecting disconnected spinal cord segments.

The present study clearly demonstrates that the local delivery of injectable alginate biomaterial capa-
ble of increasing the bioavailability of key growth factors such as bFGF and EGF and their appropriate 
presentation improve the repair of SCI through multiple mechanisms, such as: i) reducing the central 
lesion cavity, ii) increasing the number of surviving neurons including ChAT+  motor neurons and their 
synaptic connections, iii) enhancing outgrowth of CST axons, iv) preserving or stimulating formation of 
new blood vessels, and v) attenuating inflammation; which altogether enhance the functional recovery 
after SCI without sensory impairments.

Here we applied a well-characterized compression model of spinal cord injury leading to overall 
impairment of motor and sensory functions associated with loss of corresponding neuronal pools, over-
reaction of microglia/astrocytes and inability of axonal regrowth through the lesion site45. Using a tissue 
micro-proteomic approach, we established that in the time period after lesion, the nature of proteins 
varied throughout the spinal rostro-caudal axis. Particularly, the proteins found in caudal and rostral 
segments at 7 and 10 days after SCI were different compared to 3 days post injury40. Previous data 
clearly show that three days after lesion, the factors secreted in the lesion and rostral segments are 
anti-inflammatory and neurotrophic, while in the caudal region a cocktail of apoptotic and neurotoxic 

Figure 12.  Representative transverse sections of Iba1 expression from caudal and rostral segments of 
spinal cord. Sections illustrate changes in activation and cell morphology after saline and alginate treatment. 
Baseline expression of non-active microglia in gray and white matter was observed in Sham animals. 
Strong activation of microglia characterized by enlarged round-shaped perikaryon with truncated, dick and 
ramified processes was detected in SCI+ SAL group. Alginate treatment (SCI+ ALG and SCI+ ALG+ GFs 
groups) inhibited activation of Iba1 positive cells. Scale bars =  500 μ m, 10 μ m (higher magnification of boxed 
area).
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proteins predominate30. The present study shows that on days 7 and 10 after SCI, in the caudal segments 
neurotrophic factors are overexpressed, as well as adhesion molecules and signalling proteins. In con-
trast, in rostral segments the proteins overexpressed are involved in metabolism at the level of the mito-
chondria or the cytoplasm, as well as in intracellular signalling. This clearly indicates that real differences 
exist between the rostral and caudal segments in terms of physiological and molecular processes, and that 
these differences are dynamic in time. Importantly, the results indicate that the caudal region possesses 
all the factors that can stimulate neurite outgrowth, but these seem to be insufficient in amount and are 
blocked by proteoglycans. Taking into account these ex vivo data, we attempted to connect the rostral 
and caudal segments through the lesion by constructing an alginate biomaterial bridge loaded with GFs. 
Thus all immunohistochemical and tracing analyses were performed along the rostro-caudal axis, to 
better understand and define differences in pathological or regenerative processes above and below the 
lesion site after biomaterial treatment.

Our strategy is in line with recent pre-clinical studies performed after incomplete/complete injuries, 
and attempting to reconnect links with the tissue below the injury site, either bypassing the central lesion 
or rebuilding tissue in a cyst mediated via the application of biomaterials46–50. The novelty of our strategy 
is the combination of biomaterial used as a bridge together with sustained delivery of key growth fac-
tors for SCI repair. In vitro, this combination was found to be effective in promoting cell retention and 
expansion, while also enabling neural progenitor lineage differentiation in situ25. In continuity with these 
findings, our in vivo results document significant spinal cord tissue sparing, resulting in neuronal sparing 
that may lead to enhanced plasticity and reorganization of preserved neuronal circuits. Furthermore, the 
sparing of ChAT positive motor neurons may correlate with the trend of motor function improvement 
observed during the whole survival period in SCI rats treated with the alginate scaffold with or without 
GFs, in comparison to animals treated with saline.

Physiological locomotion is governed by motoneurons that receive synaptic inputs from local interneu-
rons, descending pathways and proprioceptive sensory neurons. The convergence of proper excitatory 
and inhibitory inputs on motoneurons mediated by synaptic connections is required for motor control, 

Figure 13.  Baseline expression of GFAP-positive astrocytes with the characteristic round nuclei and 
slender, long processes distributed throughout both white and gray matter was revealed in Sham 
animals 49D post-injury. SCI and vehicle/saline treatment induced increase in GFAP immunohistochemical 
staining associated with cellular transformation; swollen hypertrophic appearance and short, dick processes 
indicating activated phenotype. Similarly alginate slightly increased the GFAP density but positive cells were 
without hypertrophic appearance. Scale bars =  100 μ m (A), 50 μ m (B).
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reflexes and tonic firing of the motoneurons. Disruption of the cellular components and/or synaptic con-
nectivity in this spinal circuitry has been implicated in motoneuron spasticity and various motoneuron 
disorders45. For this reason in this study we followed the response of ChAT motor neuron-related synap-
tic vesicles in segments above and below the central lesion using synaptophysin immunohistochemistry 
(SYN+ IR). Synaptophysin is the most abundant integral membrane protein of synaptic vesicles51 and 
can be used as a marker protein of synaptic vesicles in the central and peripheral nervous systems52. The 
present data document that SYN+ IR around motor neurons in the anterior horns showed similar pat-
terns in most experimental groups, except for the group receiving ALG+ GFs. In these rats, we observed 
more intense SYN+ IR in the caudal compared to the rostral segments. These results may be linked with 
our proteomic data, confirming the higher expression of neurotrophic and synaptogenetic factors in the 
caudal segment, thus producing a favourable environment for synaptic rebuilding reflected by increased 
SYN+ IR after ALG+ GF delivery. Although our proteomic findings respond to 10 days survival fol-
lowing SCI, the higher level of synaptogenetic factors may be further potentiated with a GF-enriched 
environment, as most likely seen in the present study with ALG+ GF delivery. The mechanisms medi-
ating increase in SYN+ IR may reflect several processes such as: i) up-regulation of synaptic functions 
after SCI, which is more likely related to the release of excitatory amino acids, or ii) may indicate plastic 
changes associated with formation of new synapses. Thus, to further understand changes in motoneuron 
synaptic connectivity after SCI treatment, the transporter systems such as vesicular glutamate and glycine 
transporters (VGluT1/VGluT2, GlyT2) need to be further studied.

Furthermore, SCI-induced secondary pathological processes also cause interruption of the CST 
tract53,54, leading to partial or complete impairment of descending motor pathways for skilled move-
ments below the injury2,55. The compression model used in the present experimental study carried out at 
thoracic levels caused interruption of axon fibres corresponding to both hindpaws with some degree of 
spontaneous regeneration and behavioural improvements56. The behavioural outcome can be enhanced 
by promoting the axonal integrity and plasticity of the corticospinal tract and descending serotonergic 
pathways via GF delivery57. In according with these finding, our data confirm significant re-growth 
of BDA positive fibres observed after intraspinal injection of GF-enriched alginate biomaterial at the 
central lesion58. In contrast, delivery of alginate biomaterial alone did not induce the same effect as the 
GF-enriched biomaterial. The neuroprotective effect of biomaterial on axon regrowth has been described 
in many other in vitro and in vivo studies, where in vitro studies demonstrate that biomaterial promotes 
neural cell attachment and neurite outgrowth59–61 while in vivo studies show only partial regeneration 
after gel is implanted in the injured spinal cord23,62,63. The explanation for differences in axonal outgrowth 
seen between in vitro and in vivo may be given by multiple factors associated with inhibitory, immune, 
endocrine processes that are typical for the complex in vivo environment21,64,65. In addition, optimal 
regeneration of axons requires preserved vascular supply. Our data indicate that an alginate scaffold 
may provide an appropriate substrate also for the survival and re-growth of blood vessels. Furthermore, 
growth factors affinity-bound to the alginate scaffold promote the survival, proliferation and differenti-
ation of microvascular cells66,67, which results in extensive collateral branching of damaged vessels and 
thickening of vessels within the lesion site.

Another important issue in damaged spinal cord pathology is the development of central sensiti-
zation, which often contributes to hyperalgesia and allodynia typically associated with inflammatory 
pain68. In the present study therefore we addressed the response of sensory fibres expressing calcitonin 
gene-related peptide (CGRP) following treatment with alginate biomaterial. Our data show that signif-
icant increase in CGRP+  fibres occurred in the dorsal horns and lateral grey matter after ALG+ GF 
delivery. These most likely represent unmyelinated pelvic afferent fibres that convey thermal and nocic-
eptive information69. Plastic re-organization of spinal neural circuitry and morphological changes in the 
spinal reflex pathway (primary afferent fibres and spinal interneurons) may be responsible for serious 
post-injury complications that could lead to uncontrolled excitatory activity of glutamate-driven sympa-
thetic preganglionic neurons, and similarly to loss of inhibitory GABAergic/glycinergic interneurons that 
could have an impact on increased bilateral hind limb sensitivity to cold. Although the administration 
of GF-enriched alginate biomaterial promoted extending of CGRP positive fibres, we did not observe 
adverse sensory response to cold, such as observed after saline or pure alginate delivery. Responses of the 
hind limbs were relatively stable in the SCI+ ALG+ GF treated group during the whole survival period, 
with intensity similar to that in the sham controls. From our results we can speculate that alginate bio-
material with affinity-bound growth factors enhanced changes in CGRP fibres, but without behavioural 
adverse sensory response.

Central sensitization of spinal neurons or neuronal hyper-responsiveness and alterations in behav-
ioural pain thresholds may be also in close correlation with microglial activation, as pointed out in some 
recent studies70–72. It is known that release of excitatory amino acids73, interleukin-174, and prostaglandin 
E275 by microglia actively participate in the generation of central sensitization after SCI. On the basis of 
this hypothesis we can conclude that significant microglia response after saline delivery could induce an 
increase in central sensitization of spinal neurons and promote the kind of adverse sensory response to 
cold detected in the present study. However, ALG-GF treatment causing attenuation of microglia may 
lead to normalization of sensory behaviour.

Reactive astrocytes together with microglia and meningeal fibroblasts are known to participate in scar 
formation, representing a mechanical and chemical barrier for nerve tissue regeneration76. Significant 
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differences in GFAP+ IR between the experimental groups were observed spatially, mainly in the central 
and caudal segments. However, treatment with ALG and ALG+ GFs did not attenuate the activation 
and proliferation of astrocytes after SCI, which may ultimately contribute to glia scarring at the central 
lesion site.

In the present experimental study we tried to define the efficacy of usage of alginate itself as well 
alginate enriched with GFs for spinal cord repair. EGF and bFGF were selected due to their stable and 
high binding properties, as well as long-term sustained GF release from alginates, confirmed in vitro25. 
Although these factors are important for their mitotic and partially differential properties for endogenous 
neural progenitors and their ability to accelerate neovascularisation, they may also contribute to astro-
gliosis and tissue scarring. In future experiments therefore, other neurotrophins such as BDNF, GDNF, 
NT-3 with neuroprotective action, or VEGF, PDGF with angiogenic properties should be considered 
for incorporation into one alginate device. In addition, simultaneous digestion of Chondroitin Sulfate 
Proteoglycans by chondroitinase ABC (ChABC) should be considered as well8,9,43. From the surgical 
point of view, the alginate scaffold described herein was injected into irregular spinal cord cavities, where 
it adjusted itself into the cavity shape and in the presence of calcium ions could undergo gelation in situ. 
This type of non-invasive technique for vehicle administration is potentially advantageous in particular 
when considering the fragility of the spinal cord site.

Conclusions
We describe here that an affinity-binding alginate scaffold with sustained presentation of bFGF/EGF has 
the potential to serve as a useful delivery vehicle in a certain model of SCI damage, with proven capa-
bility to promote neuronal sparing, modulate motoneuron synapses, enhance regrowth of BDA-positive 
CST fibres and the presence of vWF positive vessels at the injury site, as well as enhancing changes in 
CGRP fibres, but without behavioural adverse sensory response.

Furthermore, combinatory-based local therapy using a biomaterial scaffold with neurotrophic factors, 
inhibitory molecules, enzymes that could digest deposits of extracellular matrix, e.g. chondroitin sulphate 
proteoglycans, as well as stem cells, may provide more advanced therapy for spinal cord repair.
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 CONCLUSION CHAPTER 3 

Alginate biomaterial can be enriched with factors to allow their delivery directly into 

the lesion site over time. These factors could be neurotrophic factors, enzymes, or stem cells to 

improve the repair process. The biomaterial by itself built a scaffold that is able to fill the gap 

and make a bridge between rostral and caudal segments adjacent to the lesion. The scaffold 

allows neurons to get a support for the axonal guidance and the neurite outgrowth. 

Further studies will need to be conducted to bind different molecules to the alginate, for 

example the conditioned media from bone marrow stromal cells to modulate the microglia 

activation or others drugs to promote neurite outgrowth, as we already started to conduct. First 

results with RhoA inhibitor were shown in the first part of my thesis. The treatment at 7 days 

after SCI with alginate coupled with RhoA inhibitor demonstrated an increase of the synaptic 

vesicles in the lesion area compared to the rats without treatment at 49 days after injury. 

However, this study needs to be continued to determine the appropriate concentration of RhoAi 

and the most suitable period to treat the rats. We will probably need to combine it with other 

multifactorial molecules in order to enhance the axonal repair. 

Regarding the stem cell therapy and the beneficial effect of their released molecules, we 

begin to focus our interest on adipose stem cells and their secretomes. Adipose stem cells (ASC) 

are abundant, accessible, easily expanded in vitro and rich of adult stem cells. In 1964, initial 

methods for the isolation of mature adipocytes and adipogenic progenitors from rat fat tissue 

were described by Rodbell et al., (Rodbell 1964). ASC are multipotent and are able to 

differentiate into adipocytes, chondrocytes, osteoblasts and neural lineages (Gimble and Guilak 

2003; Zuk et al. 2001). The conditioned media from ASC will be analyzed by mass 

spectrometry without a priori to identify the proteomic profile of these cells to assess the 

possibility incorporating them into alginate. 

The repair of the spinal cord needs to be addressed from different points of view and at 

different times after injury. The first step of the inflammation is crucial to phagocytize and to 

clean cellular debris after the injury (Donnelly and Popovich 2008). Macrophages and microglia 

can synthesize pro- or anti-inflammatory cytokines  such as TNF-α and IL-6 or TGF-β and IL-

10 respectively (Aloisi 2001; Kigerl et al. 2009). With the intention of modulating the 
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inflammation, we have to always have in mind the role of microglia in the acute stage of SCI 

and their capacity to express a ratio of M1/M2 phenotype in order to modulate them in the 

neuroprotective way. Once the inflammation is regulated, the second point will be to fill the 

cavity to allow the axon guidance and the neurite outgrowth in order to reconnect disconnected 

tissue due to the injury. Moreover, we have shown that in the C1 segment, inhibitor molecules 

such as NCAM and aggrecan are present and they prevent the action of molecules involved in 

neurite outgrowth or neurogenesis. There are two possibilities that lead to axonal regeneration: 

the first one is to remove the inhibitory molecules and the second is to introduce molecules to 

promote neurogenesis. Biomaterials can deliver factors which will affect the growth inhibition 

balance to promote axonal regeneration.  

Taken together, thanks to our spatio-temporal analysis, we will be able to take into 

account all the elements as microenvironment in the entire spinal cord during the acute phase 

and the cellular recruitment. The C1 segment seems to be a potential target for the future 

therapy. We also showed that alginate + GFs treatment associated with RhoAi + FK506 

improves the regeneration processes, but it is still insufficient for a complete functional repair. 

We will start to include in the scaffold microvesicules (ectosomes and exosomes) from stem 

cells secretome in order to increase the neurogenesis and decrease the inflammation. We are 

analysing the proteomic and the physiological profiles of microvesicules from bone marrow 

stem cells, adipocytes stem cells and from neuroprogenitors. These tasks will help us to define 

the best association that is necessary. 

  



166 

 

 

 

Discussion 

In the previous parts, we have demonstrated a spatio-temporal evolution of proteins 

released after the spinal cord injury. Currently, surgeons only take care of the rostral segment 

following injury. However, we showed that the caudal segment has to be taken into 

consideration as a potential therapeutic target. We established that both segments have the 

ability to regenerate but the inflammation occurring in each part is different due to the nature 

of recruited cells in both sides of the lesion. T regulator cells migrate first at the rostral region 

before moving to the caudal one a couple of days later. This provokes a discrepancy in the 

nature of inflammatory molecules produced as well as the neurotrophic factors. The C1 segment 

contains neurite inhibitor factors such as MEMO1, CSPGs and immunoglobulins. A 

complementary study of SCI conditioned media at one-day post injury clearly confirmed the 

presence of immunoglobulins at an early stage after injury.  The presence of such 

immunoglobulins is an interesting point. Their presence at one day leads to the question of their 

origins, i.e. neuronal or peripheral. In fact, the production of IgG subtypes needs a second 

infection and more than 21 days by B lymphocytes. Recent studies have demonstrated that non-

lymphoid cells are able to express IgGs in such cells as cancer cells, neurons and in the eye, 

which is protected by a blood-ocular barrier (Niu et al. 2011). They detected the presence of 

IgGs and its receptors in an intraocular structure. The role of these IgGs has been started to be 

studied and two contradictory hypotheses are highlighted: the neuroprotective effects 

(Arumugam et al. 2007; Hulse et al. 2008; Gok et al. 2009; Fehlings and Nguyen 2010) or the 

neurodestructive effects (Daniel P. Ankeny et al. 2009; Daniel P Ankeny and Popovich 2010). 

The protective effects of IgGs have been demonstrated in the brain by preventing complement 

mediated neuronal cell death (Arumugam et al. 2007) and via the enhancement of microglia 

recycling endocytosis and TNFα (Hulse et al. 2008). Moreover, it is also well known that the 

nature of glycans on IgG can modulate the immune response (Novokmet et al. 2014). The 

presence of specific sugar moieties on the glycan modifies the implications of Fc effector 

functions. The addition of terminal sialic acid to the glycan reduces FcγR binding and converts 

IgG antibodies to anti-inflammatory mediators (Anthony and Ravetch 2010). In this context, in 

our next perspective we will engage in such glycomic study in order to see in a spatio-temporal 
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manner the nature of glycans present on the secreted IgG. In the same way, we have also started 

to elucidate the origin of such antibodies. 

Transcriptomic studies on different neurons cell lines, such as dopaminergic neurons or 

neurons derived rat DRG, will be conducted in order to prove the presence or not of mRNA of 

recombination activated gene (RAG1 and RAG2) involved in the V(D)J recombination and IgG 

mRNA previously identified by mass spectrometry. This transcriptomic analysis will validate 

our cell lines for future experiments based on IgG analysis. The dopaminergic system is known 

to promote the recovery of the locomotor function after SCI (Sharples et al. 2014), whereas the 

neurons DRG derived are involved in the sensory system. RAG1 and RAG2 are expressed and 

translated in a subset of zebrafish olfactory sensory neurons (Jessen et al. 2001; Feng et al. 

2005). Previous experiments on transgenic mice were designed to determine whether cells of 

the CNS can perform a site-specific recombination reaction similar to that of lymphocytes 

(Kawaichi et al. 1991; Matsuoka et al. 1991). Two questions have emerged and are still open, 

ie. is the site-specific recombination reaction in neurons different to the one found in B cells or 

do other site-specific recombination processes occur in the brain? 

We thus need to demonstrate the presence of a complete functional RAG1 and RAG2 

V(D)J recombination system in line with the neuronal production of IgG. Moreover, due to the 

fact that it is known that neurons and glial cells such as microglia are able to express Fcγ 

receptors (Raghavan and Bjorkman 1996), it is necessary to understand the functional role of 

these neuronal IgGs in line with the spinal cord injury. For this purpose, we need to identify the 

epitopes towards these antibodies are directed. 

The studies concerning traumatic brain injury (TBI) and autoimmunity have shown that 

in serum from patients with TBI, autoantibodies directed against GFAP and its breakdown 

products were identified (Z. Zhang et al. 2014). In this way, the possibility that GFAP and its 

breakdown could be targeted by IgGs in the spinal cord will be considered. 

Immunohistochemistry on astrocytes cell line with SCI-CM 1 or 3 days after injury as 

antibodies could prove the link between GFAP and IgGs. The calpain enzyme used to induce 

the breakdown of GFAP could allow us to study the ability of IgGs to bind to the breakdown 

products. In the optic system, immunohistochemistry will proceed to check if IgGs are only 

present on the cellular soma or if they are also present on the axon and on the axonal synapse. 
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Our hypothesis is if IgGs are also present on axons and on axonal synapses, they could be 

involved in axonal guidance. The use of an antibody against GFAP could prevent the binding 

between IgG-GFAP, if it is proven that GFAP can be an autoantigen. The neurite outgrowth in 

vitro analysis will be one element to bring out the neuroprotective role of IgGs. 

FcγRI is expressed on sensory neurons and the formation of the IgG-antigen complex 

induces the increase of intracellular Ca2+ in DRG neurons (Andoh and Kuraishi 2004). Neuronal 

voltage-gated calcium channels are very important for the depolarization-evoked release of 

neurotransmitters (Simms and Zamponi 2014). The study of calcium channels will probably 

allow us to further understand the mechanisms involved in the IgG-antigen complex after a 

combination treatment of the RhoA inhibitor and IgGs present in SCI-CM. IgG internalization 

by neurons has been shown through a clatherin-mediated endocytic pathway via FcγRII/III for 

acute clearance of Tau in neuronal cultures (Congdon et al. 2013). The antibodies anti-CD32 

to block FcγRII or CD16 for FcγRIII will be used in the presence of SCI-CM 1 or 3 days after 

SCI from the lesion site, in which we identified several IgGs, to prevent the possible 

internalization of IgGs and to analyze the effect on neurons and on the neurite outgrowth. An 

addition, the RhoA inhibitor will be added in the culture media to follow if these different 

factors promote the neurite elongation. The possible internalization of IgGs will be quantified 

by mass spectrometry by following their concentration into the culture media.  

Taken together, our next step will be to find out the involvement of IgGs in SCI and to 

try to understand the origin of these antibodies, their functions and the nature of their epitopes 

while keeping in mind that these molecules can be a clear target for SCI therapy. 
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The terms neural stem cells and progenitors NSCs/
NPCs (herein collectively termed neural progenitor 
cells – NPCs) refer to the multipotent cells that give 
rise to other cells of the nervous system. NPCs charac-
terized by multilineage potency and self-renewal 
capacity are present during embryonic development, 
as well as in certain regions of the adult central ner-
vous system (CNS), brain and spinal cord (SC) 
(Reynolds et al. 1992, Palmer et al. 1997, Chiasson et 
al. 1999, Gage 2000, Alvarez-Buylla et al. 2001, Okano 
and Sawamoto 2008, Skup et al. 2014). NPCs have 
been identified in the adult mammalian CNS along 
with the entire neuroaxis from the forebrain to the 
spinal cord. There are two constitutive neurogenic 
sites in the adult CNS, the subventricular zone and 

subgranular zone (Weiss et al. 1996, Shihabuddin et al. 
1997, Temple and Alvarez-Buylla 1999). The adult SC 
has also been shown to contain progenitors for neurons 
and glia with proven localization of NPCs in: the white 
matter parenchyma (Horner et al. 2000, Yamamoto et 
al. 2001), the region around the central canal (Kulbatski 
et al. 2007, Mothe et al. 2011), either in the ependyma 
(Meletis et al. 2008), or subependymally (Martens et 
al. 2002). The central canal extends into the terminal 
part of the SC, the filum terminale (FT) (Varghese et 
al. 2010). The filum terminale is the rudimentary, most 
caudal part of the spinal cord and it develops as a con-
sequence of the unequal growth rate of the vertebral 
canal vs. spinal cord. For a long time it was considered 
that the FT consisted of a fibrous strand bonding the 
caudal end of the spinal cord to the vertebral canal and 
played no functional role in the postnatal nervous sys-
tem. Traditionally, the FT has been regarded as a fibro-
vascular tag of clinical significance only if it resulted 

Comparison of dynamic behavior and maturation of neural 
multipotent cells derived from different spinal cord 

developmental stages: an in vitro study
Lucia Slovinska1* , Eva Szekiova1, Juraj Blasko1,  Stéphanie Devaux1,  Michel Salzet2,  

and Dasa Cizkova1,2

1Institute of Neurobiology, Slovak Academy of Sciences, Kosice, Slovak Republic, *Email: slovinska@saske.sk; 
2U-1192 INSERM, Laboratoire PRISM (Protéomique, Réponse Inflammatoire, Spirométrie de masse), Université Lille,  

Villeneuve d’Ascq, France

Neural progenitor cells (NPCs) are characterized as undifferentiated cells with the ability of self-renewal and multipotency 
to give rise to other cells of the nervous system. In our in vitro study we demonstrate the proliferative and differentiative 
potential of NPCs isolated from the spinal cord at different developmental stages (embryonal, early postnatal, adult), 
maintained and expanded within neurospheres (NSs). Using the NSs culture system, we examined the size, number of NSs 
and their fate when exposed to differentiation conditions. Based on immunocytochemical analyses for cell markers (MAP 2, 
GFAP, RIP) we evaluated the occurrence of various cell types: neurons, astrocytes and oligodendrocytes. The results show 
that NSs increased in size during cultivation time via NPC proliferation, but proliferation potential decreased during 
maturation stages. In addition, NPCs derived from spinal cord developmentally different stages  gave rise to a consistent 
ratio of glial and neuronal progeny (3:1), and adult tissues represent a comparable source of NPCs compared to embryonal 
and early postnatal tissues. These data provide useful information for large-scale in vitro expansion of NPCs required for 
potential cell therapy after spinal cord injury.

Key words: neural progenitor cells, neurospheres, in vitro cultivation

Correspondence should be addressed to L. Slovinska  
Email: slovinska@saske.sk

Received 30 September 2014, accepted 19 February 2015



108  L. Slovinska et al.

in the overstretching or compression of the SC, giving 
rise to the tethered cord syndrome (Yamada et al. 
2004). Treatment often includes surgical removal of 
the FT with beneficial outcomes for patients (Garces-
Ambrossi et al. 2009). Subsequent findings produced 
evidence controverting this opinion, and recent histo-
logical studies have shown that the FT contains an 
ependymal-lined canal, glial and neuronal cell bodies, 
as well as stem/progenitor cells in rats (Rethelyi et al. 
2004, 2008, Boros et al. 2008), and also in humans 
(Varghese et al. 2009, Arvidsson et al. 2011).

 NPCs can be isolated and expanded in vitro to study 
their characteristics. The possibility to cultivate NPCs 
through the assay of neurospheres (NSs) was first 
described by Reynolds and coworkers (1992) and is now 
widely used for determining the presence of NPCs in 
vitro. NPCs can be expanded in serum-free medium 
supplemented with epidermal growth factor and fibro-
blast growth factor, which act as  mitogens for these 
cells both in vitro (Reynolds et al. 1992, Gritti et al. 
1996, 1999) and in vivo (Craig et al. 1996). Generally, 
NSs are derived from a single-cell suspension of neural 
stem and progenitor cells isolated from the adult or fetal 
CNS, but NSs culture can also be established from 
embryonic stem cells (ESCs) (Tropepe et al. 2001, 
Jensen and Parmar 2006). NSs are spheroid, free-float-
ing cultures, 3D structures that consist of cells with a 
rich extra-cellular matrix, composed of a heterogenous 
mix of neural stem cells, neural progenitor cells and 
more differentiated cells at different stages of mitotic 
division (Alam et al. 2004) with varying capability to 
form NSs. Although both neural stem cells and neural 
progenitor cells are able to give rise to NSs, only neural 
stem cells can retain the ability to form NSs over long 
periods of the time in culture (Reynolds and Rietze 
2005). Until recently, no specific markers were available 
to explicitly identify NPCs, because of their paucity and 
primitive nature (Kim and Morshead 2003), so these 
cells were identified by their self-renewal capacity. The 
ability to form NSs is still a good indicator of the pres-
ence of NPCs (Louis et al. 2008). When floating NSs are 
plated on adhesive substrate and the mitogens are 
removed, progenitor cells migrate out of the spheres and 
differentiate into neurons and glia (Gage et al. 1995) 

In our in vitro study using rats, we demonstrate and 
compare the proliferative and differentiating potential 
of NPCs isolated from embryonic day 17 (SC-E17), 
postnatal day one (SC-P1) and adult spinal cord 
(SC-adult) and filum terminale (FT-adult).

Fig. 1. Number and size of neurospheres (NSs) derived from 
individual spinal cord tissues of embryonal/SC- E17, post-
natal day 1/SC-P1, adult/SC-adult and filum terminale/
FT-adult during cultivation in proliferation media on the 
tenth day in vitro.  The number of NSs was counted in 10 
different fields/each group and calculated per mm2. The 
number of NSs ranged from 28 to 46 spheres/mm2 with the 
required statistical significance (*P<0.05, **P<0.01, 
***P<0.001). The measured diameter of formed NSs in ten 
random fields/each group was in the interval of 29–104 µm, 
with the  vast majority of the largest spheres occurring in 
culture derived from SC-E17 (***P<0.001) (A).  Brightfield 
images of neurospheres obtained from individual spinal cord 
tissues illustrating the size and amount of cultivated NSs. 
Scale bar is 100 µm (B). 



Neural multipotent cells from spinal cord 109 

All experiments conformed to the Slovak Law for 
Animal Protection No. 23/2009, which is transposed 
from Directive 86/609/EEC on the protection of ani-
mals used for experimental and other scientific pur-
poses, and were approved by the Institutional Ethical 
Committee for animal research. 

Neural progenitor cells were harvested from embry-
onic day 17 (E17) (n=12), postnatal day one (P1) (n=12) 
spinal cord, adult spinal cord (SC) (n=6) and filum 
terminale (FT) (n=6) of male Wistar rats. The overly-
ing meninges  of spinal cords were removed, the dis-
sected individual tissues were cut into small pieces and 
transferred into a solution (Worthington Biochemicals, 
New Jersey) containing 0.01% papain and 0.01% 
DNase for 1.5 hour at 37°C and then mechanically dis-
sociated into a cell suspension which was centrifuged 
using a discontinuous density gradient to remove cell 
membrane fragments. Harvested single cells were cul-
tivated in Nunc T25 culture flasks (5 000 cells/cm2), 
grown in proliferation culture medium composed of 
Dulbecco’s Modified Eagle Medium (DMEM) and 
Ham’s F12 (1/1 v/v) (Biowest, Nuaillé,France) supple-
mented with 5 mg/ml streptomycin, 5 IU/ml penicillin 
(Biochrom AG, Berlin, DE), B27, N2 (Gibco; Invitrogen, 
Carlsbad, CA) and growth factors: basic fibroblast 
growth factor-2 (bFGF-2) and epidermal growth factor 
(EGF) (both 20 ng/ml) (AppliChem GmbH, Darmstadt, 
Germany) to allow the formation of neurospheres 
(37°C, 5% CO2). Using the NSs culture, we investi-
gated the qualities of NSs: the number of NSs/mm2 and 
the size of NSs (µm) on the tenth day of cultivation 
(10DIV-day in vitro). We counted the number of neu-
rospheres in 10 different fields/each group and calcu-
lated the number of NSs per mm2. Considering NSs 
size, we measured the diameter of formed NSs in ten 
random fields/each group. After analysis, these neuro-
spheres were dissociated by means of mechanical trit-
uration and cultured in growth factors free and 3% 
foetal calf serum (FCS) (Biowest, Nuaillé, France) 
enriched differentiation medium on laminin-coated 
(Gibco; Invitrogen, Carlsbad, CA) plates for an addi-
tional 14 days to induce final differentiation. Using 
immunocytochemistry and applying specific antibod-
ies, the populations of neurons (MAP 2 1:200), astro-
cytes (GFAP 1:500) and oligodendrocytes (RIP 1:1 000) 
were analyzed. The number of cells positive for each 
specific marker was counted as a percentage of total 
DAPI + nuclei in 10 random visual fields of cells 
(400–600 cells)/tissue/per each marker. In subsequent 

NSs passages the self-renewal was determined as the 
number of secondary neurospheres/number of seeded 
cells ×100, i.e how many precursors capable of gener-
ating a “daughter” neurosphere were contained in each 
“mother” neurosphere (Lu et al. 2010). Data are pre-
sented as mean ± SEM. Statistical differences between 
groups were evaluated with one-way analysis of vari-
ance (ANOVA). Values of *P<0.05, **P<0.01, 
***P<0.001 were considered to be statistically signifi-
cant.

After 2–3 DIV of cultivation in proliferation media, 
the first NSs were observed, mainly in cultures derived 
from SC- E17, SC-P1 and SC-adult tissues. In FT-adult 
derived culture, the NSs developed after 3–5 DIV. The 
NSs initially appeared as smaller clusters of 2–4 cells 
and later grew into larger NSs. The NSs were free-
floating and were identified by their spherical struc-
ture and bright phase appearance. During the cultiva-
tion we observed time-dependent changes in the neu-
rospheres. During cultivation time NSs increased in 
size via NPCs proliferation, but proliferation potential 
decreased with maturation and no obvious differences 
were observed in the morphologies of types of NSs, 
e.g. shape, density.  The number of NSs per primary 
culture varied depending on the tissues they were 
derived from. The highest number of NSs was found in 
culture derived from embryonic tissue (45 NSs/ mm2 

on average), and during maturation the proliferation 
activity of NPCs expressed by NS formation ability 

Fig. 2. Phenotype of neural progenitor cells (NPCs) obtained 
by mechanical dissociation of neurospheres and cultivated in 
differentiation medium for 14 days. Based on immunocy-
tochemical analyses, the occurrence of neurons (MAP 2), 
astrocytes (GFAP) and oligodendrocytes (RIP) was counted 
as a percentage of total DAPI+ nuclei in 10 random visual 
fields of cells (400–600 cells)/tissue per each marker. 
Percentages of phenotypes changed during the developmen-
tal stages, with preservation of glia:neuron ratio 3:1 (*P<0.05, 
**P<0.01, ***P<0.001).  
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went into decline (see Fig. 1). The same pattern was 
observed in NSs size (see Fig. 1). Moreover the self-
renewal capacity of NPCs decreased during the devel-
opmental stages (SC-E17=3.4; SC-P1=2.5; SC-adult=1.7; 
SC-FT=1.3). So the most and the largest NSs were 
formed in culture derived from SC-E17, which means 
that NPCs derived from embryonic tissue are the most 
potent. Interesting findings were that the FT exhibited 
similar characteristics in NSs formation and prolifera-
tion, while the number of neurospheres from the FT is 
almost half the number of SC-E17, and the NSs of the 
FT are six times smaller than the embryonic NSs.

After ten days of NPC cultivation and NSs forma-
tion, these NSs were dissociated and the final differen-
tiation was induced. After replacing growth factors 
with FCS in the cultivation media, the dissociated cells 

started to attach to the laminin-coated surface and 
underwent differentiation into neurons, astrocytes and 
oligodendrocytes at different rates, because not only 
proliferation, but  also differentiation of NPCs is medi-
ated by the effects of external stimuli coming from 
medium components  (Cameron et al. 1998, Hung and 
Young 2006). NPCs derived from all tissue began to 
differentiate in the same manner, but occurrence of 
different neural cell types changed during the develop-
mental stages (see Fig. 2). No morphological  differ-
ences in neurons, astrocytes and oligodendrocytes 
were seen between any experimental groups (see Fig. 
3) . In our FT cultures, and in fact in all cultures (E17, 
P1, SC-adult), the glia:neuron ratio 3:1 was preserved. 
Although in younger stages (E17, P1) in the glia popu-
lation the astrocytes predominated over the oligoden-

Fig. 3. Immunocytochemical identification of the phenotype of neural progenitor cells (NPCs) obtained from embryonal 
(SC-E17) and adult (FT-adult) filum terminale that were cultivated in differentiation medium for 14 days. Expression of 
neuronal (MAP2), astroglial (GFAP) and oligodendroglial (RIP) markers. Scale bar equals to 100 μm.
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drocytes, in adult stages the representation of glia 
converted in favor of oligodendrocytes with  preserva-
tion of the total volume of glia vs. neurons. This may 
reflect some internal programming of progenitors spe-
cific for their region of origin. In studying NPCs from 
the human FT, Varghese and colleagues (2009) came 
to similar results, obtaining a 2:1 glia:neuron ratio. 
However, not all NPCs are identical since the prolif-
erative and differentiation capacity of NPCs is depen-
dent upon the location and developmental stage from 
which these cells are derived.  In vitro experiments 
with NPCs originating from different CNS regions 
have revealed that the original NPCs were indeed 
regionally specified; for example in cultures obtained 
from brain, a 2:7 glia: neuron ratio was found (Hitoshi 
et al. 2002, Moe et al. 2005, Sypecka et al. 2013). Cells 
derived from NSs are plastic in their differentiation, 
and by changing the media composition the proportion 
of the three neural cell types can be altered. But in our 
experiment, all cells derived from different tissues 
were cultivated under the same conditions.

The discovery of NPCs, followed by deeper under-
standing of their characteristics and behaviour, opens 
up the potential for new treatments of devastating neu-
rodegenerative diseases and damage such as stroke and 
spinal cord injuries. Currently there are several treat-
ments available for these diseases involving the prefer-
ential use of ESCs (Nistor et al. 2005). ESCs probably 
have greater plastic potential than adult stem cells; 
however, ethical concerns and their potential for 
unwanted and possibly dangerous continued growth 
and tumor formation limit their application (Nussbaum 
et al. 2007). An alternative for ESCs are stem cells 
obtained from tissue after birth. NPCs have been har-
vested from the adult brain (Lois and Alvarez-Buylla 
1993, Nunes et al. 2003) and spinal cord (Mayer-
Proschel et al. 1997). However, adult stem cells are less 
plastic than ESCs and divide less frequently in culture 
(Doetsch et al. 1999). On the other hand, they offer the 
advantage that they can be transplanted without genet-
ic modifications. Moreover, adult stem cells show a 
high degree of genomic stability during culture (Foroni 
et al. 2007). Finally, there is much less moral concern 
surrounding the use of adult stem cells because they 
can be harvested from patients, so they can be used in 
an autologous fashion (Nandoe Tewarie et al. 2009). 

In our study, putative NPCs were isolated from FT 
samples using both mechanical and enzymatical dis-
sociation. The neurosphere culture system remains an 

extremely useful tool to analyze the behavior of NPCs, 
self-renewal capacity and multipotency of neural stem 
and progenitor cells, and represents a potential source 
for cell replacement therapy (Hung and Young 2006, 
Jensen and Parmar 2006, Mothe et al. 2008, Parr et al. 
2008, Sulla et al. 2010) 

Our results support the suggestion that NPCs derived 
from the FT are easy to obtain, proliferate readily, and 
are able to differentiate into the cells of gliogenic lin-
eages  and neurogenic (motor neurons) in vitro (Jha et 
al. 2013), which represents a promising way for their 
utilization in cell-based therapies for CNS injuries and 
diseases. FT-derived NPCs could be utilized for their 
next purpose immediately after their isolation, or 
could be stored by freezing, because cryopreservation 
does not affect the proliferation and multipotency of 
NPCs (Milosevic et al. 2005). The FT is an excellent 
candidate as a source of autologous multipotent cells 
with putative biological and clinical implication. 
Because the FT is abundant, reproducible and easily 
accessed without moral concern, FT-derived NPCs 
offer a more clinically feasible source than embryonal 
stem cells.

In conclusion, our findings add further evidence for 
the existence of cells with neural progenitor nature 
within the filum terminale. In all tissues, SC-E17, SC-P1, 
SC-adult, FT-adult, the presence of neural progenitor 
cells was determined via neurosphere formation, as a 
good indicator of NPCs proliferation. Another indicator 
of NPCs proliferation in culture is the increase in neuro-
sphere size with cultivation time. NPCs from SC-E17 
were more potent, producing the largest neurospheres, 
but the NPCs proliferation potential decreased during 
subsequent developmental stages. The NPCs’ ability of 
terminal differentiation into neurons, astrocytes and 
oligodendrocytes decreased during maturation, while 
the glia:neuron ratio 3:1 was preserved, which may 
reflect some internal programming specific for cells 
isolated from the spinal cord. The FT exhibits the same 
features in neurosphere formation, proliferation and 
terminal differentiation as other parts of the adult spinal 
cord, which suggests that the FT is an equivalent part of 
the spinal cord and not just a problematic remnant; in 
fact it may be a potential source of NPCs with promising 
biological and clinical implications.

This study was supported by: VEGA 2/0169/13, 
APVV–0472-11, the Center of Excellence for Brain 
Research , by Region Nord Pas de Calais, and University 
of Lille1.
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4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com)
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
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their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non­exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper­text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper­text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password­protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.
17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:
A preprint is an author's own write­up of research results and analysis, it has not been peer­
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
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articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society­owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author­
incorporated changes suggested during submission, peer review and editor­author
communications.
Authors can share their accepted author manuscript:

         immediately
via their non­commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional

uses or as part of an invitation­only research collaboration work­group
directly by providing copies to their students or to research collaborators for

their personal use
for private scholarly sharing as part of an invitation­only work group on

commercial sites with which Elsevier has an agreement
         after the embargo period

via non­commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

         link to the formal publication via its DOI
         bear a CC­BY­NC­ND license ­ this is easy to do
         if aggregated with other manuscripts, for example in a repository or other site, be

shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value­adding publishing activities including peer review co­ordination, copy­editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full­text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author­selected end­user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
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18. For book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
 
Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re­use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC­BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY­NC­SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by­nc­sa/4.0.
CC BY NC ND: The CC BY­NC­ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by­nc­nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:
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         Associating advertising with the full text of the Article
         Charging fees for document delivery or access
         Article aggregation
         Systematic distribution via e­mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
 
20. Other Conditions:
 
v1.8
Questions? customercare@copyright.com or +1­855­239­3415 (toll free in the US) or
+1­978­646­2777.



20/06/2016 RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 1/3

NATURE PUBLISHING GROUP LICENSE
TERMS AND CONDITIONS

Jun 20, 2016

This Agreement between Stéphanie Devaux ("You") and Nature Publishing Group ("Nature
Publishing Group") consists of your license details and the terms and conditions provided by
Nature Publishing Group and Copyright Clearance Center.

License Number 3893061003197

License date Jun 20, 2016

Licensed Content Publisher Nature Publishing Group

Licensed Content Publication Nature Reviews Neuroscience

Licensed Content Title Repertoire of microglial and macrophage responses after spinal cord
injury

Licensed Content Author Samuel David and Antje Kroner

Licensed Content Date Jul 1, 2011

Licensed Content Volume
Number

12

Licensed Content Issue
Number

7

Type of Use reuse in a dissertation / thesis

Requestor type academic/educational

Format print and electronic

Portion figures/tables/illustrations

Number of
figures/tables/illustrations

1

High­res required no

Figures figure2

Author of this NPG article no

Your reference number

Title of your thesis /
dissertation

Proteomic analysis of spinal cord after injury and regeneration

Expected completion date Jul 2016

Estimated size (number of
pages)

300

Requestor Location Stéphanie Devaux
INSERM U1192 Université Lille1

Villeneuve d'Ascq, 59650
France
Attn: Stéphanie Devaux

Billing Type Invoice

Billing Address Stéphanie Devaux
INSERM U1192 Université Lille1
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Villeneuve d'Ascq, France 59650
Attn: Stéphanie Devaux

Total 0.00 EUR

Terms and Conditions

Terms and Conditions for Permissions
Nature Publishing Group hereby grants you a non­exclusive license to reproduce this
material for this purpose, and for no other use,subject to the conditions below:

1. NPG warrants that it has, to the best of its knowledge, the rights to license reuse of this
material. However, you should ensure that the material you are requesting is original to
Nature Publishing Group and does not carry the copyright of another entity (as credited in
the published version). If the credit line on any part of the material you have requested
indicates that it was reprinted or adapted by NPG with permission from another source, then
you should also seek permission from that source to reuse the material.
 

2. Permission granted free of charge for material in print is also usually granted for any
electronic version of that work, provided that the material is incidental to the work as a
whole and that the electronic version is essentially equivalent to, or substitutes for, the print
version.Where print permission has been granted for a fee, separate permission must be
obtained for any additional, electronic re­use (unless, as in the case of a full paper, this has
already been accounted for during your initial request in the calculation of a print run).NB: In
all cases, web­based use of full­text articles must be authorized separately through the 'Use
on a Web Site' option when requesting permission.
 

3. Permission granted for a first edition does not apply to second and subsequent editions and
for editions in other languages (except for signatories to the STM Permissions Guidelines, or
where the first edition permission was granted for free).
 

4. Nature Publishing Group's permission must be acknowledged next to the figure, table or
abstract in print. In electronic form, this acknowledgement must be visible at the same time
as the figure/table/abstract, and must be hyperlinked to the journal's homepage.

5. The credit line should read:
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication)
For AOP papers, the credit line should read:
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME], advance online
publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM].XXXXX)

Note: For republication from the British Journal of Cancer, the following credit
lines apply.
Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME] (reference citation), copyright (year of publication)For AOP papers, the
credit line should read:
Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME], advance online publication, day month year (doi: 10.1038/sj.[JOURNAL
ACRONYM].XXXXX) 

 
6. Adaptations of single figures do not require NPG approval. However, the adaptation should be
credited as follows:

Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference citation),
copyright (year of publication)

Note: For adaptation from the British Journal of Cancer, the following credit line
applies.
Adapted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME] (reference citation), copyright (year of publication)
 

7. Translations of 401 words up to a whole article require NPG approval. Please visit
http://www.macmillanmedicalcommunications.com for more information.Translations of up
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to a 400 words do not require NPG approval. The translation should be credited as follows:

Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication).

Note: For translation from the British Journal of Cancer, the following credit line
applies.
Translated by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME] (reference citation), copyright (year of publication)

We are certain that all parties will benefit from this agreement and wish you the best in the
use of this material. Thank you.
Special Terms:
v1.1
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1. Transfer of License: Wolters Kluwer hereby grants you a non­exclusive license to
reproduce this material for this purpose, and for no other use, subject to the conditions
herein.
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10. Modifications: With the exception of text size or color, no Wolters Kluwer material is
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but the permission of the rights holder of the original material. Similarly, if you want to reuse
an adaptation of original LWW content that appears in another publishers work, you will
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license is one­time use and lasts for the 1st edition of a book or for the life of the
edition in case of journals.
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on all translated copies:

i. Wolters Kluwer and its Societies take no responsibility for the accuracy of
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Terms and Conditions

INTRODUCTION
1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).

GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit ­ "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com)
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
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claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non­exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper­text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper­text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password­protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.
17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:
A preprint is an author's own write­up of research results and analysis, it has not been peer­
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
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Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society­owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author­
incorporated changes suggested during submission, peer review and editor­author
communications.
Authors can share their accepted author manuscript:

         immediately
via their non­commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional

uses or as part of an invitation­only research collaboration work­group
directly by providing copies to their students or to research collaborators for

their personal use
for private scholarly sharing as part of an invitation­only work group on

commercial sites with which Elsevier has an agreement
         after the embargo period

via non­commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

         link to the formal publication via its DOI
         bear a CC­BY­NC­ND license ­ this is easy to do
         if aggregated with other manuscripts, for example in a repository or other site, be

shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value­adding publishing activities including peer review co­ordination, copy­editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full­text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author­selected end­user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
18. For book authors the following clauses are applicable in addition to the above:  
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Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
 
Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re­use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC­BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY­NC­SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by­nc­sa/4.0.
CC BY NC ND: The CC BY­NC­ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by­nc­nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:

         Associating advertising with the full text of the Article
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         Charging fees for document delivery or access
         Article aggregation
         Systematic distribution via e­mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
 
20. Other Conditions:
 
v1.8
Questions? customercare@copyright.com or +1­855­239­3415 (toll free in the US) or
+1­978­646­2777.
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NATURE PUBLISHING GROUP LICENSE
TERMS AND CONDITIONS

Jun 20, 2016

This Agreement between Stéphanie Devaux ("You") and Nature Publishing Group ("Nature
Publishing Group") consists of your license details and the terms and conditions provided by
Nature Publishing Group and Copyright Clearance Center.

License Number 3893060823799

License date Jun 20, 2016

Licensed Content Publisher Nature Publishing Group

Licensed Content Publication Nature

Licensed Content Title The myeloid cells of the central nervous system parenchyma

Licensed Content Author Richard M. Ransohoff, Astrid E. Cardona

Licensed Content Date Nov 10, 2010

Licensed Content Volume
Number

468

Licensed Content Issue
Number

7321

Type of Use reuse in a dissertation / thesis

Requestor type academic/educational

Format print and electronic

Portion figures/tables/illustrations

Number of
figures/tables/illustrations

1

High­res required no

Figures figure1

Author of this NPG article no

Your reference number

Title of your thesis /
dissertation

Proteomic analysis of spinal cord after injury and regeneration

Expected completion date Jul 2016

Estimated size (number of
pages)

300

Requestor Location Stéphanie Devaux
INSERM U1192 Université Lille1

Villeneuve d'Ascq, 59650
France
Attn: Stéphanie Devaux

Billing Type Invoice

Billing Address Stéphanie Devaux
INSERM U1192 Université Lille1

Villeneuve d'Ascq, France 59650
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Attn: Stéphanie Devaux

Total 0.00 EUR

Terms and Conditions

Terms and Conditions for Permissions
Nature Publishing Group hereby grants you a non­exclusive license to reproduce this
material for this purpose, and for no other use,subject to the conditions below:

1. NPG warrants that it has, to the best of its knowledge, the rights to license reuse of this
material. However, you should ensure that the material you are requesting is original to
Nature Publishing Group and does not carry the copyright of another entity (as credited in
the published version). If the credit line on any part of the material you have requested
indicates that it was reprinted or adapted by NPG with permission from another source, then
you should also seek permission from that source to reuse the material.
 

2. Permission granted free of charge for material in print is also usually granted for any
electronic version of that work, provided that the material is incidental to the work as a
whole and that the electronic version is essentially equivalent to, or substitutes for, the print
version.Where print permission has been granted for a fee, separate permission must be
obtained for any additional, electronic re­use (unless, as in the case of a full paper, this has
already been accounted for during your initial request in the calculation of a print run).NB: In
all cases, web­based use of full­text articles must be authorized separately through the 'Use
on a Web Site' option when requesting permission.
 

3. Permission granted for a first edition does not apply to second and subsequent editions and
for editions in other languages (except for signatories to the STM Permissions Guidelines, or
where the first edition permission was granted for free).
 

4. Nature Publishing Group's permission must be acknowledged next to the figure, table or
abstract in print. In electronic form, this acknowledgement must be visible at the same time
as the figure/table/abstract, and must be hyperlinked to the journal's homepage.

5. The credit line should read:
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication)
For AOP papers, the credit line should read:
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME], advance online
publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM].XXXXX)

Note: For republication from the British Journal of Cancer, the following credit
lines apply.
Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME] (reference citation), copyright (year of publication)For AOP papers, the
credit line should read:
Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME], advance online publication, day month year (doi: 10.1038/sj.[JOURNAL
ACRONYM].XXXXX) 

 
6. Adaptations of single figures do not require NPG approval. However, the adaptation should be
credited as follows:

Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference citation),
copyright (year of publication)

Note: For adaptation from the British Journal of Cancer, the following credit line
applies.
Adapted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME] (reference citation), copyright (year of publication)
 

7. Translations of 401 words up to a whole article require NPG approval. Please visit
http://www.macmillanmedicalcommunications.com for more information.Translations of up
to a 400 words do not require NPG approval. The translation should be credited as follows:



20/06/2016 RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 3/3

Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication).

Note: For translation from the British Journal of Cancer, the following credit line
applies.
Translated by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
[JOURNAL NAME] (reference citation), copyright (year of publication)

We are certain that all parties will benefit from this agreement and wish you the best in the
use of this material. Thank you.
Special Terms:
v1.1

Questions? customercare@copyright.com or +1­855­239­3415 (toll free in the US) or
+1­978­646­2777.
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This Agreement between Stéphanie Devaux ("You") and Elsevier ("Elsevier") consists of
your license details and the terms and conditions provided by Elsevier and Copyright
Clearance Center.

License Number 3893070196150

License date Jun 20, 2016

Licensed Content Publisher Elsevier

Licensed Content Publication Current Opinion in Neurobiology

Licensed Content Title Nogo and axon regeneration

Licensed Content Author Martin E Schwab

Licensed Content Date February 2004

Licensed Content Volume
Number

14

Licensed Content Issue
Number

1

Licensed Content Pages 7

Start Page 118

End Page 124

Type of Use reuse in a thesis/dissertation

Intended publisher of new
work

other

Portion figures/tables/illustrations

Number of
figures/tables/illustrations

1

Format both print and electronic

Are you the author of this
Elsevier article?

No

Will you be translating? No

Order reference number

Original figure numbers figure 1

Title of your
thesis/dissertation

Proteomic analysis of spinal cord after injury and regeneration

Expected completion date Jul 2016

Estimated size (number of
pages)

300

Elsevier VAT number GB 494 6272 12

Requestor Location Stéphanie Devaux
INSERM U1192 Université Lille1

Villeneuve d'Ascq, 59650
France
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Attn: Stéphanie Devaux

Total 0.00 EUR

Terms and Conditions

INTRODUCTION
1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).

GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit ­ "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com)
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
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pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
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Abstract 

Spinal cord injury (SCI) belongs to currently incurable disorders of the CNS. Primary damage and 

axonal disruption are followed by progressive cascade of secondary deleterious reactions. Although axonal 

regeneration is initiated, it is quickly repressed due to severe inflammation, lack of trophic support and inhibitory 

environment. Despite several researches, current treatments do not allow recovery in motor and sensory function. 

A balloon-compressive technique was used to produce SCI at thoracic Th8-9 level in adult rat. Secretomes of the 

lesion segment and adjacent segments 3 days after SCI were studied in order to determine the molecular 

environment around the injury. The first results were used to highlight regionalization of inflammatory and 

neurotrophic response between the rostral and caudal segments. These results were then complemented by 

spatial and temporal study of the SCI. The rostral and caudal segments of the injury had shown the ability to 

regenerate due to the presence of immune cells (microglia, macrophages, regulatory T cells) with an anti-

inflammatory and neurotrophic phenotype. However, a time lag occurs between the two types of segments, with 

a caudal segment near the lesion expressing the inflammatory and apoptotic phenotype. This segment appears to 

be a potential target for future treatment. Indeed, this segment further shows the presence of lectin proteins 

(aggrecan, brevican, neurocan), protein RhoA activation path (which is a path apoptotic) but also the presence of 

antibodies colocalized with neurons. Therapeutic strategies have therefore focused on the inhibition of these 

factors by the use of anti-RhoA in addition to the use of biomaterials. Indeed, it seemed sensible to use 

biomaterials to initially fill the cavity and thus create a network facilitating axonal regrowth and use their ability 

to release factors then modulate inflammation and stimulate regeneration within an inhibitor environment. 

Secretome from mesenchymal stem cell has been embedded for their anti-inflammatory and neurotrophic 

properties. The first results in vivo injections of inhibitors only allowed to show a positive effect on neurite 

regrowth regarding inhibitor RhoA. The results with alginates such biomaterials are also very promising. These 

data established spatiotemporal evolution and indicate that we can initiate regenerative processes in the 

disconnected caudal spinal cord segments if trophic and inflammatory inhibitors factors are added and if a bridge 

is formed on either side of the lesion. 

Keywords: spinal cord injury, proteomics, regeneration, microglia cells, immunoglobulins, 

neurotrophins, stem cells. 

Résumé 

Les lésions de la moelle épinière (SCI) appartiennent aux graves troubles du système nerveux central 

(SNC). Incurables, ils sont souvent accompagnés d’invalidité permanente. Les symptômes cliniques sont la 

conséquence des modifications dégénératives liées principalement à une inflammation aiguë qui se manifeste par 

la perte de cellules, la démyélinisation des neurones et la formation d’une cicatrice gliale qui perturbe les voies 

axonales ascendantes et descendantes. Il est nécessaire de trouver un traitement permettant de restaurer les 

fonctions motrices, la sensation et de soulager la douleur associée, en vue d’améliorer la qualité de vie des 

patients. Les lésions de la moelle épinière par compression sont réalisées par la technique de ballon compression 

au niveau thoracique Th8-9 chez le rat adulte. Une première étude a montré une régionalisation des protéines 

sécrétées 3 jours après lésion avec au niveau rostral un profil neuroprotecteur alors qu’au niveau caudal le profil 

est neuroinflammatoire et apoptotique. Une étude spatiale et temporelle a ensuite été mené pour compléter ces 

premiers résultats. De cette étude nous avons mis en évidence une symétrie entre les segments rostral et caudal 

par rapport à la lésion avec la présence à la fois de facteurs neurotrophiques mais également d’inhibiteur de la 

croissance neuritique au niveau caudal. Le segment caudal semblerait être une cible pour une future thérapie. Ce 

segment montre d’une part la présence de molécules inhibitrices telles que aggrecan, neurocan, brevican mais 

aussi la protéine RhoA. La présence d’immunoglobulines 3 jours après lésion colocalisées avec les neurones 

rentrera dans nos cibles potentielles de traitement. L’utilisation de biomatériaux injectés directement au niveau 

de la lésion permet d’une part de combler la cavité et d’autre part de servir de réseau pour une future croissance 

axonale. De plus les alginates ont la capacité de libérer des facteurs qui permettront de moduler l’inflammation 

et de promouvoir la repousse neuritique. Dans cet optique, le sécrétome de cellules souches mésenchymateuses a 

été étudié par spectrométrie de masse pour identifier les molécules à caractères anti-inflammatoire et 

neurotrophiques pour une future utilisation avec les alginates. Les premiers résultats concernant l’injection de 

l’inhibiteur de RhoA tendent à montrer une augmentation de la repousse neuritique et des vésicules synaptiques 

au sein de la lésion. L’ensemble de ces résultats ont clairement démontré une évolution spatiale et temporelle du 

profil moléculaire et ont défini le segment caudal comme étant une potentielle cible de traitement pour 

reconnecter les segments adjacents à la lésion et permettre une repousse neuritique et une reconnexion axonale. 

Mots clés : lésion de la moelle épinière, protéomique, régénération, cellules microgliales, 

immunoglobulines, neurotrophines, cellules souches 
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