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Summary 

Spinal cord injury (SCI) is a devastating neurological condition that can result in loss of sensation 

and motor control, having tremendous consequences for the individual affected and their care-givers. 

SCI initiates two main mechanisms of injury; the primary and the secondary injury. The primary 

injury is inevitable following SCI, but it leads to the secondary injury, which consists of a cascade of 

detrimental events contributing to further damage to the spinal cord. Therefore, it is also the secondary 

injury which are the target for therapeutic strategies following SCI. One major event of the secondary 

injury is the neuroinflammatory response. The neuroinflammatory response has shown to be involved 

in the progression of injury, however it is also essential for the repairment following SCI. The 

complexity of neuroinflammation following SCI is thought to be depended on the release of 

inflammatory mediators and activation state of immune cells and an important inflammatory mediator 

following SCI is tumor necrosis factor (TNF). TNF exists in a transmembrane bound form (tmTNF) 

and in a soluble form (solTNF), and their activity is mediated through the TNF receptors (TNFR), 

TNFR1 and TNFR2. Although both forms of TNF are capable to bind to both receptors, activation of 

TNFR1 is mostly mediated by solTNF and TNFR2 activity by tmTNF. TNF has shown to have 

substantial effect on the neuroinflammation and outcome following SCI. However, the heterogenic 

role of TNF in neuroinflammation challenge the development of an efficient anti-TNF strategy 

following SCI.    

Thus, the overall aim of this thesis was to increase the knowledge of TNF’s role following SCI, and 

to identify the temporal and cellular expression of TNF following SCI, together with the expression 

of TNFR1 and TNFR2. We wanted to uncover the role of microglial-derived versus leukocyte-

derived TNF following SCI, and the dichotomy of function for tmTNF and solTNF following SCI. 

The current knowledge of TNF following SCI was reviewed, and TNF’s expression and function 

were further investigated using a moderate thoracic contusive SCI model in C57BL/6J mice or 

transgenic mouse strains, and with pharmacological intervention. 

In Manuscripts I, we provided an overview of the current knowledge of TNF expression and the 

potential effect of TNF manipulation following SCI.  

We found the expression of TNF to be increased in the acute and delayed phase following, in 

Manuscript II, together with an increase of TNFR1 and TNFR2. TNF was shown to co-localize with 

CD11b+ immune cells in the delayed phase, while TNFR1 was found on degenerative MAP2+ neurons 

and CD68+ microglia/macrophages and TNFR2 on astrocytes and CD68+ microglia/macrophages. 
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TNF and TNFRs was also found to co-localize with similar cell types in postmortem spinal cord tissue 

from humans. Moreover, a robust neuroinflammatory response followed with activated microglia and 

infiltrating leukocytes.  

In Manuscript III, we showed that conditional ablation of leukocyte-derived TNF in mice, decreased 

injury volume and improved functional recovery following SCI compared to wildtype and this 

seemed to be mediated by reduced apoptosis. However, conditional ablation of microglial-derived 

TNF did not show to alter the functional recovery following SCI compared to wildtype.  

Finally, in Manuscript IV we found inhibition of solTNF using XPro1595 to improve functional 

recovery in mice, and to enhance a more regenerative environment following SCI, possibly by 

altering the phagocytotic properties of microglia. 

In conclusion, the results presented in this thesis demonstrate that TNF plays a significant role in the 

acute and delayed phase following SCI, and the detrimental function of TNF is mediated by peripheral 

leukocytes and solTNF. Thus, selectively inhibition of solTNF might represent as a promising anti-

TNF strategy following SCI.        

  



15 

 

Dansk resumé  

Rygmarvsskade er en invaliderende tilstand som kan forårsage tab af både følesans og motorisk 

kontrol, hvilket kan have enorme konsekvenser for den tilskadekomne og vedkommendes 

omsorgspersoner. Patologien efter en rygmarvsskade inddeles overordnet i to faser, den primære og 

den sekundære skade. Den uundgåelig primære skade resulterer i den sekundære skade som består af 

en kaskade af skadelige events, der øger skadens omfang. Begrænsning af den sekundære skade er 

derfor målet for terapeutiske strategier efter en rygmarvsskade. En vigtig patofysiologisk event af den 

sekundære skade er det inflammatoriske respons. Det inflammatoriske respons er involveret i 

forværrelsen af skaden, men er også essentiel for bedring og reparation af rygmarven efter en 

rygmarvsskade. Kompleksiteten af det inflammatoriske respons menes at være afhængig af 

frigivelsen af inflammatoriske cytokiner og aktiveringstilstanden af immunceller. Et af disse 

inflammatoriske cytokiner frigivet efter en rygmarvskade er tumor nekrosis faktor (TNF). TNF findes 

i to forskellige aktive former, den membranbundne form (tmTNF) og den opløselige form (solTNF), 

som interagerer med to forskellige TNF-receptorer (TNFR1 og TNFR2). Begge former for TNF kan 

binde til både TNFR1 og TNFR2, men solTNF aktiverer bedst TNFR1 hvor tmTNF bedst aktiverer 

TNFR2. TNF har en væsentlig effekt på det inflammatoriske respons og omfanget efter en 

rygmarvsskade, men dens rolle er heterogen, hvorfor det udfordrer udviklingen af en mere effektiv 

behandling med anti-TNF-medikamenter efter rygmarvsskade.    

Det overordnede formål med denne afhandling var således at øge forståelsen af TNF’s rolle efter en 

rygmarvsskade, og at identificere den tidsmæssige og cellulære frigivelse af TNF efter en 

rygmarvsskade, sammen med ekspressionen af dens to receptorer. Vi ønskede at afdække rollen af 

TNF frigivet fra henholdsvis mikroglia og leukocytter efter en rygmarvsskade, samt funktionen af 

tmTNF og solTNF efter en rygmarvsskade. Den nuværende viden om TNF efter rygmarvsskade blev 

gennemgået, og frigivelsen af TNF, samt dens funktion blev undersøgt i en moderat 

kontusionsrygmarvsskade model i C57BL/6J mus og transgene musestammer, og med farmaceutisk 

behandlingsstrategi.   

I Manuskript I gav vi et overblik over den nuværende viden om frigivelsen af TNF og den potentielle 

effekt af TNF-manipulation efter en rygmarvsskade. 

I Manuskript II fandt vi en øget frigivelse af TNF i både den akutte og den mere forsinket fase af det 

inflammatoriske respons efter en rygmarvsskade, samt en stigning af TNFR1 og TNFR2 ekspression. 

TNF blev vist at lokalisere med CD11b+ immunceller i den forsinket fase, og TNFR1 blev fundet på 
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degenerative MAP2+ neuroner, samt CD68+ mikroglia/makrofager, og TNFR2 blevet fundet på 

GFAP+ astrocytter samt CD68+ mikroglia/makrofager. TNF og TNFR’er viste sig endvidere at være 

lokaliseret med lignende celletyper i postmortem rygmarvsvæv fra rygmarvsskadede patienter. Et 

robust inflammatorisk respons blev fundet med aktiverede mikroglia og infiltrerende leukocytter.   

I Manuskript III, viste vi at manglende TNF-frigivelse fra leukocytter mindsker skadesvolumen og 

fremmer den funktionelle genopretning efter en rygmarvsskade i mus, og dette så ud til at være 

medieret af en reduceret apoptose (programmeret celle død). Manglende TNF-frigivelse fra mikroglia 

viste sig ikke at ændre den funktionelle genopretning efter en rygmarvsskade i mus.   

Endelig, fandt vi i Manuskript IV, at øjeblikkelig central hæmning af solTNF med XPro1595 havde 

en positiv terapeutisk virkning efter en rygmarvsskade med forbedret funktionel genoprettelse. Dette 

viste sig at være medieret af et øget regenerativt miljø og ved at ændre mikroglia’s fagocytotiske 

egenskaber. 

Samlet viser vores studier, at TNF spiller en væsentlig rolle i den akutte og forsinkede fase i det 

inflammatoriske respons efter en rygmarvsskade, og at den skadelig funktion af TNF er medieret af 

de perifere leukocytter og solTNF. Dette kunne indikere, at selektiv hæmning af solTNF kan være et 

fremtidigt neurobeskyttende middel til behandling af rygmarvsskader.         



17 

 

Introduction of chapters 

Chapter 1 will provide a general introduction of the spinal cord, spinal cord injury (SCI) and 

treatment possibilities following SCI. Furthermore, a more detailed introduction of the 

neuroinflammatory response following SCI will be described, with a focus on the cytokine tumor 

necrosis factor (TNF) following SCI. 

Chapter 2 will present the aims and hypothesis of this Ph.d. project. 

Chapter 3 will introduce some of the SCI and animal models available, and the SCI and animal 

models used in this thesis. In addition, some of the used methods and experimental considerations 

will be described. 

Chapter 4 will provide the manuscripts included in this thesis.  

Chapter 5 will provide a general discussion of the principal findings in relation to existing research. 

Chapter 6 will provide an overall conclusion of this thesis and future perspectives will be outlined.  
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Background 

Spinal cord injury 

The description of spinal cord injury (SCI) can be traced all the way back to approximal 2500 Before 

Christ (BC), where the first documentation of paraplegia was mentioned in the Edwin Smith surgical 

papyrus (1). Moreover, the first known attempt to reduce the injury, by traction of the spine, was 

described by The Father of Medicine, Hippocrates, approximal 460-370 BC. For decades, treatment 

and care to patients suffering from SCI were very limited, only surgery was recommended, and death 

was often inevitable (1). It was first in the 19th century a better understanding of the pathological 

consequences following SCI began to evolved, and renal failure, due to the urine retention, was seen 

as one of the main causes of death after SCI (2). Fortunately, medical breakthroughs, such as 

knowledge of sterilization, better techniques, and the development of anesthesia during surgeries, 

antibiotics, implement of a catheter to reduce the risk of pyelitis, etc., increased the chances of 

extending the patient’s life. As specialized departments for SCI treatment (Spinal Unites) started to 

be established through the 19-20th century, a better perception to treat a patient suffering from SCI as 

a whole person with multi organ system difficulties started to be manifested. Moreover, rehabilitation 

for the patient to improve their self-care, mobility and reassimilation into society was started to be 

accepted as an important effort to be done, with the patients who survived (1). Medical care, 

rehabilitation, and assistive devices have advanced over the years and patients are now living longer 

and the quality of life has increased (3). However, there is still need for improvement to further extend 

the life expectancy and to eliminate or reduce some of the secondary consequences following SCI. 

With the help of antibiotics and urinary catheterization, the main cause of death, renal failure, has 

almost been eliminated. However, to date, infections, such as pneumonia and septicemia remain the 

main cause of death in patients with SCI, and the immobilization caused by the SCI also increases 

the risk of life threatening pulmonary emboli (1). Reducing or eliminating the secondary 

consequences following SCI, such as restoring the bladder control, reducing the spasticity and the 

neurological pain, would also indisputably increase the patient’s quality of life (1, 3). To achieve 

these goals, further knowledge of the pathophysiological consequences following SCI is required, 

and the redemption of increasing life expectancy and quality of life for patients suffering from SCI 

would most likely require further advances in both medical treatment and rehabilitation.    
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The spinal cord 

To fully understand, why an injury to the spinal cord can be very detrimental, an introduction of the 

uninjured spinal cords anatomy and functions will be described.     

Generally, the human nervous system includes the central nervous system (CNS) and the peripheral 

nervous system (PNS). The spinal cord, together with the brain (brainstem, cerebellum, diencephalon 

and the cerebral hemispheres), is a part of the CNS, and act as a pathway between the PNS and the 

brain (4). The spinal cord is among others involved in 3 main functions of the body, the motor 

function, the sensory function, and the autonomic function. Here, it transmits signals from the motor 

cortex in the brain, to the body’s voluntary muscles in the trunk and limbs (motor function), it also 

receives sensory signals from the PNS and sends it to the brain (sensory function), and is involved in 

the involuntary control of the internal organs, blood vessels, smooth and cardiac muscles (autonomic 

function) (4).  

The spinal cord is a thin, tubular structure of nervous tissue, enclosed by cerebrospinal fluid (CSF) 

and protected well by the spinal column and the surrounded meninges (dure mater, arachnoid mater, 

and pia mater). On each side of the spinal column, spinal nerves arise at regular intervals. These spinal 

nerves are attached to the spinal cord by ventral (anterior) and dorsal (posterior) roots. Ventral roots 

consist of axons that transmit signals from motor neurons, and dorsal roots consist of axons from 

sensory neurons. Each root consists of 6-8 rootlets which range through the whole length of the 

corresponding spinal nerves (Figure 1a) (4). The spinal cord is divided into 31 pairs of spinal nerves, 

8 cervical (C1-8), 12 thoracic (T1-12), 5 lumbar (L1-5), 5 sacral (S1-5) and 1 coccygeal (C0) (Figure1b). 

Generally, the nerves emerge below their corresponding vertebra, however, the cervical nerves 

emerge above their corresponding vertebra of the spinal column, except for C8, which emerges 

between segment C7 and T1. Each of these spinal nerves is associated with a specific region of the 

body, the cervical nerves control and sense the neck, thoracic nerves control and sense the torso (trunk 

and abdomen), the lumbar nerves control and sense the lower extremities (e.g., hips, thighs, legs and 

feet) and the sacral nerves control and sense the bodily functions (e.g., bladder, sexual, organs, bowels 

etc.) (Figure 1b) (4). 

The nervous tissue of the spinal cord is divided into gray and white matter. The gray matter consists 

of neurons, glia cells and unmyelinated axons, and has bilateral dorsal (also called posterior) and 

ventral (also called anterior) horns connected by the intermediate gray matter, thereby forming the 

shape of a butterfly or the capital letter H in a cross section of the spinal cord (Figure 1b). However, 
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the shape of the horns is determined by the region of the cord, and in the thoracic and upper lumbar 

region the gray matter also exhibits lateral horns. Furthermore, in the center of the intermediate gray 

matter, the central canal can be found which is a canal filled with CSF. Looking more microscopically 

at the gray matter, a complex structure of successive layers of cells is revealed. These layers are 

referred as the Rexed laminae and comprise a system of ten layers (I-X).  

Except for the dorsal horns, which extend to pial surface of the spinal cord, the gray matter is 

surrounded by the white matter. The white matter consists mainly of glia cells and myelinated axons, 

the latter is responsible for the name “white matter” (5). The horns of the gray matter distribute the 

white matter into three white columns (also called funiculi): the dorsal-, lateral- and ventral white 

columns/funiculus. The two dorsal white columns surround the two dorsal horns of gray matter and 

is divided by the dorsal median sulcus. There is no distinct boundary between the lateral and ventral 

white columns, but they depend on the emerging axons of the lateral motor neurons. At last, the two 

ventral white columns surround the two ventral horns and are separated by a deep fissure, called the 

ventral median fissure. Through the ventral median fissure, some blood vessels are located, enabling 

the blood to reach the center of the gray matter (4). The lateral and ventral white columns contain 

several ascending and descending fiber groups, which includes the spinothalamic, spinocerebellar 

and spinotectal tracts for the ascending fiber groups, and the corticospinal, vestibulospinal, tectospinal 

and reticulospinal tracts for the descending fiber groups. In addition, there are many fibers in the 

white columns that connects one spinal cord segment with another, and these are called propriospinal 

pathways. The dorsal columns of the white matter consist mainly of central processes of the dorsal 

root ganglions, which are myelinated axons conveying skin sensation and proprioception (the sense 

of position) from the limbs and trunk to the brain. In the dorsal part of the dorsal horn there is a group 

of fibers called the dorsolateral fasciculus (or the tract of Lissauer), they mainly consist of afferent 

fibers, together with some few descending fibers. Moreover, the dorsal columns change their 

appearance depending on the region, as fibers are added in the caudorostral order per segment, thus 

the columns are biggest in size at the cervical region. As the fibers are assembled, a strip close to the 

medial edge will form. This results that fibers from the lower thoracic, lumbar and sacral region 

(below T6) form a strip called gracile fasciculus when viewed at high cervical levels, and the more 

lateral fibers (from the upper thoracic and cervical regions) forms a wedge-shaped group referred as 

the cuneate fasciculus (Figure 1a) (4). 
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Figure 1. A cross section and segmentation of the human spinal cord. (a) Each spinal nerve originates from 

a dorsal and ventral root, and in a cross section of the spinal cord, it can be visualized that the spinal cord 

consists of gray (dark colored) and white matter (light colored). The gray matter includes the dorsal and ventral 

horns, which are connected by the intermediate gray matter (not visualized). This gives the gray matter the 

shape of a butterfly or the capital letter H. The white matter surrounds the gray matter, except at the dorsolateral 

fasciculus, and is divided into the ventral, lateral and dorsal columns. The ventral and lateral columns contain 

several ascending (spinothalamic, spinocerebellar and spinotectal tracts, not visualized) and descending 

(corticospinal, vestibulospinal, tectospinal and reticulospinal tracts, not visualized) fiber groups and the dorsal 

column contains the gracile fasiculus and cuneate fasciculus. The dorsal columns are separated by the dorsal 

median sulcus and the ventral columns are separated by the ventral median fissure. (b) Body areas are 

controlled and sensed by the corresponding bundle of spinal nerves. The human spinal cord has 31 spinal 

nerves, and these are divided into 4 levels: cervical (orange), thoracic (green), lumbar (red) and sacral level 

(blue). Images was created with BioRender.com. 

 

Clinical presentation of spinal cord injury 

SCI refers to damage to the spinal cord resulting in temporal or permanent changes in the spinal 

cord’s normal functions e.g., motor, sensory, and autonomic functions (6, 7). The damage can be due 

to non-traumatic causes, such as cancer where a tumor reduces the blood flow to the spinal cord 
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thereby initiating degeneration, or due to a traumatic hit from e.g., car accidences. 90% of all SCI 

cases are estimated to be caused by traumatic causes, and it is estimated that over 179,000 people 

worldwide suffers from traumatic SCI each year, however the incidence varies between countries (7-

9). The gender ratio is approximately 2:1, with males at higher risk (9), and the age distribution seems 

to be bimodal, with an increased incidences in the early adulthood and again in adults over 60 years 

of age (10).  

The consequences following SCI highly depends on how severe the injury is and where the injury is 

located on the spinal cord. The severity is categorized into incomplete or complete injury. The 

incomplete injury involves a partial loss of sensation and/or motor functions from the point of injury 

whereas complete injury results in a total loss of sensation and motor functions from the point of 

injury (4, 9). How and where the body becomes affected following SCI is also determined by the 

location of the injury. Lesions located at the cervical level often affect all four limbs (legs and arms) 

and are referred to as tetraplegia or quadriplegia, and lesions at the lower thoracic level affect the 

lower part of the body and can cause paraplegia (4, 9). Thus, patients can experience complete or 

incomplete paraplegia or tetraplegia/quadriplegia, where incomplete paraplegia has the best 

prognosis of locomotor recovery (9, 11). However, the most common location of SCI is identified to 

be at the cervical level, more specific C5, the second most common location is at the thoracic level, 

followed by injuries at the lumbar level (6, 9).    

To compare and measure the functional outcome and recovery of SCI patients with the severity of 

the injury, multiple scoring systems have been developed over the years. Currently, the most 

acceptable clinical scoring system is the American Spinal Injury Association (ASIA) Scoring System, 

also called the ASIA impairment scale (AIS). It was developed in 1984 and has been adjusted over 

time based on new knowledge (9). The scale is recommended to be used 72 hours within the injury 

occurred, in order to get the most accurately assess post-SCI neurological impairments. However, 

SCI patients may, to some degree, experience spontaneous recovery of motor and sensory functions, 

which often occurs during the first 3 month after injury and then reaches a plateau 9 months following 

injury (9). When using the scale, the first step is to identify the level of injury, and then the remained 

sensory function from 0-2 and the motor function from 0-5 are scored. The AIS system evaluate 

complete loss of sensory and functional function as AIS A, and for normal function as AIS E. 

Although, scored as AIS A, i.e., complete loss of function, there can be zones of partial preservations 

that the scale also takes into account (9).  
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Preserved functions following SCI and the level of injury are crucial factors for the SCI patient’s life-

expectancy, and patients who requires a wheelchair for daily activities (AIS D) are associated with 

75% of normal life-expectancy (9). In addition to losing vital functions after SCI, the patients are at 

high risk of developing secondary conditions, such as infections (urinary tract, respiratory, etc.), 

thrombosis, osteoporosis, muscles spasms and chronic pain, which are also very debilitating and can 

be life-threatening (9). Partial restorations of the injured spinal cord can enable better recovery and 

reduce some of the secondary consequences following SCI, which would overall improve patients’ 

quality of life and life expectancy (4). To accomplish this, research has attempted to elucidate the 

pathophysiology following SCI, however, more knowledge is needed to identify more effective 

treatments. The current knowledge of the molecular and cellular consequences following SCI will be 

described in the next section.    

 

Pathophysiology of spinal cord injury 

The events following SCI are divided into two phases, the primary injury, leading to the progressive 

secondary injury (Figure 2) (4, 12). The primary injury refers to damage of the neural tissue resulting 

from a mechanical insult onto the spinal cord and is has been identified what one of the four main 

mechanisms are involved. The first, and most frequent mechanism, is an impact to the spinal cord 

with a persistent compression, which is often caused by a burst fracture with bone fragments, or 

displacement of a disk, compressing the spinal cord. The second mechanism is the distraction of the 

spinal cord that occurs when the spinal column is stretched and torn in the axial plan. The third 

mechanism is a complete or partial laceration and/or transections of the spinal cord, which can occur 

due to missile injuries, sharp bone fragments, etc. The fourth mechanism is an impact to the spinal 

cord with a transient compression, often a result from a hyperextension injury and does not occur 

often (9, 13). These mechanical forces then damage the blood vessels and cell membranes in the 

spinal cord, leading to a hemorrhagic zone and an immediately cell death. The gray matter is 

especially exposed to the hemorrhagic zone, due to its soft texture and high vascular nature. 

Furthermore, the otherwise spared adjacent tissue is then very susceptible to the secondary damage 

(14).  

The secondary injury was hypothesized for the first time in 1911 by the neurologist Alfred Reginald 

Allen. He discovered that removal of the intramedullary hemorrhage following SCI in dogs improved 

their functional recovery and argued that the hemorrhage contained “biochemical factors” which 

caused further damage to the spinal cord (9, 15). It is now well recognized that the secondary injury 
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includes a variety of cellular, molecular and biochemical events that are initiated by the primary injury 

and continues for years following SCI, causing further harm to the spinal cord and diminish the 

neurological recovery (9). These secondary events are temporally divided into acute (instantly 

following SCI), sub-acute and chronic phases, however the phases are not distinct, and some events 

will continue into the next phase. The acute phase includes further vascular damage, ionic imbalance, 

excitotoxicity (due to accumulation of neurotransmitters), edema, necrotic cell death, formation of 

free radicals, influx of calcium, lipid peroxidation, and neuroinflammation. This subsequently leads 

to the sub-acute phase in which demyelination of surviving axons, axonal dieback, Wallerian 

degeneration, and further apoptosis continues together with remodeling of matrix and formation of 

the glial scar starts to surround the lesion. In the chronic phase the maturation of the glial scar ensues, 

in addition to further progressive axonal dieback and formation of the cystic cavity (9, 16, 17). Thus, 

the primary injury determines the severity and outcome following SCI, however, the worst damage 

to the spinal cord occurs during the secondary injury (Figure 2).  

 

Figure 2. Pathophysiological events following spinal cord injury. The pathophysiology following SCI are 

divided into two phases, the primary injury, and the progressive secondary injury. The initial impact to the 

spinal cord causes the primary injury, which includes damage to the blood vessels and cell membranes which 
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leads to a hemorrhagic zone and necrosis. Immediately after the primary injury, the secondary injury follows. 

The secondary injury consists of many detrimental events, e.g., the formation of glial scar and cystic cavity, 

excitotoxicity, ionic imbalance and edema, apoptosis, and the neuroinflammation. These event results in a 

further progression of the injury. Image was created with BioRender.com.    

 

To describe the key components in the secondary injury in more details, we must start with the 

consequences initiated by the mechanical forces generated from the primary injury. The rupture and 

damage of the blood vessels and capillaries results in petechial hemorrhage and intravascular 

thrombosis. This, companied with vasospasm of intact vessels and edema, leading to local 

hypoperfusion and ischemia (Figure 2) (18). In addition, the spinal cord is often exposed to 

compromised perfusion and ischemia due to the systemic hypotension caused by additional traumas 

to the patients, e.g., excessive bleeding and neurogenic shock (18). Examinations of postmortem 

tissue of the human spinal cord shows that the gray matter is the most susceptible to this phenomenon, 

which possibly is related to the gray matter’s greater degree of blood supply to sustain the neurons 

high metabolic demand, compared to the white matter (19). Nevertheless, the subsequent hemorrhage 

and ischemia leads to oxygen deprivation, loss of adenosine trisphosphate (ATP), excitotoxicity 

(described below), ionic imbalance, formation of free radicals and reactive oxygen species (ROS), 

and necrosis, which causes further cell death. Paradoxically, the restoration of the blood supply to the 

spinal cord, leading to reperfusion in the ischemic tissue, can generate even higher amount of free 

radicals and ROS (18). These molecules are capable to react and oxidase, i.e., damage, lipids (lipid 

peroxidase), proteins and DNA. Protein oxidation can alter important respiratory chain enzymes, 

which can result in metabolic collapse of the cells, and together with DNA damage and lipid 

peroxidation, this leads to further necrotic and apoptotic cell death (18).  

Another major consequence following SCI and the subsequent ischemia, is excitotoxicity (Figure 2). 

The loss of ATP results in failure of the Na+/K+-ATPase, which causes an increase in the 

concentration of extracellular potassium (K+) and intracellular sodium (Na+), which results in the 

membrane depolarization of neurons and glial cells. As depolarization removes the voltage-sensitive 

magnesium (Mg2+) block from the N-methyl-D-aspartate (NMDA) receptor, an influx of intracellular 

calcium (Ca2+) occurs, releasing the excitatory neurotransmitter glutamate from the pre-synaptic 

terminals. Furthermore, the ATP deficiency compromises astrocytic reuptake of glutamate, as this 

also depends on the Na+/K+-ATPase. This results in an excessive release and accumulation of 

glutamate in the synaptic cleft. Glutamate can bind to NMDA, α-amino-3-hydroxy-5-methyl-4-
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isoxazolepropionicacid (AMPA) and kainate receptors, and stimulation of these receptors results in 

Ca2+ influx (9, 18). The impaired reuptake and accumulation of glutamate can reach toxic levels in 

the injured spinal cord already 15 minutes following SCI, leading to excessive stimulation of the 

receptors. This overstimulation causes an overload of intracellular Ca2+ and ionic imbalance (18). 

Excessive intracellular Ca2+ levels activate degradative enzymes, such as proteases and 

phospholipases, causing protein degradation and oxidative cell damage leading to further cell death 

(18).  

The compromised Na+/K+-ATPase further increases the intracellular Na+ concentration, and the 

membrane depolarization also activates the voltage-gated Na+ channels, resulting in chloride (Cl-) 

entry, this gives rise to ionic imbalance within the cell. Moreover, the ionic imbalance increases the 

influx of water to the cells, which causes the cell to swell, leading to its rupture. Axons are in 

particular are very susceptible to this damage due to their high concentration of voltage-gated Na+ 

channels (9, 17).  

Oligodendrocytes are especially susceptible to excitotoxicity because they are not as effective at 

buffering Ca2+ compared to neurons and an alternation in their receptor subunits makes them more 

permeable to Ca2+ (18, 20). The massive death of oligodendrocytes results in demyelination of 

surviving axons. Demyelination can delay or block the signal transmission through the axons, and 

make the axons very exposed to the harmful effects from free radicals and inflammatory mediators 

which often results in neuronal death either by necrosis or apoptosis (Figure 2) (17).     

Another key component in the secondary injury is the neuroinflammation (Figure 2). 

Neuroinflammation becomes rapidly initiated following SCI and is more pronounced in the acute 

phase but is known to persist for years following SCI (9, 21). Neuroinflammation was mainly 

considered to be detrimental for the recovery following SCI, however, it is now well-recognized to 

have both detrimental and beneficial effects on the injured cord following SCI (21). The different 

phases of neuroinflammation, immune cells and inflammatory mediators contributing to 

neuroinflammation will be described in more details in the section “Neuroinflammation following 

spinal cord injury”.     

SCI initiates furthermore the formation of a glial scar surrounding the lesion (Figure 2). The glial scar 

consists mainly of astrocytes, and together with resident and infiltrating immune cells, fibroblasts, 

pericytes and ependymal cells, they contribute to the scar formation (9, 22). The astrocytes become 

hypertrophied and increase their expression of different intermediate filaments, such as glial fibrillary 
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acidic protein (GFAP) following SCI (23). The glial scar acts as a protective barrier, that contains 

some of the infiltrated immune cells and damaged cells, thus preventing it from spreading to the 

adjacent tissue (24). In addition, the scar has also shown to contribute to the reconstruction of the 

brain-blood-barrier (BBB) (9, 25). However, the persistency and progression of the glial scar has for 

long time been recognized as an inhibitory environment for the regeneration following SCI (9). This 

theory has been challenged, because spontaneous regrowth of axons was observed to be inhibit when 

preventing the glial scar formation in transgenic mice (26), and the deprived regeneration following 

SCI is also caused by other factors, e.g., inflammation and damage myelin (9, 27, 28).   

 

Treatment strategies following spinal cord injury 

It is not possible to prevent or reduce the severity of the primary injury, except for advancing the 

safety in cars etc., which is another topic. Hence, the current treatment strategies aims to minimize 

the secondary injury and protect the neural cells that initially survived the primary injury (18). A well-

recognized treatment is surgical decompression of the injured cord, which is performed after 

stabilizing the patient and has shown to improve the clinical outcome following SCI. However, this 

depends on whether it makes sense in relation to the primary injury mechanism and should be 

performed within 24 hours following SCI (9, 29).  

Even a fraction of neuroprotection may improve the recovery following SCI, therefore many 

neuroprotective medical interventions are developed and being tested (18). The current strategies 

include cell transplantation therapies, gene therapy, tissue engineering, pharmacological therapies, 

and combinations of these (4). Unfortunately, only a few of these interventions have entered clinical 

trials (4). 

Generally, pharmaceutical strategies aim to prevent further necrosis and apoptosis, to improve the 

regrowth, electrical conduction, and remyelination of damage and surviving axons (4). Reducing the 

apoptosis following SCI can be achieved by either inhibiting the Ca2+ or Na+ channels, or some of 

the important proteases in apoptosis. The Na+ channel blocker, Riluzole, is of particular interest 

because preclinical studies have shown it to have neuroprotective properties, and it has since been 

approved for clinical trials following SCI (30, 31). Furthermore, increasing the remyelination 

following SCI by minimizing the inhibitory environment with antibodies against the myelin 

associated Nogo pathway, has been extensively investigated and shown to have promising effects on 

the recovery and plasticity following SCI (32).  
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The neuroinflammatory response is also acknowledge as an accessible therapeutic target following 

SCI, and corticosteroids have for many years been considered neuroprotective following SCI, due to 

their anti-inflammatory properties and inhibition of lipid peroxidation. Especially the inhibition of 

lipid peroxidase was thought to be one of their most neuroprotective properties, which made 

methylprednisolone one of the most used corticosteroids following SCI (18). Methylprednisolone is 

also one of the pharmacological interventions that has entered clinical trials and has shown to be 

effective when administered within 8 hours following SCI (18, 33). This has resulted in 

Methylprednisolone to be accepted as standard treatment following acute SCI in some clinics in North 

America. However, much criticism has been raised against the validation of these clinical trials, and 

the use of steroid was furthermore found to increase the risk of wound infection, pulmonary 

embolism, severe pneumonia, sepsis and even death secondary to respiratory complications following 

SCI (18). Subsequently, this have reduced the use of Methylprednisolone in the clinic and highlighted 

the need for research to develop more specific and efficient anti-inflammatory therapies. 

A variety of studies have been performed in order to more specific diminish the detrimental effects 

of neuroinflammation following SCI, this includes controlling the leukocytes infiltration into the 

injured spinal cord, inhibiting the production or activity of neuroinflammatory mediators (e.g. 

cytokines), etc. (30). Extensive research has examined one of the major inflammatory cytokines, 

tumor necrosis factor (TNF), following SCI, and anti-TNF treatments has shown to have therapeutic 

properties following SCI (34-38). This will be discussed in further detail in the following sections.     

In addition, gene and cell transplantations together with implantation of cellular and biocompatible 

scaffolds are other approaches which is being extensively studied to provide a better environment for 

regeneration and increase the recovery following SCI (4). However, each approach has their own 

limitations and challenges remain to be solved. 

To increase the quality of life and improve the outcome following SCI, the progression of the 

secondary injury need to be diminished (4). To achieve this, the multi-factorial nature of the 

secondary injury needs to be considered, and future treatment strategies may have to aim for a broad 

spectrum of these events. Together with rehabilitation, pharmacological treatments could most 

possibly increase the plasticity and axonal growth in an appropriate manner (39), however this 

demands for further and improved knowledge in the pathological events following SCI.   
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Neuroinflammation following spinal cord injury 

Generally, inflammation is an indispensable response which can be initiated by many different 

factors, e.g., viral, or bacterial infections, toxic metabolites, autoimmunity, or traumatic injuries. Yet, 

the neuroinflammatory response, i.e., inflammation in the nervous system, is to some degree different 

compared to other tissues (18). The CNS is recognized to be immune privileged as it lacks the 

conventional lymphatic drainage and is protected by two barriers, the BBB surrounding the brain, 

and the blood-spinal-cord-barrier (BSCB) surrounding the spinal cord. Together, this prevents and 

restricts cells from the periphery to enter the CNS and enabling the entry to be controlled by the CNS 

and surrounding tissue (40, 41). In addition, CNS has its own immunological active resident cells, 

astrocytes and microglia, which together with oligodendrocytes and endothelial cells maintain 

homeostasis in the CNS, and protect and nourish the CNS (40, 41). However, following an injury to 

the CNS, the BBB and/or BSCB often become compromised and several cell types from the periphery 

are recruited and infiltrate the CNS (9). The neuroinflammatory response has been implicated in the 

reparative responses as well as in the more detrimental processes following an injury to the CNS, 

with its complex interaction of cellular and noncellular elements (e.g., cytokines and chemokines) 

(21).  

 

Important immune cell populations following SCI 

Following SCI, multiple immune cells are involved in the neuroinflammatory response, both resident 

immune cells e.g., astrocytes (although not seen as an immune cell as such) and microglia, and 

immune cells from the periphery including neutrophils, blood-borne macrophages, lymphocytes, and 

dendritic cells (9, 21). Initially, resident cells, e.g., astrocytes and microglia, together with neutrophils 

are activated and become recruited to the injured spinal cord. This is followed by an infiltration of 

blood-borne macrophages and later also T- and B-lymphocytes are present at the injury site (9, 21). 

In addition, the neuroinflammatory response is highly regulated by noncellular components, such as 

cytokines and chemokines. These mediators are a group of small proteins or peptides which can 

induce and maintain neuroinflammation, and are implicated in the recruitment, activation, and 

polarization of immune cells (42). Furthermore, cytokines are capable of modulating intracellular 

signal cascades which implicates them in the regulation of the survival, proliferation, differentiation 

and functional activity of their target cell (43). Depending on how they modulate inflammation and 

affect their target cell, cytokines are broadly divided into pro- and anti-inflammatory cytokines. 
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Examples of proinflammatory cytokines are TNF, interleukin (IL)-1β and IL-6, whereas IL-10 has 

anti-inflammatory properties (21). However, the contribution of these cytokine following SCI is 

somewhat complex and depended on the cellular and temporal expression (9, 21). Some of the 

important cytokines and chemokines following SCI will be described in more details below. 

Although astrocytes are not considered as immune cells as such, they are worth mentioning in the 

concept of neuroinflammation following SCI, due to their major contribution. Under naïve conditions 

they play a major role in the function and structure of the BBB and BSCB, in the homeostasis of 

neuronal cells, and removing excess fluid, ions and neurotransmitters in the extracellular 

environments (44). Therefore, astrocytes do also play a major role in the secondary injury following 

SCI. Following an injury, they rapidly increase their expression of a variety of cytokines and 

chemokines, which make them capable of regulating the permeability of the BBB and BSCB, and the 

activation and recruitment of immune cells in the injured spinal cord (44, 45). Specifically, they 

upregulate their production of adhesion molecules and chemokines which increase neutrophils and 

pro-inflammatory macrophages recruitment to the injury site (9, 45). Moreover, they rapidly express 

the proinflammatory cytokine IL-1β following SCI (46), and their production of TNF, IL-12 and 

interferon gamma (IFN-γ) are known to promote proinflammatory phenotype in 

microglia/macrophages (47-49). However, they do also express the anti-inflammatory cytokine IL-

10 and transforming growth factor beta (TGF-β), which can promote a more anti-inflammatory 

phenotype in microglia/macrophages (9, 50). 

The first peripheral immune cells to infiltrate the injured spinal cord from the bloodstream following 

SCI are neutrophils. Neutrophils are mainly associated with the acute phase of the neuroinflammatory 

response and are already present at the injury site few hours after the insult with a peak 24 hours 

following SCI, where they have been observed to have multiple functions that modulate and shape 

the neuroinflammation and tissue healing following SCI (9, 21, 51). Neutrophils are associated with 

tissue damage and modulation of neuroinflammation following SCI, as they release inflammatory 

cytokines, proteases and free radicals (52). However, they also contribute to tissue healing, as 

neutrophils phagocytose and clear tissue debris following SCI (52) and eliminating neutrophils has 

shown to compromise the healing processes and worsen the functional recovery post-SCI (53).  

Another resident immune cell population important following SCI are microglia. Under healthy 

conditions microglia observe and monitors their surroundings, and display a small soma with 

numerous branching processes under naïve conditions, which is referred to as a ramified morphology 
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(54). Following SCI, microglia respond rapidly and starts to migrate towards the lesion, this is 

mediated by the purinergic receptors (P2Y12R) which binds to ATP released by the damaged cells 

(54). When microglia become activated, they begin to phagocyte cell debris etc., which changes their 

cell morphology into a more amoeboid shape, and they increase their expression of specific surface 

proteins, e.g., cluster of differentiation (CD)45, CD14 and CD11b (55-57). Furthermore, they also 

release a variety of cytokines and chemokines which shape the neuroinflammation in the acute and 

later stages (46, 57-59). As microglia are the resident tissue macrophages in the CNS, they share 

many functions and immunological markers with blood-borne macrophages (9). However, microglia 

and macrophages have different origins, microglia originate from the yolk sac during the embryonic 

period (60), whereas macrophages are derived from monocytes which differentiate from the myeloid 

progeny in the bone marrow (61). Blood-borne monocytes and macrophages starts to migrate to the 

injured spinal cord 2 days following SCI, and peaks 5-7 days following SCI, however they are present 

in the lesion for months (62). With utilization of their difference in origins, experiments have shown 

macrophages to mainly populate inside the lesion and microglia to be mostly located in the peri-lesion 

area post-SCI, where they contribute to the formation of the neuroprotective part of the glial scar (22, 

63). The role of microglia and macrophages is to phagocytose cell debris and myelin following SCI 

(64). However, their function is highly determined by the signals they receive from their 

surroundings, and this broadly divides them into a pro-inflammatory or anti-inflammatory 

regenerative phenotype (9, 54), which associate them in injury or repair processes following SCI, 

respectively (9). The pro-inflammatory phenotype of microglia and macrophages has shown to be 

provoked by the microenvironment following SCI, where the present of TNF and accumulating iron 

following SCI (59) and exposure to IFNγ expressed by Th1-lymphocytes (65) drive a more pro-

inflammatory phenotype. The pro-inflammatory phenotype of macrophages has been linked to 

regulation of the innate immune response and tissue damage following SCI (9, 66), failure in 

regeneration (67) and reduced phagocytosis (68). The anti-inflammatory phenotype is known to be 

polarized by IL-4 and IL-13, express high level of the anti-inflammatory cytokine IL-10, TGF-β and 

Arginase 1 (Arg1), and is associated with improved axonal regeneration (65). The anti-inflammatory 

cytokine IL-10 has been linked with repair and regeneration following SCI (69, 70) and eliminating 

IL-10 increases the expression of the pro-apoptotic proteins and reduces the anti-apoptotic protein 

levels (71). Furthermore, IL-10 might also increase the phagocytosis of anti-inflammatory microglia 

(68). However, a persistent activity of anti-inflammatory macrophages has been observed to promote 
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fibrotic scar formation (65, 72). Hence, a well-balanced relationship between the pro- and anti-

inflammatory microglia and macrophages is required to improve the outcome following SCI (9). 

It is not only the innate immune response, which is initiated by SCI, the adaptive immune response 

is also activated. The pro-inflammatory phenotype of macrophages and microglia also functions as 

an antigen-presenting cell, and SCI provokes a histocompatibility complex class II (MHC II)-

mediated antigen presentation from these cells (73). Although, both microglia and macrophages 

express MHC II following an injury, only macrophages express the co-stimulating molecule B7 that 

is required for activating T-lymphocytes. Thus, it is believed that the activation of T-lymphocytes 

following SCI is mediated by proinflammatory macrophages (73-75). Lymphocytes start to infiltrate 

the spinal cord following SCI within the first week and they seem to remain chronically in rodents 

(9, 76). Both T- and B-lymphocytes can adopt different phenotypes depending on the received signals 

from their surroundings and can contribute to either injury or repair processes following SCI (76, 77) 

(Figure 2). T-lymphocytes can affect neurons due to their production of cytokines, such as TNF, IL1β 

and C-X-C motif chemokine ligand 10 (CXCL10) and genetically or pharmaceutical elimination of 

T-lymphocytes has been shown to improve functional recovery and decrease injury volume following 

SCI (76, 78). SCI also provokes a CNS-specific autoimmune response in T and B-lymphocytes which 

can persist for years (79) and be toxic to neurons and glial cells (76). Under healthy conditions 

CD4+forkhead box P3+ (FoxP3+) regulatory T-lymphocytes (Treg) suppress the activity of autoreactive 

effector CD4+ helper T-lymphocytes (Teff), by their expression of a variety of cytokines, such as IL-

10 and TGF-β (76, 80). However, this regulation by Treg becomes interrupted following SCI, and 

there is an increased activity of Teff which contributes to further tissue damage, increased expression 

of proinflammatory cytokines leading to a proinflammatory phenotype of macrophages, and mediate 

neuronal and oligodendroglia apoptosis (9). Autoreactive B-lymphocytes have also been observed to 

contribute to the expression of proinflammatory cytokines and stimulate and maintain the activation 

of Teff, and eliminating B-lymphocytes improves the recovery following SCI (9, 81). However, B-

lymphocytes have also been shown to be involved in the repairment following SCI, which is believed 

to be regulated by the immunomodulatory phenotype of regulative B-lymphocytes (Breg) (9, 82).  
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Neuroinflammatory mediators following SCI 

As stated above, cytokines and chemokines are highly involved in the regulation of the 

neuroinflammation following SCI. Important cytokines following SCI are TNF, IL-1β, IL-6 and IL-

10 which will be highlighted below with the main focus on TNF.  

IL-1β becomes rapidly increased following SCI and is expressed in astrocytes and microglia (46, 83). 

IL-1β is a member of the well-studied IL-1 family, which binds to IL-1 receptor type 1 (IL-1R1) (84) 

and is known to implicated in several neurodegenerative diseases and conditions (85). IL-1β has been 

seen to promote activation and proliferation of astrocytes and to contribute to their production of 

neurotoxic and survival mediators (86). Furthermore, the IL-1R1 signaling pathway is associated with 

increased expression of chemokines in astrocytes, leading to recruitment of neutrophils and 

proinflammatory monocytes following SCI (45). IL-1β might exacerbate the secondary injury 

following SCI, as some studies have shown that the elimination of IL-1β improves functional 

recovery, decreases the glial scar volume, and reduces the TNF production, whereas local 

administration of recombinant IL-1β increases the injury volume following SCI (87, 88). However, 

IL-1β might also be an inducer of axonal regeneration and has beneficial effects on myelination (87, 

89), hence IL-1β seems to have a complex mechanism of action following SCI that needs to be further 

elucidated.  

Another proinflammatory cytokine, which becomes rapidly upregulated following SCI, is IL-6. IL-6 

has been shown to be expressed by microglia, macrophages, astrocytes, and neurons following SCI 

in mice, and it exacerbates the secondary injury (46, 90, 91). Whereas, total blockage of IL-6 might 

have detrimental effects on the regeneration following an injury in the CNS (92), temporal blockage 

of IL-6 with a neutralizing antibody against IL-6 has shown to reduce the glial scar, improve 

functional recovery and shift the environment into a more anti-inflammatory state (91, 93). 

In contrast to IL-1β and IL-6, IL-10 is considered an anti-inflammatory cytokine and has been shown 

to be beneficial following SCI (69, 94, 95). More specific, injection of IL-10 or increased IL-10 

expression following SCI demonstrated to improve the functional recovery, decrease TNF 

expression, and increase anti-apoptotic proteins in the neurons in the ventral horns (69, 94). In line 

with these results, the elimination of IL-10 in mice also increased the expression of TNF and IL-1β, 

decreased the function recovery compared to wildtype controls and increased the number of apoptotic 

cells following SCI (71). 
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Cytokines clearly orchestrate a rather complex mechanism following SCI, they are involved in glial 

scar formation, immune cell recruitment, clearance of cellular decries etc., which all are events 

impacting the outcome following SCI (42). Hence, these neuroinflammatory mediators have been 

extensively investigated to advance the understanding of the neuroinflammation and to elucidate a 

therapeutic target following SCI. This thesis focuses on the role of TNF and its therapeutic properties 

following SCI, thus, a more detailed description of TNF signaling and its function following SCI can 

be found in the section below “Tumor necrosis factor” and in Manuscript I.  

 

Tumor necrosis factor (TNF) 

Generally, TNF is a potent cytokine involved in the control and regulation of many pathological and 

physiological processes, such as inflammation, infection, autoimmunity, cognition, and in the 

development of secondary lymphoid organs (96-98). TNF is initially synthesized as a monomeric 

transmembrane protein and is biologically active when inserted into the membrane as a homotrimer 

(tmTNF). Furthermore, it can be cleaved by the matrix metalloprotease TNF alpha converting enzyme 

(TACE or ADAM17) into, the also biologically active circulating trimer, soluble TNF (solTNF) (96, 

99) (Figure 3). The synthesis of TNF can be triggered by bacterial and viral pathogens, injury and 

immunological stimuli, and a variety of transcriptions factors can bind and initiate the transcription 

of TNF, e.g., nuclear factor-kappa B (NF-κB) and CCAAT/enhancer binding protein β. In addition, 

TNF is highly regulated both at the transcriptional, post-transcriptional, and translation levels, and a 

variety of inflammatory mediators, e.g., prostaglandins and corticosteroids, can downregulate the 

synthesis of TNF in order to limit its duration of activity (100). The physiological and pathological 

effects of TNF are highly depended on the two TNF receptors (TNFR), TNFR1 and TNFR2, as they 

are differently expressed on several cell types and have different binding affinity for tmTNF and 

solTNF (96). TNFR1 can be found on a variety of cell types, while TNFR2 is restricted to specific 

cell types, e.g., neurons, oligodendrocytes, microglia, monocytes and Treg lymphocytes (101-103). 

Both tmTNF and solTNF can act as ligands for TNFR1 and TNFR2, however full activation of 

TNFR2 requires binding of tmTNF, and solTNF gives the highest signal transmission through binding 

to TNFR1 (96, 104-106). Furthermore, TNFR1 and TNFR2 can be proteolytic cleaved into soluble 

forms which can act as neutralizing agents towards TNF (107).  

Furthermore, TNFR1 and TNFR2 differ in their downstream signaling cascades and in contrast to 

TNFR2, TNFR1 possesses a death domain (DD) in the cytoplasmic tail, yet the receptors also shares 
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many of the same signaling proteins (100). Binding of TNF to TNFR1 induces receptor trimerization, 

causing the binding of TNF receptor-associated death domain (TRADD) to the DD, which enables 

the recruitment of the adaptor proteins TNF receptor-associated factor-2 (TRAF2) and receptor-

interacting protein (RIP). This complex can initiate RIP-depended activation of NF-κB, leading to 

pro-survival signaling, proliferation and cytokine production. The complex can further recruit cellular 

inhibitor of apoptosis 1 and 2 (c-IAP1 and 2), which can result in activation of the extracellular signal-

regulated kinase (ERK), the c-Jun N-terminal kinase (JNK), the p38 mitogen-activated protein kinase 

(p38 MARK), the acidic sphingomyelinase and the neutral sphingomyelinase pathways. Transient 

activation of the JNK pathway has been shown to be cytoprotective, whereas sustained JNK activation 

can result in caspase-dependent apoptosis (99). Furthermore, binding of TNF to TNFR1 can initiate 

the internalization of TNFR1, which leads to dissociation of the TRADD/TRAF2/RIP complex and 

association of Fas-associated death domain (FADD). FADD is then able to recruit and activate 

caspase 8 and 10, leading to apoptosis, and it is also involved in necroptosis (96, 99, 108). Activation 

of TNFR2 does also recruit TRAF2, as TRAF2 can bind directly to TNFR2, along with TRAF1. This 

activate the c-IAP1 and c-IAP2 and NF-κB pathways, leading to pro-survival and inflammatory 

signaling (108, 109). Activation of TNFR2 has also been shown to induce neuronal survival through 

phosphatidylinositol 3-kinase-dependent signaling (99) (Figure 3). Although, TNFR2 does not 

contain DDs, cell death induced by TNFR2 has been reported by crosstalk with TNFR1 (96, 110). 

Thus, TNF signaling is highly complex and depended on the microenvironment and kinetics between 

the two receptors (96, 110). To view a more detailed description of TNF signaling, please view the 

review by Atretkhany et al. (96).  

Observations from animal experiments and clinical trials has shown that TNFR1 and TNFR2 to have 

distinct roles in the formation of lymphoid organs, chemokine expression, and autoimmunological 

diseases (111). Within the CNS, TNF is known to be involved in several important functions, such as 

the regulation of the permeability of the BBB and BSCB, febrile responses, glutamatergic 

transmission, and synaptic plasticity and scaling (99). In addition, elevated levels of TNF have been 

reported in several neurological disorders, such as neuropathic pain, stroke, traumatic brain injury, 

multiple sclerosis (MS), Alzheimer’s disease, Parkinson’s disease, and SCI (99, 112). Moreover, 

solTNF has been associated with acute and chronic neuroinflammation, neuronal damage and disease 

progression, and tmTNF seems to be implicated in cell survival, neuroprotection and remyelination 

(34, 99, 113-115).  
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Figure 3. TNF signaling and TNF inhibitors. Homotrimer of tmTNF is biological active and can be further 

cleaved by the enzyme TNF alpha converting enzyme (TACE) into the biological active solTNF. Both tmTNF 

and solTNF can bind to the TNF receptors, TNFR1 and TNFR2, however solTNF have higher binding affinity 

for TNFR1 and full activation of TNFR2 demands the binding of tmTNF. TNFR1 activation can initiate several 

pathways which can result in apoptosis, cell survival, proliferation, and cytokine production. TNFR2 activation 

also initiate several pathways resulting in cell survival and inflammatory signaling pathways. A variety of TNF 

inhibitors are available, such as Minocycline: decreases TNF synthesis, Thalidomide: enhances degradation of 

TNF mRNA, TACE inhibitors: prevents the formation of solTNF, Etanercept: inhibitor of tmTNF and solTNF, 

and XPro1595: inhibitor of solTNF. TRADD: TNF receptor-associated death domain, FADD: Fas‐associated 

death domain protein, TRAF: TNF receptor associate factor, cIAP: cellular inhibitor of apoptosis, RIP: receptor 

interacting protein, NF-κB: nuclear factor-kappa B, ERK: extracellular signal-regulated kinase, JNK: c-Jun N-

terminal kinase, p38 MARK: p38 mitogen-activated protein kinase, PI3K, phosphoinositide 3‐kinases. Image 

was created with BioRender.com. 

 

TNF inhibitors 

Dysregulation and excessive amount of TNF is associated with the development of several 

autoimmune diseases, such as rheumatoid arthritis, inflammatory bowel disease, psoriasis, etc., and 
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has given rise to the development of anti-TNF therapy (96). Different strategies to inhibit TNF 

signaling have been established, and include inhibition of both solTNF and tmTNF with the use of 

humanized IgG antibodies (e.g., Etanercept, Infliximab, Adalimumab), reduction of TNF 

transcription with the antibiotic Minocycline, degradation of TNF mRNA with the 

immunomodulatory Thalidomide and its derivatives, reduction of solTNF production by TACE 

inhibitors and reduction of the ability for solTNF to bind with TNFRs with dominant negative 

inhibitors (e.g., XPro1595) (Figure 3) (99). Anti-TNF therapeutics has been shown to be very efficient 

in reducing inflammation, unfortunately their use has also been associated with higher risk for 

development of congestive heart failure, neuropathies, infections, sepsis, lupus, and demyelinating 

diseases (116). However, these risk factors have all been associated with the inhibition of tmTNF, as 

studies have observed tmTNF to be crucial for the development of the innate immune system and 

ablation of tmTNF predispose the host for infections, chronic inflammation, autoimmunity, and 

demyelination  (111, 117-119). As this Ph.d. project make use of Etanercept and XPro1595, these 

compounds will be described in more details below. 

The widely used TNF inhibitor Etanercept (Enbrel®) is a fusion protein consisting of human IgG and 

the extracellular ligand-binding site of TNFR2, enabling Etanercept to bind to two TNF trimers, 

thereby blocking their interaction with TNFR1 and TNFR2 (38) (Figure 3). Etanercept also has the 

ability to inhibit the action of Lympotoxin A (LTα) which also can mediate it’s signaling through 

TNFR1 and TNFR2 (38, 120). As Etanercept consists of human proteins, it should have less 

immunogenic effects compared to other anti-TNF therapeutic, such as Infliximab which is a murine-

human chimeric bivalent IgG1 monoclonal antibody (38). Etanercept was approved by U. S. Food 

and Drug Administration (FDA) in 1998 as therapy for rheumatoid arthritis and later it was also 

approved as therapy for juvenile chronic arthritis and psoriatic arthritis. As Etanercept has a high 

molecular weight, it cannot cross the intact barrier surrounding the CNS (BBB or BSCB), which 

should be considered when used as a treatment within the CNS (38). Peri-spinal administration of 

Etanercept have shown to reduce the neurological deficits after ischemic stroke, traumatic brain injury 

and Alzheimer’s disease (121-125). However, precautions must be done as inhibiting both forms of 

TNF have been associated with further progression of MS and demyelination (119, 126). 

XPro1595 belongs to a new generation of TNF inhibitors called dominant-negative inhibitors and can 

penetrate the BBB and BSCB (127). XPro1595 is a polyethylene glycol (PEG)-ylated human TNF 

variant which have no TNFR binding activity and exchanges native soluble TNF monomers to form 

heterotrimers, thereby reduces solTNF ability to bind TNFRs, but spares tmTNF and its protective 
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signaling (99, 128) (Figure 3). Although XPro1595 is not commercially available, preclinical 

experiments have shown XPro1595 to be therapeutic in a mouse model of cerebral ischemia (115, 

129), to decrease injury volume and improve the function recovery in an animal model of SCI (34), 

to promote remyelination in MS animal models (113), to preserve neurons in animal models of 

Parkinson’s disease (130), to improve synaptic transmission and long-term potential, and to reduce 

beta-amyloid plaque in an Alzheimer’s disease model (127, 131). Furthermore, inhibition of solTNF 

by XPro1595 has been observed to decrease the activity of microglia in aged rats (132), and increase 

the phagocytosis of microglia in a MS animal model (133). In light of these promising findings, 

XPro1595 has reached to phase Ib clinical trial, for treatment of mild to moderate Alzheimer’s disease 

(134). 

 

TNF following spinal cord injury 

TNF becomes rapidly elevated within the injured spinal cord following SCI, and findings suggest that 

TNF is produced by microglia, astrocytes, oligodendrocytes, and neurons in the acute phase following 

SCI (46, 135, 136). Furthermore, TNF seems to have a secondary increase 14 days following SCI, 

which might be mediated by the peripheral immune cell population, macrophages (46, 59). Findings 

from human studies have also shown TNF to become rapidly expressed in the spinal cord following 

SCI (137), and that TNF expression might be associated with worsen outcome following SCI (138) 

and the development of secondary complications following SCI (139). Moreover, an experimental 

study has shown TNFRs to be rapidly expressed following SCI in rats and both receptors were found 

on neurons, oligodendrocytes and astrocytes in the acute phase following SCI (140).  

Experimental studies with genetic manipulation or therapeutic intervention against TNF and TNFRs 

indicate that TNF signaling to indeed play an important role for the outcome following SCI. 

Experiments with TNFR deficient mice (TNFR1-/- or TNFR2-/-) show a deterioration in the outcome 

following SCI (141), whereas blocking both forms of TNF with therapeutic interventions can reduce 

inflammation, tissue damage and apoptosis (35, 37, 136, 142, 143). This indicates that TNF exhibits 

both neuroprotective and neurodegenerative roles following SCI and the results are somewhat 

conflicting (34, 59, 144-146). Furthermore, TNF has shown to be associated with demyelination and 

death of oligodendrocytes (135), to promote a more proinflammatory phenotype of macrophages 

following SCI and may be implicated in the failure of myelin phagocytosis (54, 59). Evidence implies 

that the neurodegenerative role of TNF might be executed by solTNF (34) and the cellular expression 
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of TNF may also be essential, as myeloid TNF has shown to be detrimental for the recovery following 

SCI (59, 145). To perceive further details and an overview of experiments elucidating the temporal 

and cellular expression of TNF and its role following SCI, please refer to the systematic review 

provided in this thesis, Manuscript I. 
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Hypothesis and aims 

Rationale 

TNF is strongly associated with the acute phase of neuroinflammation after SCI and seems also to be 

important in the recovery after SCI (38, 46, 59). Several studies have elucidated the expression of 

TNF in the acute phase following SCI (46, 135, 147), and some observations indicate TNF to have a 

second increase (46), however, this is not well-established. Also, TNFR expression is not well defined 

in the sub-acute phase of SCI (140), which is essential for a full understanding of the role of TNF 

following SCI. 

Previous findings in our group have demonstrated that blocking solTNF in the acute phase after SCI 

is protective after SCI (34), and microglial-derived tmTNF is neuroprotective following experimental 

stroke (97, 148). Furthermore, tmTNF is required for remyelination in experimental autoimmune 

encephalomyelitis (EAE) (113), and TNFR2 on monocytes/macrophages seems to drive the immune 

activation and EAE initiation, whereas TNFR2 on microglia promote more protective signals 

containing the disease (101). This suggest that the cellular source of TNF and its receptors determine 

the role of TNF in neuroinflammation, which have not been fully explored in the context of SCI.  

 

Hypothesis and aims 

 

Hypothesis 

• TNF plays an important role after SCI and is a potential target for therapeutic intervention in 

SCI 

• TNF and its receptors are upregulated in the acute and sub-acute phase following SCI, and 

their cellular source changes in the different phases after SCI  

• The function of TNF differs depending on its cellular source and removing microglial-derived 

or leukocyte-derived TNF will lead to modified neuroinflammation and alter the outcome 

after SCI 

• Blocking solTNF signaling will modulate the neuroinflammatory response towards a more 

neuroprotective environment after SCI, which will result in improved functional recovery 

after SCI. 
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Aims 

The overall aim of this thesis is to characterize the temporal and cellular expression of TNF and its 

two receptors after SCI. In addition, the aim is to gain further knowledge on the dichotomy of function 

of microglia versus leukocyte-derived TNF, as well as the role of solTNF versus tmTNF after SCI. 

Thereby, this thesis aims to provide a more thorough understanding of TNF’s function following SCI, 

which hopefully will lead to more efficient therapies for SCI.   

The specific aims were: 

• To investigate the current literature on TNF expression and to clarify the potential effect of 

TNF manipulation after experimental SCI  

• To establish the temporal and cellular expression of TNF and TNFRs in the acute and delayed 

phases after SCI and to further investigate the neuroinflammation in the acute and delayed 

phases of SCI. 

• To determine the role of microglial- versus leukocyte-derived TNF following SCI 

• To uncover the neuroprotective mechanisms during therapeutically blocking of solTNF in the 

acute phase after SCI 
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Experimental procedures and methodological considerations 

 

Experimental models of spinal cord injury 

In order to clarify the complex biomedical events and to develop therapeutic strategies following SCI, 

several SCI and animal models have been developed (149). Although, experimental SCI model could 

never completely mimic SCI in human, it is important to consider the models relevance to human 

pathophysiology, together with the reproducibility and availability of the model (149-151). There are 

advantages and disadvantages in every developed experimental SCI and animal model, and the 

following section will highlight some of these aspects and specify the SCI model used in this thesis. 

 

SCI models 

Overall, experimental SCI models are divided into complete and incomplete injury models. Complete 

injury includes a total transection of the spinal cord, whereas incomplete injury spares some motor 

and sensory pathways and includes contusion injuries, compression injuries, distraction injuries, 

dislocation injuries, partial transection of the spinal cord, hypoxia/ischemia injuries, and injuries 

induced by chemicals, temperature, laser, and irradiation (4, 152). The majorities of the injury models 

mentioned below require an exposure of the spinal cord before inducing the SCI, hence a 

laminectomy at the desired injury level is often unavoidable. A laminectomy is a relative invasive 

procedure for the animal, including the removal of some muscle and lamina, and it is therefore 

important to consider animals with a laminectomy but without SCI as a control (sham) group in all 

experiments.      

Most human SCI results from a blunt trauma to the spinal cord and total transection of the spinal cord 

rarely happen in humans (152). Hence, total transection injury models might not be the most clinical 

relevant for human SCI, however, the model are very reproducible and a useful tool for studying 

axonal regeneration and degeneration, to develop biomaterial scaffolds, and for studying the 

propriospinal motor and sensory circuits (152).  

The partial transection injury models are more likely to be seen clinically compared to total 

transection injury and refers to selectively injure a part of the spinal cord, such as hemi-section, 

unilateral transection, and dorsal column injuries (152). This injury models provide the possibility to 

compare injured and healthy fibers in the same animal and to investigate nerve grafting and plasticity. 
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Furthermore, it has the advantage of minimizing the post-operative care as it results in a less severe 

injury. However, it can be difficult to determine if the target tract is completely injured as these 

models can lead to higher magnitude of spontaneous recovery and this must subsequently be 

evaluated (9, 152).     

In distraction models, the spinal cord is stretched by controlled opposing traction forces, while 

dislocation models induce an injury by lateral displacement of the vertebra. Both distraction and 

dislocation models are relatively new injury models, and a variety of devices have been developed in 

order to induce the injury, and shows promising potential. However, they are not yet well-defined 

and needs to be further validated (152).   

Hypoxia/ischemia injury models are usually induced by temporary compressive restriction of the 

blood vessels that supply parts of the spinal cord. The blood vessels in the spinal cord are very 

vulnerable, and damage or alternation of the blood supply to the spinal cord is harmful and can result 

in changes in glial-axonal signaling and excessive amount of intercellular calcium, leading to long-

term consequences (4, 153). However, this injury model has limitations in its pathophysiology 

compared to investigating the overall complex cascade following traumatic SCI (152). Same 

challenges are associated with injury models induced by chemicals, temperature, laser, and 

irradiation. These injury models are very suitable for investigating the specific molecular mechanisms 

involved in SCI and the effect of therapies on specific pathways, however the reproducibility of these 

injury models can be challenging (152). 

Contusive and compression injury models are considered to be very relevant for the clinical aspect of 

human SCI and are the most used experimental SCI models to study the pathophysiology following 

SCI (4, 9, 149).  The first reported SCI model, performed by Allen in 1911, was a contusive SCI by 

dropping a weight from a given height down on the dorsal surface of the canine spinal cord (15). 

Most of the available contusive models have since been modified from this injury model and weight 

drop is still one of the most widely used SCI models (149). Contusive injuries are defined by a 

transient physical impact to the spinal cord, where compression injuries are an acute impact to the 

spinal cord followed by a prolonged forced compression. This makes some compression models to 

be categorized as a contusive-compression injury models, mimicking the mechanisms seen in human 

SCI due to fracture dislocations and burst fractures (152). A variety of devices are available for the 

induction of compression injuries, including clip compression, calibrated forceps compression and 
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balloon compression, some have the advantage of being simple and inexpensive techniques, however 

lack the acute impact components making them less clinically relevant (152).  

Furthermore, different types of devices are available for inducing contusive SCI, including weight-

drop devices, electromagnetic impactors, and an air gun device (152). The air gun is a recent 

contusion device from 2012 and induces SCI by a precisely directed stream of pressured air. However, 

further validation on the reliability and reproducibility of this model is required. The Ohio State 

University impactor is a computer-controlled electromagnetic impactor, which was invented in 1987 

for rats and has since been modified for use in mice. The Ohio State University impactor avoids 

multiple strikes when inducing SCI compared to weight drop devices, as it is actively withdrawn, 

however a limitation is the inability to determinate the initial impact (152). The original New York 

University impactor was a weight drop apparatus where a metal rod with a specific weight was 

dropped from a specific height onto the exposed spinal cord, and parameters for the injury, e.g., time, 

velocity, were recorded for analysis and verification. The New York University impactor has since 

been modified and renamed to Multicenter Animal Spinal Cord Injury Study (MASCIS) impactor 

and a standardized procedure has been established. The recent modified MASCIS impactor, MASCIS 

III, also utilizes electromagnetic control, however, limitations such as inability to control the duration 

of impact and to control the weight bounce, which can results in multiple strikes to the exposed spinal 

cord, is still a major concern of MASCIS devices (152).  

Another type of impactor is the Infinite Horizon (IH) impactor, which generates a reliable contusive 

SCI with a stepping motor connected to an external computer applying the impact with a 

predetermined force by a stainless steel-tipped impounder. When inducing the injury, an attached 

sensor measures the applied force between impounder and spinal cord, as the wanted force is reached 

the impounder is immediately withdrawn from the exposed spinal cord. The external computer can 

display the actual force applied, the velocity of the impounder, the calculated displacement, and 

changes in displacement and forces over time, which increases the reproducibility and validation of 

this injury model (4, 152). Furthermore, the steel-tipped impounder is available in different sizes, 

which can be replaced depending on the type of rodent being used and if only a unilateral contusive 

SCI model is desired. It has the possibility to induce a contusive compression injury, in which the 

impounder is inducing the injury with the predetermined force and withhold the pressure for a wanted 

period. However, the disadvantage of the IH impactor is the constellation of holding the spinal column 

firmly with tweezers during the insult, which can result in inconsistent injury and neurological 

deficits. To overcome this challenge, researchers have developed their own clamping system and 
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sham control are often necessary to include (152). The ability to predetermine the applied force, 

provide the possibility to generate a mild, moderate, or severe injury model. This Ph.d. project utilizes 

the IH impactor to generate a moderate contusive SCI model.    

 

Animal models 

Various animal models are used for studying the pathophysiology following SCI and small rodents, 

such as rats and mice, are the most frequently used animal models (149). Larger animals and non-

human primate studies might better approximate human SCI, however these are rarely used due to 

the expensive care, the regulatory requirements, and the ethical considerations associated with the 

use of larger mammals (149). Non-mammal species, such as fish and lamprey, are also used to study 

SCI and are well suitable for studying regeneration due to their characteristic regenerative capacities 

(149).  

Rodents are suitable for preliminary SCI studies as their availability, the less cost and ease of housing 

are great advantages (149). Especially, the high reproductive rates of mice lowers their cost and ease 

the use of genetically modification (4). However, it is important to consider the difference between 

mice and humans. It has been shown that the genome between mice and human is not radically 

different (4), yet a significant difference is the different histopathology following SCI in mice 

compared to human (9). In mice, the lesion site become filled with fibroblast cells in contrast to rats, 

cats, monkeys, and humans, where a cystic cavity is formed in the lesion following SCI (9, 21). 

Furthermore, the central hemorrhage necrosis following a contusive or compression SCI occurs in all 

mammals, but the subsequent activation of glia cells and infiltration of leukocyte differs between 

human and rodent, and also in between rodents (mice vs. rats) (21). In all species, the neutrophil 

infiltration occurs rapidly following SCI, but in mice high numbers of neutrophils have been observed 

to persists for months, compared to other species (21, 154), and the infiltration of lymphocytes seems 

to be more acutely in rats compared to mice and humans (21, 154, 155).  

In addition, there have been observed strain differences in the neuroinflammation and recovery 

following SCI, both in rats (62) and mice (154, 156, 157), and even the genetic variations between 

sub-strains might influence the detected response, as this has been shown in other disease models 

(158, 159). Age and gender of the used animal are also important factors to consider in experimental 

SCI, as both gender and age are known to affects the neuroinflammatory response (58, 160, 161).  
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Thus, it is vital to carefully select the appropriate animal model and control group for the experiment, 

and to afterward share the used strain and sub-strain, gender, and age with the scientific community, 

thereby ensuring experimental reproducibility and minimize bias.  

 

Level of injury 

The most common level of SCI in human is the cervical level (6, 149), however, the majority of 

experimental SCI studies induces SCI at the thoracic level (149). The reasons for this tendency are 

that thoracic SCI models are more reliable and easier to reproduce (149, 162). Furthermore, due to 

the region’s anatomic structure, an injury at the thoracic level also permits studies of the white matter 

deficits (162), while cervical SCI injuries are associated with higher risk of respiratory compromise 

and higher mortality in the animal models. However, it is important to consider the less clinical 

relevance of the thoracic SCI model and the differences in anatomical aspects between the thoracic 

and cervical level, such as the size of the spinal cord, the vascularization, the relative dedication of 

the cord to specific ascending and descending pathways, the size of the sensory and motor neuron 

populations, and the white/gray matter composition (149).  

 

The used mouse models 

In the present Ph.d. project a moderate contusive SCI was induced by the IH impactor in mice at the 

thoracic level, more specifically vertebrae T8 and T10 was identified based on the anatomical 

landmarks (163), and a laminectomy followed by a SCI was performed at T9. For detailed surgical 

procedure, the used anesthesia and post-operative care, please refer to the Material and Methods of 

the individual manuscripts. Studies were performed in mice with C57BL/6J genetic background, and 

female mice in the age of 8-12 weeks were preferred. This Ph.d. project used naïve C57BL/6J and 

utilized the ease of transgenic manipulation in mice to investigate the cellular contribution of TNF 

following SCI, and the work was performed in three different transgenic mouse models, mice with 

conventional TNF knock out (KO) (TNF-/-), mice with conditional TNF KO in the myeloid cell line 

(LysMCreTnffl/fl) and mice with inducible conditional TNF KO in microglia (Cx3Cr1CreERTnffl/fl).  
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Mice with conventional TNF KO 

Mice with TNF KO, TNF-/-, and their wildtype littermates, TNF+/+, were generated by crossing 

heterozygous mice, TNF+/-, and TNF+/- was a well-established colony in our lab (97). They were 

originally generated by Pasparakis et al. (118), but obtained from The Jackson Laboratory. The 

genomic locus for TNF and LTα was isolated, and the targeting vector was constructed by replacing 

at the coding region of the TNF gene with a MC1neopA cassette in the reverse orientation to the gene, 

and then further electroporated into 129S/SvEv-Gpi1c-derived CCE embryonic stem cells. The 

correctly targeted embryonic stem cells were then injected into C57BL/6 blastocysts, and male 

chimeric were mated to C57BL/6 females (118). 

 

Mice with conditional TNF KO in the myeloid cell line 

To generate mice with conditional TNF KO in the myeloid cell line, the Cre-loxP recombinase system 

was utilized. This system originates from the P1 bacteriophage and consists of the tyrosine 

recombinase enzyme Cre (causes recombination or cyclization recombinase) and the recognized loxP 

sites (locus of crossing (x)-over P1) (164, 165). The Cre recombinase enzyme uses a topoisomerase 

1-like mechanism to perform site-specific recombination events at the recognized loxP site.  

In the used mouse model, Grivennikov et al. inserted two synthetic loxP sites flanking the critical 

coding region of Tnf and inserted the Cre recombinase under the control of the lysozyme M (LysM) 

promotor, in mice with the genetic background C57BL/6J (166). The Lysm gene is specific for 

myeloid cells and are seen to become activated under macrophage differentiation (167, 168). Mice 

with inserted loxP sites (Tnffl/fl) still have a full intact Tnf gene and were used as wildtype littermate 

controls. Tnffl/fl mice were further crossed with mice carrying Cre recombinase under the control of 

the LysM promotor, generating LysMCreTnffl/fl mice (Figure 4a). The ablation of the Tnf gene was 

found to be almost completed in neutrophils and macrophages from LysMCreTnffl/fl mice (>98%), and 

no TNF protein was detected in supernatants of neutrophils stimulated with Lipopolysaccharid (LPS) 

(166, 168). Naïve CD11b+ microglia showed to exhibit 20% deletion of TNF, and after LPS 

stimulation their deletion efficiency was increased to 93%. In a mouse model of cerebral ischemia, 

isolated microglia from the ischemic brain of LysMCreTnffl/fl mice showed TNF+ microglia to be 

reduced by 56% 6 hours after injury compared to the wildtype littermates (169). Furthermore, 

LysMCreTnffl/fl male mice exhibited no phenotypic alternations and had no impaired locomotor or 

neuromuscular function compared to their wildtype littermates under naïve conditions (169).  
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LysMCreTnffl/fl breeding couples were kindly provided by Professor Sergei A. Nedospasov, European 

Academy of Tumor Immunology, Moscow State University/Russian Academy of Science, Moscow, 

Russia. 

 

 

Figure 4. The used transgenic mouse models with ablation of myeloid- or microglia-derived TNF. (a) 

Mice with two loxP sites flanking at the critical coding region of Tnf (Tnffl/fl) was crossed with mice having 

Cre recombinase inserted under the control of the lysozyme M (LysM) promotor, generating mice with 

conditional ablation of myeloid TNF (LysMCreTNFfl/fl) and wildtype littermates (Tnffl/fl) were used as control. 

(b) Tnffl/fl mice were crossed with Cx3Cr1CreER mice to generate Cx3Cr1CreERTnffl/fl mice. To induce ablation 

Tamoxifen treatment was performed, ablating Tnf in all Cx3Cr1+ cells. To achieve microglia specific gene 

ablation, 4 weeks of waiting period following tamoxifen treatment was needed, ensuring all fast-renewing 

myeloid cells are replaced with wildtype cells, thereby only microglia have remained the Tnf ablation and 

wildtype littermates (Tnffl/fl) were used as controls. Images were created with BioRender.com.    
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Mice with conditional TNF KO in microglia 

To generate mice with conditional ablation of TNF in microglia, the well-established Tnffl/fl mice were 

crossed with Cx3Cr1CreER mice, which were kindly provided by Roberta Brambilla, The Miami 

Project To Cure Paralysis, Department of Neurological Surgery, University of Miami Miller School 

of Medicine, Miami, USA.  

The Cx3Cr1CreERTnffl/fl mouse model utilizes an inducible Cre-loxP recombinase system, where the 

Cre protein is fused with the estrogen receptor (CreER) containing a mutated ligand-binding domain, 

ER-LBD. This provides the ability to predetermine the activation of the Cre enzyme upon 

administration of an estrogen antagonist, tamoxifen (170). The expression of CreER is under the 

control of the CX3C chemokine receptor 1 (Cx3CR1) promoter, which is expressed on most myeloid 

cells, e.g., microglia and macrophages (171, 172). Prior to tamoxifen treatment, the inactive CreER 

recombinase is presented in the cytoplasm and form a complex with the heat shock protein 90, 

following tamoxifen administration interaction between CreER and heat shock protein 90 becomes 

disrupted, and CreER is able to translocate to the nucleus and bind to the two loxP sites (170) – 

resulting in ablation of TNF in Cx3CR1+ cells. To only achieve microglia specific gene ablation, our 

protocol exploited the different origins and turnover rates between microglia and other Cx3CR1+ 

myeloid cell, by adding 28 days of waiting period between tamoxifen treatment and start of 

experiment. This ensures that all fast-renewing myeloid cells are replaced with wildtype cells from 

bone marrow precursors, whereas microglia are not replaced by this period and thereby maintain Tnf 

ablation (Figure 4b) (101). 

 

Behavioral testing 

Transgenic manipulation in animal models is a powerful tool to increase knowledge of a very specific 

gene under predetermined conditions and the altering gene expression might also change the 

behavioral phenotype of the animal. Therefore, behavioral testing can be a useful method to clarify 

this phenomenon, and it gives furthermore the ability to investigate the behavior of the animal prior 

and after an injury. Some of the first records of behavioral testing in rodents can be found in the 

beginning of the twentieth century (173) and since then this field has advanced substantial and a 

variety of testes are available and standardized to evaluate traits as anxiety-like and depression-like 

behavior, sensory-motor functions, cognitive functions, etc. (174). 
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However, several challenges are associated with animal behavioral testing, and to make reliable and 

reproducible results, one must consider quite a few factors prior to the test, show a general 

understanding for rodent biology, and always be blinded to the genotype or treatment (151, 175, 176). 

Both the experimenter and environmental factors can affect the outcome and changes should be 

minimized, this could include solution as the same experimenter performs the same task, no 

unnecessary odors or noise, light conditions should not be too bright or change during the test, 

automated test equipment is applied whenever possible etc. (174). In addition, the behavior of an 

individual rodent might also vary compared to the rest in that specific experiment, and behavioral 

testing is therefor also a useful tool to identify and exclude animals with aberrant behavior (4).    

In this Ph.d. project characterization of the two different mouse strains LysMCreTnffl/fl and 

Cx3Cr1CreERTnffl/fl mice was performed, both under naïve conditions and following SCI. Anxiety-

like behavior and locomotor function was measured by testing with Open-field, Y-maze, Elevated 

plus maze, Rung walk, and Basso Mouse Scale (BMS). These behavioral tests will briefly be 

described in the following section, and to view a more specific and detailed protocol for the individual 

test please refer to the Material and Methods of Manuscript II (BMS), III (Open-field, Y-maze, 

Elevated plus maze, Rung walk, and BMS), and IV (BMS).  

 

Open-field  

The Open-field test was invented in 1932 by Calvin Hall, which used the defecation of the animal as 

a sign of anxiety, and the test has since then been further developed to assess more behavioral traits 

(177). It is a test which implicates the cortex, amygdala and hippocampus, and it yields a quantitative 

and qualitative measurement of the animals general locomotor activity and the willingness to explore 

new environment (178). In the Open-field test the animal is placed in a novel open space surrounded 

by high non-transparent walls and tracking its activity over a 10 minutes period with SMART video 

tracking software (Panlab, Barcelone, Spain) connected to a video camera (SSCDC378P, Biosite, 

Stockholm, Sweden) (179). The open space is divided into zones, to evaluate the animal willingness 

to explore new environment versus its tendency to avoid open spaces. Furthermore, the total distance, 

vertical activity (number of rearing), and events such as grooming, urination, droppings, digging and 

jumping, was measured in the present Ph.d. project, to give an indication of the animal’s locomotor 

function and anxiety (180, 181). The test is one of the most widely used tools to measure behavior in 
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rodents, probably due to its simplicity and the automatic measurements available, enabling easy, 

reproducible, and rapid measurement of clearly defined behaviors (181, 182).   

 

Y-maze  

The Y-maze test consists of a translucent box with three arms shaped as the letter Y, and are invented 

to explore the spatial recognition, working memory, and the animal’s willingness to explore (183). 

Initially, a rodent is placed in the center of the maze and have a defined period to explore the arms, 

and the different entries are noted. Thus, the test takes advantages of the natural biology of the 

rodent’s preference of exploring a novel arm rather than the one recent visited (184) and the 

spontaneous alternation behavior can be evaluated (185). This is a simple and quick test to evaluate 

the memory of the animal, and evaluation of the total number of arm entries also provides an 

indication of the locomotor function of the animal (185).  

 

Elevated plus maze 

The elevated plus maze is shaped like a plus (+) and elevated from the ground with two open and two 

closed arms opposite to each other. It is based on rodents preference to avoid brightly lit open areas 

and seek to darker spaces (186), and together with the fear of heigh, the test implicate brain structures 

such as the amygdala (187). In the elevated plus maze test, a rodent is placed in the center of the maze 

and has 5 minutes to freely explore the maze while the travelled distance and time in the open and 

the closed arm are tracked with SMART video tracking software (Panlab, Barcelone, Spain) 

connected to a video camera (SSCDC378P, Biosite, Stockholm, Sweden), enabling evaluation of 

locomotor function and anxiety of the animal (186, 188).    

 

Basso Mouse Scale 

The BMS is a very commonly used analysis of locomotor recovery following SCI in mice (151). The 

BMS scoring system is advanced from the Basso, Beattie, Bresnahan (BBB) locomote rating score, 

a scoring system originally intended for rat’s recovery following SCI, however many researchers also 

used the BBB scoring system for the recovery in mice (156). The BBB scoring system was believed 

not to be accurate enough for mice, due to the differences seen in rats versus mice recovery pattern 
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following SCI, and the BMS scoring system was established and found to be sufficient to determine 

if the injury is mild, moderate, or severe (151, 156). 

The mouse is placed in an open field for 4 minutes and the hind limb locomotor function is scored 

based on the scoring criteria from Basso et al (156). The BMS includes an overall score and a sub-

score, where the latter is able to distinguish between finer recovery of specific locomotor features 

(156). Furthermore, it is important to pre-train the mouse to the open area in order to prevent fear and 

stress behavior, which could bias the evaluation (156). It is worth mentioning that the BMS scoring 

system was also used in the present Ph.d. project as an indication of if the mouse received a successful 

SCI and when the mouse is capable of further evaluation in Rung walk, Hargreaves and Open-field 

tests following SCI. In the present Ph.d. project, mice which exhibit a BMS score above 1 at day 1 

following SCI were assessed to have received an unsuccessful SCI and excluded from the experiment. 

Furthermore, in order to further evaluate the mouse in the Rung walk, Hargreaves and Open-field test 

following SCI, they needed to have achieved a BMS score of at least 5, enclosing that they have 

regained at least frequent or consisting plantar stepping, thereby ensuring that they were able to 

perform the task. Please refer to Basso et al., 2006, to view the full scale and operational definitions 

of the scale (156).      

 

Rung walk  

In the Rung walk test it is possible to measure both forelimb and hindlimb placement, stepping and 

inter-limb coordination of the mouse as it walks over a horizontal ladder. The Rung walk consists of 

two parallel plates of transparent plates with a 2.5 cm distance between them, where metal rungs are 

placed to create a floor with an irregular pattern. The ladder is placed 30 cm above ground with a 

neutral cage in the beginning and the home cage at the end, and the mouse walks over the ladder 

while being recorded with a high speed camera (189). Following the test, evaluation of the limb 

performance is performed using a paw fault scoring system (189). In the present thesis, the paw fault 

scoring system from Novrup et al. was used for both the left and right hindlimbs before and after SCI 

(34). Only hindlimbs were evaluated due to the placement of the SCI, and all mice were pretrained to 

avoid anxiety related behavior during the task (189).  
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Hargreaves 

The Hargreaves test measures the withdrawal latency following thermal stimulation to the hind paws, 

as nociception is an important protective mechanism in rodents, as in humans (190), and following 

SCI thermal hyperalgesia would be expected (34, 191). The Hargreaves test includes the Hargreaves 

heat source together with the Plantar Test apparatus, and the Plantar Test apparatus consists of a 

transparent box in which the mouse is placed. After an acclimation period, an infrared beam is pointed 

at the plantar of the mouse hind paws, which provides the thermal stimulus, and the period from 

starting the beam to the animal withdraws its paw is recorded (192). This provides the possibility to 

evaluate the animals pain threshold and hyperalgesia (190). 

 

The core molecular methods 

In the present Ph.d. project several molecular-biological methods were performed, and the following 

section will describe some of the core methods used, what to consider when performing the method 

and in what manuscript the method was performed. For the additional methods used in the included 

studies, I kindly refer to the Material and Methods in the individual manuscripts. 

 

Reverse transcriptase quantitative polymerase chain reaction  

To analyze the gene expression of the genes of interest, RNA was isolated, and reverse transcriptase 

quantitative polymerase chain reaction (RT-qPCR) was performed. Mice used for gene expression 

analysis were overdosed with pentobarbital and transcardially perfused with diethylpyrocarbonate 

(DEPC, to reduce RNases)-treated phosphate buffered saline (PBS) to remove the blood from the 

vasculature system. One centimeter of spinal cord tissue segment was removed from the mouse, as 

quickly as possible. In SCI mice the tissue segment was centered the lesion and in sham and naïve 

control mice the tissue segment was removed from the corresponding level. The segments were 

placed in RNase free eppendorf tubes containing TRIzol Reagent, snap frozen on dry ice and stored 

at -80°C until further processing. 

The samples were homogenized and to ensure complete dissociation of nucleoprotein complexes, 

samples were allowed to stand for 5 minutes at room temperature. Afterward samples were 

centrifuged, and the supernatant was collected, this allows the removal of the lipid layer, which forms 

in the top, due to the spinal cord tissue content of myelin. Chloroform was added (without any 
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additives), and after shaking the samples and letting them incubate, they were centrifuged which 

separated the mixture into 3 phases: red organic phase containing proteins, the interphase containing 

DNA, and the colorless upper aqueous phase containing RNA. The upper aqueous phase was 

collected, and RNA was precipitated with isopropanol. Several wash in 75% ethanol were performed 

to reduce any contaminations, such as phenol or guanidine, and the total RNA was dissolved in 

Nuclease free water. Concentrations and purity were checked using a Thermo Scientific™ 

NanoDrop™ One spectrophotometer. The absorbance ratio from the spectrophotometer is capable to 

indicate the purity of the samples, and the A260/280 ratio should be between 2.1 and 1.8, as a lower 

ratio could indicate protein contamination. The A260/230 ratio should be close to 2.0, and if it is 

below, the samples are considered to be contaminated with organic contaminations such as phenol, 

salt and/or other aromatic compounds, which can interfere with downstream applications such as 

reverse transcription.  

When RNA is isolated it is of most importance to keep the samples on ice, thereby preventing 

degradation of the RNA. The samples were diluted to the required concentration and the cDNA 

synthesis was performed with the High-Capacity cDNA Reverse Transcription kit from Applied 

Biosystems and synthesized using a MJ Research PTC-225 Gradient Thermal Cycler from Marshall 

Scientific. Reverse transcription cycle conditions were as follows: 25°C for 10 min, 37°C for 120 

min, 85°C for 5 min, and then cooled down to 4°C. A no template control and a no reverse 

transcriptase were applied as negative controls, to ensure no sign of primer dimer formation or 

contamination. cDNA was diluted to 50 ng/µl and stored at -20°C until further processing. 

The quantitative polymerase chain reaction (qPCR) was performed with Maxima SYBR Green 

detection using a CFX Connect Real-Time PCR Detection System from Bio-Rad (Manuscripts II and 

III). SYBR Green is a fluorescence dye which binds to the minor groove of all double-stranded DNA 

and as the target sequence is amplified during a PCR reaction the fluorescence intensity increases. 

Therefore, the fluorescence intensity is proportional to the amount of PCR product produced. When 

targeting the wanted gene, primers were designed with NCBI’s Nucleotide database and Primer 

designing tool. Primers were aimed to target exon-exon junctions whenever possible, were checked 

for self-complementary with Oligo calc (33) and purchased from TAG Copenhagen. Thermal cycling 

conditions were as follows: 95°C for 10 min to separate the cDNA, followed by further denaturation 

for 15 seconds whereafter the temperature was lowered to the optimal annealing temperature for each 

primer pair for 30 seconds and then raised again to 72°C for 30 seconds. This was caried out for the 

appropriated numbers of cycles. At last, the samples were heated to generate a melting curve. A 4-
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fold standard curve and a calibrator were prepared from a mixture of aliquots from all experimental 

samples and used on every assay. Each primer pair was evaluated with a standard curve before the 

actual experiment, in order to optimize and find the optimal annealing temperature, primer 

concentration and number of cycles. “No template” and “no reverse transcriptase” controls were 

included as negative controls at for each newly made master mix. All samples and standards were 

tested in triplicates, the calibrator was applied to 6 wells, and samples from different time points were 

randomly distributed across the different assays. Amplification of a single desired product was 

confirmed by the presence of only one melting curve. Relative transcript levels were calculated using 

the Pfaffl method (193), which accounts for primer efficiencies per plate, in contrast to delta-delta Ct 

method which assumes that for each cycle the amount of product doubles (the primer efficiencies = 

100%). The slope of the standard curve was accepted around -3.32, and primer efficiencies were 

accepted within the range of 100±5% (depended on the slope) and coefficient of correlation (R2) 

around 0.98-0.99. All data were normalized to the reference gene, Hprt1, which has been shown to 

be a stable reference gene following contusive SCI (194).   

 

Protein analysis 

Mice used for protein analysis were overdosed with pentobarbital and transcardially perfused with 

PBS to remove the blood from the vasculature system. One centimeter of spinal cord tissue segment 

was removed, as quickly as possible, in SCI mice the tissue segment was centered the lesion and in 

sham and naïve control mice the tissue segment was removed from the corresponding level. The 

segments were snap frozen on dry ice and stored at -80°C until further processing. 

The protein purification was performed by lysing the samples with Complete Mesoscale Lysis Buffer 

and tip-sonicate them. After 30 minutes incubation at 4°C with shaking, the samples were 

centrifugated, and depending on the study, the samples were centrifuged at 14,000 g at 4°C for 20 

minutes (Manuscripts II and IV) and the supernatant was collected, to obtain total protein. To obtain 

both the cytosolic and nuclear fractions (Manuscripts III), samples were centrifuged at 5,500 g at 4°C 

and the supernatant (cytosolic fraction) was collected, and the pellets (nuclear fraction) were washed 

twice and then dissolved in Complete Mesoscale Lysis Buffer. All samples were stored at -80°C until 

protein concentration determination the following day.  

The protein concentration was determined by the Pierce bicinchoninic acid (BCA) protein Assay Kit, 

a biochemical assay for determining the total protein concentration ranging from 0.5µg/mL to 
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1.5.mg/mL which was efficient for the included studies. The peptide bonds of the protein react with 

copper ions in the solution provided in the kit, and when incubating the plate at 37°C for two hours a 

colored complex will form, the complex will absorb light at a wavelength of 562 nm. This provides 

the ability to quantify the amount of protein in the sample by detecting the absorption spectra using 

a Vmax kinetic microplate reader and SoftMax® Pro Software (Molecular devices) and compare it to 

a standard curve consisting of known protein concentrations provided in the kit (195, 196).    

The analysis of specific proteins in the included studies were evaluated by either 

electrochemiluminescence immunoassays or western blotting analysis. The overall mechanism and 

important consideration of these two analysis methods will briefly be described.  

Electrochemiluminescence analysis from MesoScale Discovery (MSD) was performed with MSD 

immunoassays (Manuscript II, III, and IV), which have high binding carbon electrodes in the bottom 

allowing greater binding of biological reagents and employ a sandwich immunoassay format. 

Generally, the antibody is coated on an electrode (spot) in the bottom of the plate, and after adding 

the sample, the analyte is captured and washed with provided buffers. Afterwards, a solution 

containing the detection antibody labeled with the patented electrochemiluminescent compound 

SULFO-TAGTM was added and incubated. Following incubation, reading buffer, included in the kit, 

was added, to provides the optimal chemical environment, and the plate was loaded into the MSD 

SECTOR® plate reader. Here, voltage are applied to the plate and the labels (i.e. SULFO-TAGTM) 

bound to the electrode surface emit light, providing the possibility to quantitative measure the amount 

of wanted protein, as the absorbance can be compared to a standard curve with known concentrations 

(197). Electrochemiluminescence analysis from MSD are assumed to be more sensitive and precise, 

and able to quantify more analytes than normal enzyme-linked immunosorbent assays (ELISAs) 

(198).    

For western blotting analysis equal amounts of protein (19 µg) was diluted in a loading buffer 

(Manuscript III), containing glycerol (enabling the sample to sink into the wells), a tracking dye and 

a reducing reagent, and denatured by heat. The molecular weight marker, SeeBlue plus2 pre-stained 

standard, and samples were added on a custom-made NuPAGE® Novex 10-14% Bis-Tris sodium 

dodecyl sulfate polyacrylamide (SDS) gel and separated by their size (smaller proteins travels more 

easily than larger proteins through the gel) in a 3-(N-morpholino) propanesulfonic acid (MOPS) SDS 

running buffer containing 0.25% antioxidant. Different SDS gels and running buffers are available, 

and which one to use is depended on the size of the protein of interest, for example; the use of MOPS 
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running buffer allows proteins to run slower, than when using 2-(N-morpholino)ethanesulfonic acid 

(MES) buffer due to the difference in ion migration which affects the stacking of the gel (199). After 

the gel electrophoresis, the proteins are transferred to a membrane. A variety of membranes are 

available such as polyvinylidene difluoride (PVDF) and nitrocellulose membranes, and all 

membranes have their own strength and properties, e.g., hydrophobic vs hydrophilic, protein binding 

capacity, pore size, etc. Here, PVDF membranes were used due to its strength, higher chemical 

resistance, and protein binding capacity (199). Transferring or blotting the proteins onto the 

membrane are performed by using an electric field oriented perpendicular to the surface of the gel, 

thereby making the negatively charged proteins migrate onto the membrane with a positive charge. 

This was performed under wet conditions with transfer buffer, as wet conditions are more reliable, 

and the membrane and gel are less likely to dry out. Following blotting, the membrane was blocked 

with 5% nonfat milk diluted in tris-buffered saline (TBS) with 0.05% tween, to prevent unspecific 

binding of the antibodies. After washing the membrane, it was incubated with the wanted antibody 

over night at 4°C. The following day, the membrane was washed and incubated with the horseradish 

peroxidase (HRP)-conjugated secondary antibody for one hour at room temperature. A challenged 

associated with this method, is the lack of sufficient specific antibodies for detection of the protein of 

interest, and detection of the protein is often based on its molecular weight, which is not always 

precise. Furthermore, the secondary IgG might also have unspecific bindings and the concentrations 

of the primary and secondary antibodies often must be optimized. Therefore, it is of most importance 

to consider a control with no primary antibody during the optimizing procedure, thereby ensuring the 

presence of the protein of interest is precise (199). The visualization of the membrane was performed 

with the enhanced chemiluminescence in a ChemiDoc MP System (BioRad) with Super SignalTM 

West Dura Extended Duration Substrate, and post image processing and semi-quantification was 

performed on unmerged blots with the same exposure time in ImageLabTM. Furthermore, the analysis 

was normalized to a loading control and presented relative to naïve mice.  

 

Immunohistochemistry 

Immunohistochemistry provides the possibility to investigate tissue segments for presence of a 

specific antigen/protein and to elucidate its cellular source. For this method, one centimeter of spinal 

cord segments centered the lesion in SCI mice or from the corresponding level in sham and naïve 

mice was quickly removed from mice overdosed with pentobarbital and transcardially perfused with 

4% paraformaldehyde (PFA) in PBS. For the included studies, tissue segments where either paraffin-
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embedded (Manuscript III) or frozen in Tissue-Tek compound with gaseous CO2 (Manuscripts II, III 

and IV). For the paraffin-embedding procedure, the tissue was post-fixated in 4% PFA overnight, 

dehydrated in increasing alcohol concentration followed by xylene and lastly embedded in paraffin. 

The tissue was afterwards cut on a microtome in 10 parallel series of 15µm thick sections. For the 

cryo-sectioning procedure, the segments were post-fixated in 4% PFA for 45 minutes and immersed 

in 20% sucrose in PBS overnight at 4°C. On the following day, the tissue was frozen in Tissue-Tek 

compound with gaseous CO2 and thereafter cut in 10 or 6 parallel series of 20µm thick transverse or 

longitudinal sections. Which procedure that was chosen depended on the study design. Paraffin-

embedding is believed to better preserve the morphological details but includes a higher risk of over-

fixation which can cover the epitope of interest; thus, this procedure was performed when tissue had 

to be used for estimation of injury volume with luxol fast blue staining (staining of preserved myelin). 

The main risk associated with cryopreservation is the formation of ice crystals which can destroy the 

tissue, however the procedure is also thought to better preserve enzyme and antigen expression and 

was therefore used when wanted to visualize the presence of specific proteins and their cellular source 

(200). 

Both 3,3’-diaminobenzine (DAB) and fluorescence staining were performed, and both methods is 

based on the interaction of an antigen present in the tissue section with an antibody and each have 

their own advantages and disadvantages, e.g., the specificity, durability and the combination of more 

than one antibody. The preparation of the sections prior to incubation with antibody, differs between 

the paraffin embedded and cryo-sections, the paraffin embedded sections needed deparaffination with 

xylene and rehydration with decreasing alcohol concentrations. Furthermore, to unmask the epitope 

the paraffin embedded sections underwent heat-induced antigen retrieval. For the DAB staining, it is 

important to block for endogenous peroxidase activity by H2O2, as the oxidation of DAB by hydrogen 

peroxide needs to only be achieved by the peroxidase from the HRP-conjugated secondary antibody. 

Both staining procedures, prevented non-specific binding of the antibodies by blocking with fetal 

bovine serum. The primary antibody was incubated overnight at 4°C and the following day the 

secondary antibody was added and incubated for 2 hours unless the primary antibody was directly 

conjugated with either the fluorophore or biotin. For DAB staining, streptavidin conjugated with HRP 

was added and incubated for one hour, before visualizing the staining with DAB development and 

staining of nucleus with toluidine blue. For the fluorescence staining, the nucleus was visualized with 

4′,6-diamidino-2-phenylindole (DAPI). When staining with antibodies, an optimization step is 

needed to achieve the optimal concentration of the antibody, and different controls are important to 
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consider ensuring the specificity of the staining, this includes no added primary antibody, no added 

secondary antibody, an isotype control and if possible, to perform the staining on tissue segments 

where the protein of interest is absent.          

  

Flow cytometry 

To investigate and measure different immune cell populations in the spinal cord both under naïve 

conditions and following SCI flow cytometry was performed (Manuscripts II, III, IV). One centimeter 

of spinal cord tissue containing the lesion area (centered on the lesion) and one centimeter of spinal 

cord tissue containing the peri-lesion area (tissue 0.5 cm distal and 0.5 cm proximal to the lesion was 

pooled to represent peri-lesion tissue) was removed from each SCI mouse, furthermore, one 

centimeter of spinal cord tissue was taken from the equivalent regions in mice which did not undergo 

SCI. The tissue segments were quickly removed from mice overdosed with pentobarbital, which had 

been transcardially perfused with PBS and the segments were placed in cold RPMI containing 10% 

fetal bovine serum. The spinal cord tissue was mechanically homogenized through a 70 µm filter to 

obtain single-cell suspension, which better maintain the cell surface markers integrity (201, 202).  

Samples used for intracellular staining for TNF were incubated in vitro at 37°C with the protein 

transporter inhibitor GolgiPlug, containing Brefeldin A. In order to remove the high amount of myelin 

found in spinal cord samples, magnetic Myelin Removal Beads II was used with the magnetic 

activated cell sorting (MACS) separations LS columns. The unlabeled cells were collected, and 

following washing steps red blood cell lysis was performed with 0.83% ammonium chloride, this 

causes osmotic rupture of red blood cells alone due to the anion exchanger involved in the lysis is 

mainly found on mature red blood cells (203). After the removal of myelin and red blood cells, 

samples were stained for live/dead cells using the Fixable viability Dye eFlouro 506, and to prevent 

unspecific binding of antibodies samples were blocked with Syrian Hamster gamma globulin and 

anti-mouse CD16/CD32 (Mouse BD Fc BlockTM) for 30 minutes. Antibodies for surface markers 

were added and samples incubated for 30 minutes and were fixated with Cytofix/Cytoperm. 

Furthermore, if intracellular staining was needed this was performed following a wash in PermWash 

(permeabilize cells).  

Antibodies were directly conjugated with fluorochromes and to facilitate fluorochrome compensation 

and setting of the FACS machine, unstained and single stained reference samples were made from 

experimental samples and cells from lymph nodes, and positive staining was further determined based 
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on the fluorescence levels of respective isotype and fluorescence minus one (FMO) controls. A 

FACSCalibur flow cytometer was used, and data analyzing was performed with the CellQuest Pro 

Software.  

Events were collected using forward and side scatter (FSC and SSC, respectively) and live cells were 

first separated from cell debris and the remaining myelin. Microglia, infiltrated leukocytes, and 

infiltrated lymphocytes were isolated based on their expression of CD45, CD11b, Ly6C, Ly6G and 

CD3, as previously described (202).   
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Included manuscripts 
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Included manuscripts 

This chapter provides the three manuscripts and one published paper included in this thesis.  
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Abstract 

Background: Pre-clinical studies place tumor necrosis factor (TNF) as a central player in the 

inflammatory response after spinal cord injury (SCI). Numerous studies have tried to elucidate the 

role of TNF in connection with SCI, and blocking the production and/or activity of TNF is considered 

a possible treatment option after SCI. This systematic review provides an overview of the literature 

on the temporal and cellular expression of TNF after SCI and clarifies the potential for therapeutic 

manipulation of TNF in SCI.  

Method: A systematic search was performed in EMBASE (Ovid), MEDLINE (Ovid), and Web of 

Science (Core Collection). The search terms were the MeSH forms of tumor necrosis factor and spinal 

cord injury in the different databases, and the last search was performed on March 24, 2021. 

Results: We found twenty-three articles examining the expression of TNF, with most using a thoracic 

contusive SCI model in rodents. Two articles described the expression of TNF receptors in the acute 

phase following SCI. Twenty articles described manipulation of TNF signaling using genetic knock-

out, pharmaceutical inhibition, or gain-of-function approaches. Overall, TNF expression increased 

rapidly in resident cells (neurons, astrocytes, oligodendrocytes and microglia) within the first hours 

after SCI and again in macrophages in the chronic phase after injury. The review demonstrated the 

complexity of TNF’s role after SCI and suggested that TNF inhibition might be a promising future 

therapeutic option following SCI. 

Conclusion: This review concludes that TNF expression has a significant role in the inflammatory 

response after SCI and suggests targeting TNF signaling is a feasible therapeutic approach. 
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Introduction 

Spinal cord injury (SCI) is a life-changing condition that can result in partial or complete loss of 

sensory and/or motor function below the level of injury (1). As no efficient therapeutics are currently 

available, and treatment remains symptomatic, and despite advanced the health care systems and 

specialized rehabilitation care, patients with SCI continue to have a reduced quality of life with an 

increased mortality rate (2). Millions of people worldwide are affected, and the financial burden 

surrounding SCI is enormous for the patient, their family, and society. Therefore, it is of great interest 

to develop new therapeutic strategies to prevent or diminish the consequences of SCI (3). 

SCI most often results from a traumatic hit to the spinal cord, known as the primary injury. This insult 

initiates the second phase that leads to further expansion of the initial tissue damage. The second 

phase includes a variety of detrimental cellular and molecular events such as excitotoxicity, edema, 

and neuroinflammation (reviewed in (1, 3)). Research is mainly focused on understanding this 

secondary damage, and one therapeutic strategy is to dampen the detrimental inflammatory response 

and thus reduce the delayed cell death and demyelination after SCI. 

Following SCI, both astrocytes and microglia become immediately activated, initiating an 

inflammatory cascade of events which facilitate the recruitment of activated immune cells, e.g., 

neutrophils and macrophages, to the site of injury (Figure 1). Although, microglia and macrophages 

are highly involved in clearing cellular debris and the reestablishing tissue homeostasis, activated 

immune cells also produce inflammatory mediators, like cytokines, proteolytic enzymes, and reactive 

oxygen species (ROS) that contribute to further tissue damage (3, 4). These cells thus have a complex 

role in the inflammatory response after SCI. 
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Figure 1: Characterization of glial and leukocyte reactivity after SCI in mice and humans. (a-f) 

Immunofluorescent double staining demonstrating activated microglia and infiltrating immune cells to localize 

within the lesion and peri-lesion area. CD11b+ cells in (a,b), CD68+ cells in (c,d), and Iba1+ cells (e,f)) are 

surrounded by hypertrophic GFAP+ astrocytes forming the glial scar at 21 days (a,c,e) and 28 days (b,d,f) after 

SCI. (g-h) Activated Iba1+ microglia/macrophages (green) located within the lesion site were found to co-

express Gal3 (red) at 21 days (g) and 28-days (h) after SCI, whereas Iba1+ cells located within the peri-lesion 

area showed less Gal3 expression. (i-j) Immunofluorescent double staining demonstrating co-localization of 

CD68 (red) to the majority of Iba1+ microglia/macrophages (green) located within the lesion and peri-lesion 

areas at 21 days (i) and 28 days (j) after SCI. (k-m) Immunofluorescent double staining demonstrating that 

most Iba1+ cells (green) co-express the CD11b marker in peri-lesion area at 21 days (k), 28 days (l), and 35 

days (m) post-injury. Unpublished images of tissue sections were acquired from parallel tissue sections from 

female C57BL/6J mice subjected to SCI, processed as previously described (Lund et al., in prep, Manuscript 

II). (n) Immunofluorescent staining demonstrating Iba1+ microglia/macrophages (green) in postmortem spinal 

cord of a 38-year-old male with a 2-week-old T6 SCI. (o-p) Immunofluorescent staining demonstrating Iba1+ 

microglia/macrophages (green) and CD68+ microglia/macrophages (red) in postmortem spinal cord of a 65-
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year-old male with a 5-week-old C4 SCI (o) and a 33-year-old male with a 3-week-old C6-7 SCI injury (p). 

Paraffin-embedded postmortem human spinal cord samples were obtained from The Miami Project Human 

Core Bank at the University of Miami Miller School of Medicine managed by Alexander Marcillo, MD, and 

Yan Shi, MS. Parallel spinal tissue samples are part of a study on the role of TREM2 in SCI (Gao et al., 

submitted) and a study on TNF in SCI (Lund et al., in prep, Manuscript II). DAPI was used as a nuclear marker. 

Scale bars: a,c: 200 m, b, d-n: 100 m. * denotes the anterior median fissure of the spinal cord. Gal3: Galectin 

3, GFAP: glial fibrillary acidic protein, Iba1: ionized calcium-binding adaptor molecule 1, CD: Cluster of 

differentiation. 

 

Together with microglia and macrophages, astrocytes and neurons have been shown to be sources of 

cytokine production in the spinal cord (3, 5). Cytokines are important for the maintenance of CNS 

homeostasis; however, they are also involved in regulating the inflammatory response after SCI 

(Figure 2) (6, 7). Besides contributing to the recruitment and activation of infiltrating immune cells, 

such as neutrophils and macrophages, cytokines are implicated in regulating the survival, 

proliferation, differentiation, and functional activity of their target cells (8).  

One cytokine that has been extensively investigated after SCI, is tumor necrosis factor (TNF) (Figure 

2) (3, 9-12). TNF is involved in tissue homeostasis and various physiological processes in the CNS, 

such as synaptic plasticity (13) and learning and memory (7, 14). TNF also play a key role in 

inflammation, however, and exessive TNF production is known to trigger different inflammatory 

conditions (reviewed in (15)) and pathological conditions, such as traumatic brain injury (16), stroke 

(17), Alzheimer’s disease (18), multiple sclerosis (19), and SCI (20) (reviewed in (21-23)). 
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Figure 2. Temporal profile of cytokine and cytokine receptor upregulation after SCI. (a) Graphical 

presentation of the temporal profile of Tnf, Tnfrsf1a, Tnfrsf1b, Il1b, Il6, Il10, and Cxcl1 mRNA levels in spinal 

cords from C57BL/6J mice subjected to SCI. (b) Graphical presentation of the temporal profile of TNF, 

TNFR1, TNFR2, IL-1, IL-6, IL-10, and CXCL1 protein levels in the spinal cords from C57BL/6 mice 

subjected to SCI. Data are presented as relative increases in mRNA or protein levels compared with 

unmanipulated controls. The data were from Lund et al., in prep (Manuscript II). Note the logarithmic Y axes. 

CXCL1: C-X-C Motif Chemokine Ligand 1, IL: interleukin, TNF: tumor necrosis factor, TNFR: tumor 

necrosis factor receptor.  

 

TNF exists as a transmembrane protein (tmTNF) which can be cleaved by TNF alpha converting 

enzyme (TACE, also known as ADAM17) into a soluble protein (solTNF) (reviewed in (24)). Both 

forms of TNF require trimerization to be biologically active, and both forms can bind to TNFR1 and 

TNFR2, however, with different binding affinities. solTNF binds preferentially to TNFR1, while 

TNFR2 becomes only fully activated by tmTNF (25, 26). The expression of TNFR1 and TNFR2 

increases following SCI (Figure 2). TNFR1 can be found on most cell types whereas TNFR2 is 

restricted to immune cells, glial cells, endothelial cells, and neurons (27, 28). Furthermore, the 

signaling cascade differs between the two receptors. TNFR1 contains a death domain and is 

associated with cell death and neurodegeneration, whereas TNFR2 appears to be primarily 

neuroprotective (reviewed in (3, 24)).  

TNF can induce the expression of other cytokines and chemokines, giving it a central role in the 

inflammatory response after SCI (3). Several studies have tried to elucidate the role of TNF in SCI 

and shown that blocking the production and/or activity of TNF and its receptors could be considered 

a possible treatment strategy following SCI.  
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In this systematic literature review, we assess the current literature on TNF's role in SCI and provide 

an overview of the existing research within this field. Furthermore, the main purpose is to determine 

when and where TNF is expressed after SCI and to clarify if and how TNF manipulation interferes 

with injury progression. 

 

Materials and methods 

Prior to this work, PROSERO and PubMed were searched to check for similar review protocols on 

the TNF family of proteins and SCI. The last check was performed on March 24, 2021, and to our 

knowledge, no earlier systematic reviews exist on this subject. 

 

Search protocol 

The search was conducted for records indexed within EMBASE (Ovid), MEDLINE (Ovid), and Web 

of Science (Core Collection). The MeSH term for tumor necrosis factor and spinal cord injury in the 

different databases were applied and combined with the word “AND”. The number of hits for the 

MeSH terms and free-form searches made in the different databases can be viewed in Supplementary 

Table 1. The search covered articles published until March 24, 2021. The search protocol was 

developed based on Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

(PRISMA) guidelines (29). Furthermore, the search included both published (peer-reviewed journal 

articles) and unpublished (e.g., conference abstracts) data sources. 

 

Study selection 

Duplicates were identified and removed with Endnote, and the remaining records were imported into 

Covidence (Cochrane), a web-based literature sorting program. First, the title and abstract were 

screened, and then the remaining records were full text reviewed. The inclusion criteria were as 

follows: (1) TNF studied in an experimental SCI model, (2) TNFR1 or TNFR2 studied in an 

experimental SCI model, and (3) SCI studies where TNF was either genetically or medically 

manipulated. The exclusion criteria were: (1) reviews, (2) studies reported in other languages than 

English, (3) conference abstracts, (4) studies where TNF was only investigated as a marker of 

proinflammatory status in experiments, (5) TNF studied in the context of pain, the blood-spinal/-brain 

barrier, depression, peripheral effects after SCI, or ischemia-reperfusion SCI (a complication which 

can occur after surgeries that implicates the descending and thoracoabdominal aorta), (6) records 
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evaluating results obtained from humans only, and (7) in vitro studies, because imitating SCI in vitro 

has its limitations and often does not reflect the whole post-SCI picture.  

Data were extracted with the following variables being recorded for the two main analysis:  

1. For “Time profile and cellular localization of TNF and its receptors after SCI”: animal model, 

SCI model, the analyzed biological material, the methodology, the time profile, and cellular 

localization (Table 1).  

2. For “Studies altering TNF signaling following experimental SCI”: the animal model, the SCI 

model, the intervention method, and the outcome (Table 2). 

 

Results 

The literature search identified 4,086 potentially relevant records. Duplicates were found using 

Endnote and were confirmed by manually screening the titles and authors, retrieving 2,285 records 

to be further investigated. Titles and abstracts were screened for the search criteria, resulting in 272 

articles to be full text reviewed. Of these, 40 articles met the inclusion criteria for the review; see the 

PRISMA flow chart for an overview of the search strategy and study selection (Figure 3). Of the 40 

articles, 23 articles described expression of TNF after SCI (Table 1), and two articles described the 

expression of TNF receptors (Table 1); one of these articles described the expression of both TNF 

and its receptors. Twenty articles included various approaches for altering TNF signaling before or 

after SCI (Table 2); four of these also described TNF expression after SCI and were thus included in 

both analyses.  
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Figure 3. Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) flowchart 

for included studies. 

 

TNF expression following experimental spinal cord injury 

Of the 23 studies examining TNF expression after SCI 82.6 % were performed in rats, and 17.4 % in 

mice. As the articles using rats, 11 used females only, 7 used males only, and 1 study used both sexes. 

Rat strains used were Sprague Dawley (13 articles), Wistar (2 articles), Long Evans (2 articles) and 

Lewis (1 article). The mice studies used C57BL/6 background, and only one article specified using 

C57BL/6J mice. Two of the mice articles used females, and two articles did not specify the gender. 

The most common spinal region studied was the thoracic level T5-T12 (95.7 %), only one article 

performed SCI at cervical level C8. Overall, most of the experimental SCI studies used the contusion 

injury model (78.3 %), but compression injury (13 %) and transection injury (8.7 %) were also 

performed.  

The main methodologies used to measure TNF expression were assays measuring protein levels. 

Moreover, in situ hybridization, reverse transcriptase-polymerase chain reaction (RT-PCR), and 

quantitative PCR (qPCR) for Tnf mRNA analysis. Immunohistochemical stainings were used to 

elucidate the location and cellular source of TNF in the tissue. In addition, 2 articles performed 



76 

 

microarrays, and 2 studies performed RNA sequencing with bioinformatic analysis. See Table 1 for 

an overview of the 23 rewieved articles. 

 

The transcriptomic profile of Tnf following SCI 

The general transcriptomic profile following SCI was explored in four articles. Time points 

investigated were 2 hours and 1-, 2-, 4-, 6-, 7-, and 28-days after SCI by RNA sequencing (12, 30) or 

microarray analysis (31, 32). Zhou et al. (2018) found that TNF was one of the top 10 genes 

upregulated 2 hours after SCI (31). Gong et al. (2020) and Shi et al. (2017) also found TNF signaling 

to be in the top ten enriched pathways of the upregulated and differentially expressed genes one day 

after SCI and, Shi et al. (2019) found TNF to be in the top 10 genes upregulated two days after SCI, 

(32) as well as six days after injury (30). However, in the more delayed phase following SCI (7- and 

28-days after injury), TNF or TNF-induced signaling pathways were no longer part of the top ten 

enriched pathways (12).  

 

The expression of Tnf mRNA and its cellular source after SCI 

Tnf mRNA was also detected using single protocols. Both Pan et al. (2002) using PCR and Pineau 

and Lacroix (2007) using in situ hybridization, found Tnf mRNA to be increased in the spinal cord 

15 min after SCI, with the highest expression observed 1 hour after SCI (10, 33). Others showed an 

increase in Tnf mRNA 30 min after SCI (11, 34), and the majority of the articles found the expression 

to reach the highest level 1 hour after SCI (9, 10, 33-37). Yang et al. (2005) saw the highest expression 

of Tnf mRNA 6 hours after injury, though investigating different time points (1, 3, 6, 24, and 72 hours 

after injury) (38). Similarly, Zhang and Shi et al. (2015) and Tyor et al. (2002) detected Tnf mRNA 

6 hours after injury, the only timepoint investigated (39, 40). Pineau and Lacroix (2007) and Zhang 

and Shi et al. (2015), by the use of in situ hybridization and qPCR, respectively, found a delayed Tnf 

mRNA response at days 14 and 28 after injury (10, 40), but this was not detected by Lee et al. (2000) 

when examining similar time points with RT-PCR (35).  

An early increase in Tnf mRNA was found in cells located rostral and caudal to the spinal lesion (9-

11), and Bartholdi et al. (1997) found fewer Tnf mRNA-positive cells in the area just next to the 

transection site. However, this phenomenon was not observed by Pineau and Lacroix (2007) with a 

contusive SCI (9, 10). Both these latter studies revealed that Tnf mRNA was present in grey and white 

matter, but mainly in the dorsal part of the spinal cord. In addition, an association between Tnf mRNA 
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positive cells and the central canal was found, and cells expressing Tnf mRNA were present near or 

connected to the central canal (9). From 6 hours after injury, fewer Tnf mRNA-positive cells were 

detected, andTNF mRNA expression was distributed more to the peri-lesion area (9, 10). In addition, 

the relation between Tnf mRNA-positive cells and anatomic structures e.g., central canal was also 

diminished (9). None of the studies reported a high expression of Tnf mRNA in infiltrating neutrophils 

early after SCI, and Pineau and Lacroix (2007) concluded that the Tnf mRNA expression was highly 

associated with resident CNS cells in the acute phase following SCI, when combining their in situ 

hybridization with fluorescence staining of cell type specific markers. One hour after injury, 

microglia, astrocytes, oligodendrocytes, and neurons expressed Tnf mRNA, whereas, by 3 hours, it 

was mostly microglia (10). In addition, Kumamaru et al. (2012) isolated neutrophils, 

monocytes/macrophages, and microglia from the injured spinal cord and found microglia to be the 

major cell type expressing Tnf mRNA and they observed that microglial Tnf mRNA expression was 

highest 6 hours after injury (41). Examining the second peak of Tnf mRNA with in situ hybridization 

combined with fluorescence staining, Pineau and Lacroix (2007) found Tnf mRNA-positive cells to 

be near the lesion and in cell clusters close to Galectin-3 (Gal3) positive microglia and macrophages 

within the glial scar (10). Figure 4 showes the time profile and the cellular source of Tnf mRNA after 

SCI based on the mentioned studies. 

 

TNF protein and cellular source following SCI 

The early increase of Tnf mRNA correlates with TNF protein expression, and the studies evaluating 

protein expression found TNF to increase in the acute phase following SCI (37, 39, 42, 43). Yune et 

al. (2003) observed increased TNF levels as early as 30 min after SCI compared to sham-operated 

rats, with the highest expression observed at 1 hour. This increase was followed by a decline 4 hours 

after injury (34). The increase in TNF was also highest 1 hour after SCI in other studies (37, 43), 

further showing that TNF remained elevated until three days after the injury when compared to 

controls (43). Stammers et al. (2012) found TNF protein levels to peak 2 hours after injury with no 

increase detected in sham-operated rats, but this was the earliest time point investigated (42). 

Furthermore, the highest expression of TNF was observed 6 hours after injury by Tyor et al. (2002) 

and Harrington et al. (2005), despite investigating earlier time points after SCI (1- and 3-hours after 

injury) (39, 44). In the more delayed phase after SCI, Vidal et al. (2013) saw a slight, non-significant, 

increase in TNF at days 14 and 21 after injury (45). However, no increase in TNF protein levels was 

observed from day seven and onwards (37, 40, 46). 
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The cellular source of TNF was identified to be neurons, microglia, astrocytes, oligodendrocytes, and capillary 

endothelial cells in the acute phase after SCI (5, 34, 35, 39, 40) (Figure 4). Yune et al. (2003) saw TNF 

immunoreactivity mainly in grey matter neurons within the lesion and caudally and rostrally to the lesion, 1-2 

hours after SCI (34). At 4-8 hours after SCI, TNF-positive cells also appeared in the white matter, in cells 

presumed to be glial cells. Eight hours after injury, Yan et al. (2001) found TNF to colocalized with markers 

for oligodendrocytes (Rip), astrocytes (GFAP), reactive microglia (OX-42), and neurons (neuron-specific 

enolase), and TNF was particularly found with neurofilament in axons located near the injury (5). Yan et al. 

(2001) found TNF expression up to 7 mm from the injury, but the strongest immunoreactivity was near the 

lesion; when verifying their results with electron microscopy, they further found TNF to be present in capillary 

endothelial cells. Most interrestingly, all oligodendrocytes positive for TNF showed myelin breakdown (5). At 

later stages (1- and 3-days after injury), TNF was still present in neurons and glial cells (40), while Lee et al. 

(2000) found TNF expression 1-day after SCI in cells they presumed to be macrophages (35). Kroner et al. 

(2014) confirmed using Fluorescence-activated Cell Sorting analysis that microglia and macrophages 

expressed TNF at 1 and 4 days after injury and that 15 days after injury, macrophages were the primary source 

(47). Figure 4 shows the time profile and the cellular source of TNF at protein level after SCI based on the 

above-mentioned studies. 
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Figure 4: Spatiotemporal expression of TNF following SCI. The time profile and cellular source of TNF 

following SCI based on the studies included in this review. Red color indicates mRNA expression, and blue 

indicates protein expression. Image is created with BioRender.com. 

 

TNF expression in the cerebrospinal fluid and serum after SCI  

When examining TNF levels in serum and cerebrospinal fluid (CSF), Harrington et al. (2005) found 

elevated TNF levels in the CSF 1 hour after injury in rats (44). This could not be verified in studies 

by Wang et al., who observed no increase in TNF in serum or CSF at 1-, 3-, 8-, 20-, 48-, or 72-hours 

after injury (43) or by Mukhamedshina et al., who measured TNF levels in rats at later time points 

(3-, 7- and 14-days after injury) (46).  
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Age of animal and severity of injury influence the expression of TNF following SCI 

Two studies explored the expression of TNF following mild or severe SCI (38, 42). Yang et al. 

showed that inducing a severe SCI in rats compared to a mild injury significantly increased Tnf 

mRNA levels at 1-6 hours after injury (38). Furthermore, when analyzing the TNF levels by Western 

blotting, TNF protein was only detected in the group of rats with severe SCI, increasing 1 hour after 

injury, peaking at 6 hours, and with no TNF detectable 24-hours after injury. Immunostaining 

revealed that TNF was present in neurons and glial cells in both injury groups, however with increased 

staining intensity in the group of rats with severe SCI (38). Stammers et al. investigated TNF 

expression for three levels of injury severity (0.5 mm, 1.0 mm or 1.5 mm T10 displacement) in rats 

but did not observe any increase in TNF protein expression 4 hours after injury compared to controls 

(42).   

Age-related differences in response to SCI were investigated in rats by Von Leden et al. and 

Kumamaru et al., who both reports of increased TNF protein expression with age after SCI (41, 48). 

However, Von Leden et al. showed no difference between 3-month-old and 12-month-old rats in Tnf 

mRNA expression under naïve conditions, but 12-month-old rats had a higher expression of Tnf 

mRNA at 30 days after injury. Older rats also showed an increase in cytokines such as IL-1β and IL-

6, increased microglial activity, increased oxidative stress, larger lesion volumes, and worsened 

functional recovery (48). An age difference in Tnf mRNA expression was also reported by Kumamaru 

et al., who found microglia to express more Tnf mRNA in 10-week-old mice compared to 4-week-

old mice (41).  

 

TNF receptor expression after spinal cord injury 

Although our search string did not include TNF receptors after SCI, two of the included articles 

examining TNF receptor levels in female rats subjected to SCI (44, 49). Yan et al. used the Long 

Evans rat strain and a T9-T10 contusion SCI model, whereas Harrington et al. used the Sprague 

Dawley rat strain and a C8 compression injury SCI model (44, 49). Further details are provided in 

Table 1.  

Both papers studied receptor expression at relatively early time point after injury; Harrington et al. 

explored the TNF receptor expression at 1-, 3-, and 6-hours after SCI, and Yan et al. explored the 

TNF receptor expression at 1-, 4-, 8-hours and 1- and 3-days after injury (44, 49). Yan et al. found a 

significant increase in TNFR1 at 4 hours and TNFR2 at 1 hour after injury, with highest protein 
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detection 8 hours after SCI for TNFR1 and 4 hours after SCI for TNFR2. They further saw the 

receptors to be expressed on oligodendrocytes, astrocytes, and neurons (49). Harrington et al. found 

both receptors present on neurons 6 hours after injury (44). Harrington et al. (2005) further examined 

the soluble forms of TNFR (sTNFR1 and sTNFR2, thought to be natural inhibitors of TNF (24)) in 

serum and CSF, and found that only sTNFR1 was upregulated in serum at 6 hours and in CSF at 3- 

and 6-hours after injury (with the highest level detected at 3 hours) (44).  

 

Manipulation of TNF or its receptors following spinal cord injury 

Among the 20 articles investigating the modulation of TNF signaling following SCI, 9 articles (45.0 

%) used genetic manipulation, 9 articles investigated pharmacological interventions against TNF 

(45.0 %), and two articles used both approaches. Eleven articles (55.0 %) used mice (C57BL/6: 9 

studies, C57BL/6J: 1 study, no mouse strain information: 1 study). The gender distribution for the 

use of mice was as follows: females: 8 articles, no gender information: 3 articles. Seven studies (35.0 

%) used rats (Sprague Dawley: 4 articles, Wistar: 2 articles, Long Evans: 1 article. The gender 

distribution for the of rats was as follows: females: 2 articles, males: 5 articles. One article used rabbits 

(New Zealand strain and both genders), and one article used larval zebrafish (both genders). In 50.0 

% of the articles, a contusion injury was performed, 35.0 % applied compression injury, and 15.0 % 

of the articles performed transection injury. Overall, 90% of the articles performed the injury at the 

thoracic level, whereas only 1 article investigated cervical injury. The article using larval zebrafish 

injured the nerves at the 15th myotome level. When assessing the outcome from these studies, the 

majority of the studies used functional recovery to evaluatate post-injury outcome. The 20 included 

articles are summarized in Table 2.  

Several studies aimed to investigate the role of both forms of TNF (tmTNF and solTNF), by genetic 

knock-out (KO) mice, pharmaceutical inhibition of TNF, or gain-of-function strategies (see Table 2). 

Three out of four studies investigating SCI in TNF KO mice did not find any differences in functional 

outcome after SCI compared to wildtype littermate controls (50-52). In contrast, Kroner et al. found 

TNF KO mice to improve functional recovery after moderate contusive SCI, with macrophages 

shifting towards a more anti-inflammatory phenotype based on increased expression of Arginase 1 

(Arg1) and CD206, 7 days after injury (47). Zhang et al. showed that inhibition of TNF expression, 

using lentivirus-mediating RNA interference therapy, improved motor function after contusive SCI 

in rats compared to vector-treated control (40). Yune et al. found that a neutralizing antibody against 
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TNF diminished the number of TUNEL-positive (apoptotic) cells after SCI (34). The gain-of-function 

experiment performed by Chi et al. revealed that high TNF levels increased the number of apoptotic 

cells within the spinal cord 6-72 hours after SCI (53), and they found that gain of TNF expression 

had decreased tissue loss and more activated astrocytes at 7-, 14- and 56-days after injury. These 

authors concluded that TNF played a deleterious role in the acute phase and had a beneficial effect in 

the chronic phase after SCI (53).  

A variety of anti-TNF therapeutics has been approved for clinical use due to TNF’s role in several 

autoimmune diseases (3). Among the approved drugs, the effect of the non-selective TNF inhibitors 

Adalimumab, Infliximab, and Etanercept has been investigated in SCI. Two studies used Infliximab 

and found it to have a favorable effect on lipid peroxidase (54), inflammation, and apoptosis (55). 

Börcek et al. did not find Infliximab treatment to improve functional recovery 1- and 3-days after SCI 

in rats (54). In comparison, Genovese et al. saw a significant improvement in functional recovery in 

Infliximab-treated mice 5 days after injury (BBB score), and the improvement continued until the end 

of the experiment (13 days after injury) (55). In addition, Börcek et al. found that treatment with 

Adalimumab decreased the lipid peroxidase marker malondialdehyde 3 days after injury (54). This 

was also found in serum by Celik et al. 7 days after injury, together with improved inclined plane 

evaluation and decreased necrosis, inflammation, and TNF expression (56).  

In addition, Etanercept treatment suppressed the expression of TNF and its receptors after SCI (56-

58). Chen et al. found that the number of TNF positive cells were reduced in Etanercept-treated rats, 

and that TNFR1 and TNFR2 expression appeared to be reduced in neurons and on oligodendrocytes 

6 hours after SCI (57). Etanercept administered 1 hour after injury improved locomotor function, 

decreased the neural injury, and reduced the area of cystic cavity formation with less apoptosis (57). 

Genovese et al. (2006) found Etanercept to be advantageous following SCI when administered the 

drug intraperitoneally (i.p.) 1 hour before and 6 hours after SCI in mice (59). A better functional 

recovery following SCI was also seen in rabbits treated with Etanercept by Bayrakliet al. (2012) (60). 

Intramuscular (i.m.) injection of Etanercept either 2-4 hours or 12-24 hours after SCI was beneficial 

for functional and electrophysiological recovery e.g., sensory and motor scores in rabbits (60). 

However, Vidal et al. observed that administrating Etanercept in 14 days following SCI using three 

different administrating routes, did not improve functional recovery in mice (45).  

Contradictory to Genovese et al. (2006), Novrup et al. (2014) found Etanercept administered either 

by subcutaneous (s.c.) injection immediately after SCI or epidural delivery with mini-osmotic pumps 
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for 3 consecutive days did not result in functional recovery or reduced injury volume in mice with a 

thoracic contusive SCI (58).  

Novrup et al. (2014) showed that administered XPro1595, a dominant-negative inhibitor of solTNF, 

with mini-osmotic pumps for 3 days following SCI in mice resulted in improved functional recovery, 

reduced tissue damage, and improved myelin integrity (58). Similarly, Huie et al. (2021) found that 

intrathecal recombinant sTNFR1 (hence competing with TNFR1 signaling) 90 min after cervical SCI 

improved functional recovery by increasing forelimb performance and reduced microglial activation 

(61). This highlights the importance of which form of TNF is inhibited following SCI. However, 

Ellman et al. (2016) revealed that mice expressing the membrane-bound form of TNF, tmTNF 

(genetic ablation of solTNF), did not have any improved recovery compared to wildtype littermate 

controls (62). 

The complexity of TNF’s role after SCI is also displayed when the TNF receptors are manipulated. 

Genovese et al. (2008) found disruption of TNFR1 signaling to be beneficial after injury, and that 

TNFR1 KO mice improved locomotion function and had reduced inflammatory response and 

apoptosis compared to wildtype mice after SCI (55). This indicates that disturbance of the 

solTNF/TNFR1 signaling might be neuroprotective following SCI, as suggested by Novrup et al. 

(2014) and Huie et al. (2021) (58, 61). However, this was not the result observed by Kim et al. (2001), 

who performed thoracic contusive SCI in TNFR1 and TNFR2 KO mice (63). Both TNFR1 KO and 

TNFR2 KO mice had worse functional recovery compared to wildtype mice, and TNFR1 KO mice 

also showed longer lesion length. These TNFR-deficient mice had more apoptotic cells and increased 

expression of active caspase 3 (a marker for apoptotic cells), which the authors proposed were 

consequences of reduced nuclear factor-kappa B (NF-κB) activity (63).   

The dual role of TNF after SCI was also reported in the study examining SCI within zebrafish. As 

zebrafish can recover fully after SCI, they are an ideal model to examine regeneration after injury. 

Larval zebrafish regenerate even more rapidly than adult fish, and regeneration can be seen already 

48 hours after injury (64). When Tsarouchas et al. (2018) inhibited TNF with Pomalidomide, an 

inhibitor of TNF release, they saw a suppression of axon bridging, as also reported when targeting 

Tnf with CRISPR. Moreover, they showed peripheral macrophages to be essential for repair after 

injury and they concluded that TNF from peripheral macrophages might be necessary for regeneration 

following an injury in zebrafish (64). However, this does not seem to be the case in mice. Ellman and 

Lund et al. (2020) showed that conditional lack of myeloid TNF (i.e., microglia, macrophages and 
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granulocytes) resulted in improved functional recovery, diminished lesion size, and an increase in the 

anti-apoptotic protein Bcl-xL following thoracic SCI in mice (52). Furthermore, they found that 

ablating TNF from microglia did not have any effect on functional recovery after SCI (52). In 

mammals, therefore, TNF expression from the peripheral immune cells may play a more deleterious 

role after SCI. 

 

Discussion  

This systematic review aimed to determine and provide an overview of studies investigating the 

temporal and cellular expression of TNF as well as the effect of altering TNF signaling following 

SCI. A total of 40 articles were identified for the review, to examine TNF following SCI, which 

combined showed elevated TNF mRNA and protein level in the acute phase (within minutes to hours) 

after SCI (10, 33, 34, 38) (Figure 4). A delayed increase was found for Tnf mRNA at day 14 and 28 

(10), whereas only a non-significant increase of TNF at protein level was found by Vidal et al. (2013) 

at day 21 (45). These multiplicity of time points reported is most likely due to the various SCI models 

and species used, together with the limitations of the different analytical methods (65-67) (an 

overview for the included studies is provided in Table 1 & 2). 

The early increase in TNF expression does also occur in the injured human spinal cord and has been 

detected as early as 30 min after injury (20). At this time, TNF expression was mostly present in 

neurons, whereas 5 hours after injury, TNF was detected in both neurons and microglia. TNF declined 

one day after injury and was undetectable by day five post-SCI (20). 

TNF expression in neurons at early timepoints after SCI in humans is in line with the findings of 

Yune et al (2003), who found that TNF was mostly present in neurons early after SCI, and in glial 

cells 4-8 hours after SCI (34). In the human study evidence suggested that microglia were the only 

glial cell population to express TNF, however, astrocytes and oligodendrocytes showed also to 

express TNF following SCI in rats (5). A similar indication was reported by Pineau and Lacroix 

(2007), localizing Tnf mRNA to neurons, astrocytes, microglia, and oligodendrocytes following SCI 

in mice (10). Furthermore, Tnf mRNA was present in cells associated with the central canal, and Yan 

et al. (2001) also observed TNF immunoreactivity in endothelial cells adjacent to the lesion (5, 10). 

Experimental studies revealed neurons, microglia and macrophages to be TNF positive at 1 and 3 

days after SCI, while only macrophages expressed TNF 15 days after SCI (35, 40, 47). This was not 

detected in the study examining human spinal cord tissue, however, and it needs to be further clarified 
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whether this is due to translational issues between species, differences in the nature of the injury 

(induced experimental vs human accidents), or the small population analyzed in the human study (2 

cases).  

 

TNF as a possible biomarker following SCI 

Because of the difficulties in accessing human spinal cord tissue studies have investigated the 

presence of biomarkers, such as cytokines, in CSF and serum following SCI. Among the studies 

included in the current review, Harrington et al. (2005) found TNF to be increased in CSF 1 hour 

after injury in rats (44) and evidence also suggests that choroid plexus, a specialized CNS tissue 

responsible for the production of CSF, serves as a source of cytokines (including TNF) following SCI 

in dogs (68). However, Kwon et al. (2010) did not detect any TNF expression in CSF samples from 

humans with acute SCI (within 48 hours of injury) over a 72-hour period (69), however studies have 

shown TNF to be elevated in serum, both in subacute and chronic SCI patients (70-73).  

The urgent need to improve prognostication after SCI enhances the search for biomarkers in serum 

and CSF following SCI (reviewed in (74)). Bigliari et al. (2015) found that increased serum TNF 

levels in patients with SCI correlated with no improvement in the American Spinal Injury Association 

impairment scale (AIS, a standardized neurological examination scale) 9 hours after SCI (70). In the 

more chronic phase (4- and 8-weeks post injury), however, increased TNF levels compared to the 

initial measurement were found in the group with AIS improvement, indicating a positive relation 

between TNF levels and improvement at later stages (70). Ogurcov et al. (2021) showed that 2 weeks 

after injury, serum TNF levels were elevated in patients with more severe SCI (AIS A) (72). A relation 

between TNF levels and severity of injury was also found in the current review, where Yang et al. 

(2005) reported that more severe injury in rats increased the transcript and protein levels of TNF 

within the injured spinal cord (38). This suggests TNF as a possible marker for the outcome after SCI, 

although more knowledge is needed. 

 

TNF expression might be age-dependent   

The outcome after human SCI is known to depend on the severity of the injury and its location in the 

spinal cord, but whether the age of the patient also has an impact is still debatable (41, 75). The 

incidence of traumatic SCI has a bimodal age distribution, with higher rates in young adults and again 

in older adults (76). Thus, knowledge about any age-related differences following SCI is important. 



86 

 

Two studies in the review found that older mice and rats had a poorer recovery than younger animal 

group (41, 48). Furthermore, the inflammatory response varied according to the age, of both mice and 

rats. Kumamaru et al. (2012) showed that younger mice had less neutrophils infiltration into the spinal 

cord at 6 and 12 hours after injury, together with less expression of microglial-derived TNF (41). 

Similarly, von Leden et al. (2017) found increased TNF levels in the injured spinal cord of older rats 

(48). Intriguingly, they found rats to have increased microglial activation and DNA peroxidation 

already under naïve conditions, and this has also been seen in humans (reviewed in (77, 78)). Age is 

thus important to consider, in relation to the inflammatory response and TNF expression following 

SCI, and different therapeutic strategies may be needed depending on the age of the individual 

affected.   

 

The role of TNF following SCI 

Besides TNF’s involvement in plasticity, cognition and behavior under naïve conditions within the 

CNS (7, 14, 79), it is also a key player in immunological responses, as can initiate the expression of 

many cytokines (including its own mRNA expression (33)), chemokines and recruitment of immune 

cells (reviewed in (80)). Administration of a mixture containing IL-1β, IL-6, and TNF into the lesion 

1 day after SCI was shown to increase recruitment and activation of macrophages and microglia in 

the lesion (81). However, administering the mixture 4 days after injury decreased microglia activation 

and injury volume compared to control, indicating a detrimental role of the IL-1β, IL-6, and TNF 

mixture in the acute phase of SCI but a more protective role later on (81). Observations have 

implicated TNF to be involved in the death of neurons and oligodendrocytes following SCI (82, 83), 

and Chi et al. (2008) showed that increased TNF expression facilitated more apoptosis in the injured 

cord in the early stages after injury. In contrast, increased TNF expression 7 days after SCI was 

associated with better tissue healing (53). Hence, TNF may be more deleterious in the acute phase 

but have a more beneficial effect in the later phase following SCI, and the timing of its releasement 

and the type of cells it affects are important factors after SCI.  

Many studies have tried to clarify TNF’s role of after SCI using genetically modified rodents, such 

as conventional TNF KO and conditional TNF KO. Four articles in this review examined SCI in mice 

with conventional TNF KO, but they showed some diverging results. 

No improved recovery was seen in TNF KO mice from Ellman and Lund et al. (2020), Farooque et 

al. (2001) and Fraidakis et al. (2006) (50-52). Only Kroner et al. (2014) found TNF KO to be 
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beneficial following SCI, with improved functional recovery and a more anti-inflammatory 

phenotype in macrophages (47). The lack of consistency between studies could be due to the usual 

differences seen between laboratories. In addition, however, none of these studies used the same 

approach to induce the SCI, only Ellman and Lund et al. (2020) and Kroner et al. (2014) using the 

same SCI model (contusive SCI induced by IH device), but with different forces (75 kDyn vs 50 

kDyn, respectively).  

Another approach to eliminate TNF before inducing SCI was lentivirus interference by Zhang and 

Shi et al. (2005), who that TNF inhibition 48 hours before the injury improved functional recovery 

compared to control (40). This supports the concept that TNF is more damaging in the early phase 

following SCI. This early detrimental role of TNF does not seem to be carried out by microglia, 

however, although microglial-derived TNF is thought to be a major source of TNF following SCI 

(41). Ellman et al. (2020) observed that conditional ablation of TNF in microglia did not influence 

functional recovery following SCI (52). In addition, they showed that conditional ablation of TNF 

from myeloid cells was beneficial for recovery after SCI and induced a more anti-apoptotic 

environment (52). This transgenic mouse model does also have some absence of microglial-derived 

TNF, however, together with the findings from mice lacking microglial-derived TNF, suggest that 

TNF from the peripheral myeloid cells (macrophages and neutrophils) are responsible for the 

detrimental role of TNF.  

Neutrophils have shown to be one of the first blood-borne leukocytes present at the injury site (4 

hours post injury), whereas macrophages enter the tissue approximately 3 days after injury. The 

function of macrophages within the injured cord is thought to be influenced by the local cytokine and 

chemokine milieu, and TNF can prime their oxidative bursts and phagocytosis (84, 85). Furthermore, 

inhibiting neutrophils or macrophages following SCI can be beneficial for recovery (84, 86, 87), and 

evidence indicates that macrophages facilitate axonal demyelination after injury (88). On the other 

hand, macrophages and microglia are also very important in wound healing after SCI as they 

contribute to phagocytosis of damaged cells and myelin debris (89). As TNF is one of the factors 

contributing to the phenotypic activation of both macrophages and microglia (90), the inhibition of 

TNF at an optimal timepoint after SCI may be important due to the modulation of these immune cells.  
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Anti-TNF treatment following SCI 

TNF is a highly attractive target following SCI (3) and in other inflammatory diseases, such as 

rheumatoid arthritis and psoriasis. This has given rise to the development of various anti-TNF 

therapeutics for clinic use (reviewed in (80)). Among the approved drugs, Adalimumab, Infliximab 

and Etanercept were studied following SCI and included in the current review (Table 2). All the 

mentioned drugs can inhibit the binding of tmTNF and solTNF to the two TNF receptors. 

Adalimumab and Infliximab are IgG molecules, while Etanercept is a soluble TNFR2-Fc fusion 

protein (reviewed in (91)).  

Treatments with these agents early after SCI generally reduced the inflammation, lipid peroxidation 

and improved the locomotion (54, 55, 57, 59, 60). Novrup et al. (2014) found less microglial 

activation 7 days following SCI following Etanercept treatment, but they did not observe functional 

improvement (58). Celik et al. (2016) found that Adalimumab after SCI was just as effective as 

methylprednisolone, a compound which is used clinically after SCI (56). Furthermore, Genovese et 

al. showed that Infliximab improved functional recovery and reduced inflammation and lipid 

peroxidation following SCI in mice (55). However, later research has determined that Infliximab does 

not bind to murine TNF (92), so the results must be independent of Infliximab treatment. Etanercept 

also prevented the loss of anti-apoptotic signaling usually seen following SCI (57, 59). Vidal et al. 

(2013) was the only study trying to target the presumably second peak of TNF after SCI but inhibiting 

TNF with Etanercept 14 days after SCI had no effect on the outcome, despite different administration 

routes applied (45). Interestingly, a clinical case study has demonstrated that a patient who had just 

received Etanercept treatment for ankylosing spondylitis before being in an automobile accident, had 

significantly improved motor recovery after the accident. The accident yielded a T7 complete 

paraplegia, and during the first year the patient improved from an AIS A to AIS D, which is very 

unusual (93).  

Despite these promising preliminary results of anti-TNF therapeutics, the timing of administration, 

and the optimal dose and administration route are important factors that still need to be established. 

Moreover, many adverse side effects have been reported when using non-selective TNF blockers (3). 

Thus, the possibility of more selective inhibition of TNF signaling has been extensively investigated. 

As TNF’s proinflammatory effects are thought to be mediated through the solTNF/TNFR1 signaling 

(94), these treatment strategies aim to selectively inhibit TNFR1 signaling or to selectively activate 

TNFR2 signaling (91). The two TNF receptors in their soluble forms (sTNFR1 and sTNFR2) are 

natural inhibitors of TNF (24), and Huie et al. (2021) also found human recombinant sTNFR1 to be 
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therapeutic after SCI. They showed that injecting sTNFR1 onto the cord increased forelimb recovery 

and reduced neuroinflammatory markers following SCI in rats (61). Although, Ellman et al. (2016) 

did not find any effect of genetically ablating solTNF in mice following SCI (62), Novrup et al. (2014) 

observed that epidural treatment with XPro1595, a dominant selective inhibitor of solTNF, seemed 

to be therapeutic following SCI in the form of improved locomotion recovery in mice (58). The 

treatment possibly enhanced myelin integrity through increased TNFR2 and TLR4 expression.  

TNF is not only involved in the exacerbation of the secondary injury following SCI, but evidence 

also implicates TNF to be highly involved in the debilitating complications following SCI, such as 

neuropathic pain, autonomic dysreflexia and behavioral altering (95-98). The SCI-induced anxiety-

like behavior in mice showed also to be decreased in mice treated with XPro1595 (58). In contrast to 

Novrup et al. (2014), however, another study found that subcutaneous delivery of XPro1595 in rats 

exacerbated the depressive phenotype after SCI (99). Another study found that intrathecally 

administered XPro1595 in high-cervical injured rats to have decreased symptoms after colorectal 

distension-induced and naturally occurring autonomic dysreflexia (96). This highly implicates 

solTNF as being involved in many of the detrimental complications following SCI, and interference 

with its signaling within the injured spinal cord might be a promising therapeutic strategy.  

 

TNF receptors following SCI 

This review showed that TNFR1 and TNFR2 were expressed in neurons, oligodendrocytes, and 

astrocytes in the acute phase after SCI (44, 49). We recently examined TNFR1 and TNFR2 expression 

in the more delayed phase after SCI and found TNFR1 to be expressed on MAP2+ neurons in the grey 

matter of the thoracic spinal cord and on MAP2+ fibers in the white matter of mice with contusive 

SCI (Lund et al., in prep, Manuscript II) (Figure 5). TNFR2 co-localized with GFAP+ astrocytes in 

the peri-lesion area but also to cells, possibly macrophages, located within the lesion (Lund et al., in 

prep, Manuscript II) (Figure 6). In humans, TNFR2 was also expressed by GFAP+ astrocytes 

following SCI (Lund et al., in prep, Manuscript II) (Figure 6h). 
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Figure 5. TNFR1 expression in the chronic phase after SCI in mice. (a-c) Immunofluorescence double 

staining showing TNFR1 (red) and MAP2 (green) expression of the thoracic spinal cord 21 days (a), 28 days 

(b), and 35 days (c) post-injury in mice. (d) Immunofluorescence staining showing co-localization of TNFR1 

to MAP2+ neurons located in the grey matter of the lesioned thoracic spinal cord. Note how TNFR1 expression 

aligns along the ascending fibers in the white matter of the lateral funiculus (arrows). (e) High magnification 

of the highlighted area in (b) showing TNFR1 expression on lesioned MAP2+ neurons in the grey matter of 

the thoracic spinal cord. (f) TNFR1 expression (arrows) on MAP2+ fibers in the white matter of the lateral 

funiculus 28 days post-SCI. (g) TNFR1 expression on MAP2+ motor neurons in the damaged anterior horn of 

the thoracic spinal cord 28 days post-SCI. (h) Immunofluorescence double staining showing TNFR1 

expression (red) in the white matter tracts of the thoracic spinal cord and CD68+ cells (green) aligning along 

the damaged fibers 21 days post-injury (arrows). (i) Immunofluorescent staining demonstrating colocalization 

of TNFR2 (red) to the proximal dendrites of neurofilament-light chain (NF-L)+ neurons in postmortem spinal 

cord tissue from a 67-year-old male with a 6-week old C5-7 SCI. Unpublished images of TNFR1/MAP2/DAPI 

and TNFR1/CD68/DAPI stained tissue sections were acquired from female C57BL/6J mice subjected to 

contusive thoracic (T9) SCI and were processed as previously described (Lund et al., in prep, Manuscript II). 

DAPI was used as a nuclear marker. Scale bars: a-c, i: 200 mm, d,e: 100 mm, and f-h: 40 mm. GM, grey 

matter, MAP2: Microtubule-associated protein 2, TNFR1: tumor necrosis factor receptor 1, WM, white matter. 
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Figure 6. TNFR2 expression in the chronic phase after SCI in mice and humans. (a-c) 

Immunofluorescence double staining showing TNFR2 (a: red, b-c: green) and GFAP (a: green, b-c: red) 

expression of the thoracic spinal cord 21 days (a), 28 days (b), and 35 days (c) post-injury. (d-f) 

Immunofluorescence staining showing co-localization of TNFR2 to GFAP+ astrocytes in the peri-lesion area 

of the thoracic spinal cord 21 days (d), 28 days (e), and 35 days (f) post-injury. (g) Immunofluorescence double 

staining showing TNFR2 expression (red) in the injured thoracic spinal cord and CD68+ cells (green) 21 days 

post-injury (arrows). (h) Immunofluorescent staining demonstrating co-localization of TNFR2 (red) to GFAP+ 

astrocytes (green) in the lateral funiculus of the spinal cord of a Caucasian female with a C6 SCI. Unpublished 

images of TNFR2/GFAP/DAPI and TNFR2/CD68/DAPI stained tissue sections were acquired from female 

C57BL/6J mice subjected to contusive thoracic (T9) SCI and processed as previously described (Lund et al., 

in prep, Manuscript II). DAPI was used as a nuclear marker. Scale bars: a-c: 200 mm, d-e: 100 mm. TNFR2, 

tumor necrosis factor receptor 2. 

 

Although TNFR1 was shown to lead to neuronal death and TNFR2 promoted neuroprotection in a 

model of retinal ischemia (100), precautions are needed when considering total inhibition of the 

signaling through TNFR1. Kim et al. (2001) showed that deleting TNFR1 in mice worsened the 

outcome after SCI by increasing apoptosis (63). They found that TNFR1, and TNFR2 to a lesser 

extent, was involved in reducing cell death and tissue damage and in functional recovery after SCI. 

The receptors may work together or individually to prolong TNF’s activity, and the authors suggest 
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that the receptors might yield the anti-apoptotic pathways through TNFR-NF-κB signaling. However, 

Ellman et al. (2017) showed that a reduction of the classical NF-κB activation in neurons had a 

protective effect after thoracic SCI in mice (101). Hence, the distinct function of TNF following SCI 

is possibly not only dependent on the cellular source of TNF, but also the type of receptor being 

activated, and on which cell the receptor is being activated on. This seems to be the case in the 

experimental multiple sclerosis model, experimental autoimmune encephalomyelitis, and in 

experimental stroke models (17, 24, 102-104).   

 

Conclusion 

This review has shown that TNF is rapidly expressed after SCI and suggest that a useful therapeutic 

approach could invovlve targeting TNF-TNFR signaling after SCI. Although, the heterogenic role 

TNF plays in post-SCI neuroinflammation, makes it challenging to identify clear strategies that 

modulate TNF signaling towards neuroprotection, but the promising results of the pre-clinical work 

described in this review suggest that this should be a major focus of attention in the future. 
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Tables 

 

Table 1: Time profile and cellular localization of TNF and its receptors following SCI in the included studies. Studies marked with * explore both 

the TNF expression and alters TNF signaling following SCI and studies marked with # examine TNF expression and TNFR1 and TNFR2 following SCI. 

Studies are listed in according to used species (“Species”), followed by the alphabetical order of the reference (“Study”). CSF: cerebrospinal fluid, d: 

days, F: females, h: hours, KEGG: Kyoto Encyclopedia of Genes and Genomes, M: males, SCI: spinal cord injury, TNF: tumor necrosis factor, TNFR: 

TNF receptors. 

Study Species  Stain 

(gender) 

SCI model Biological 

material  

Methodology Time profile and/or cellular localization of TNF 

(Reference) 

Bartholdi et al. 

(1997) 

Mice C57BL/6 

(-) 

T9 Bilateral 

transection 

(one-half to 

two-thirds of 

the cord) 

Spinal cord 

tissue 

In situ 

hybridization 

(mRNA) 

Tnf detected at 45min, peaked 1h and started to 

downregulate from 6h. Distributed in the grey and 

dorsal white matter, up to 3 mm away from the lesion. 

Relation between Tnf+ cells and the central 

canal/blood vessels was detected at 1h (9). 

Kumamaru et al. 

(2012) 

Mice C57BL/6J 

(F) 

T9 contusion 

SCI (70 

Kdyn, IH 

impactor) 

Spinal cord 

tissue 

qPCR 

(mRNA) 

Tnf peaked at 3h and declined, highest levels were 

detected in adult mice at 6h and 12h compared to 

young mice. Flow cytometry revealed microglia to 

express Tnf mRNA at 3h and 6h after SCI, and at 3h 

this level was also highest in adult mice compared 

young mice (41).  
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Pineau and 

Lacroix (2007) 

Mice C57BL/6 

(F) 

T10-11 

contusion SCI 

(70 Kdyn, IH 

impactor) 

Spinal cord 

tissue 

In situ 

hybridization 

(mRNA) 

Tnf was detected at 15min, peaked 1h and 

subsequently started to decline, a second increase were 

seen 14- and 28-days post injury. At 1h Tnf+ cells were 

widespread and seen at the central canal, in the white 

matter, in the dorsal horn and columns of the grey 

matter. 12h post injury Tnf+ cells were mostly found in 

the damaged area, this was also seen in the second 

increase showed Tnf+ cells (28d). Early expression was 

seen in neurons, astrocytes, oligodendrocytes, and 

microglia. Later expression was mostly seen near 

Galectin-3+ microglia/macrophages in damaged areas 

(10). 

Vidal and 

Lemmens et al. 

(2013)* 

Mice C57BL/6 

(-) 

T10 Bilateral 

dorsal 

hemisection 

Spinal cord 

tissue 

Cytometric 

bead array 

mouse flex set 

system 

(Protein) 

Investigated TNF at 7d, 14d and 21d after SCI, no 

significant increase was detected compared to sham, 

only a slight increase at 14d and 21d (45). 

Gong et al. 

(2020) 

Rats Not 

specified 

(F)  

T9 contusion 

SCI (W:25 g, 

H:50 mm, 

NYU 

impactor) 

Spinal cord 

tissue 

RNA-seq. 

(RNA) 

followed by 

bioinformatic 

analysis 

KEGG pathway analysis revealed TNF signaling to be 

one of the top three over-represented pathways at day 

1 (12). 

Harrington et al. 

(2005)# 

Rats Sprague 

Dawley 

(F) 

C8 

compression 

SCI (25G, 

Walsh-Tator 

aneurysm 

clip) 

Spinal cord 

tissue, blood 

serum and 

CSF 

ELISA and 

Immuno-

staining 

(Protein) 

Neuronal expression of TNF was significant increased 

6h after injury. No increase of TNF was detected in 

blood serum, however 1h after injury TNF were 

increased in CSF (44). 

Lee et al. (2000) Rats Sprague 

Dawley 

(M) 

T8 contusion 

SCI (W:10 g, 

H:25 mm) 

Spinal cord 

tissue 

RT-PCR 

(mRNA) and 

Immune-

staining 

(Protein)  

Tnf mRNA increased at 1h and remained high until 

day 1. Expression of TNF from macrophages at the 

lesion site and in the surrounding white matter were 

found at 3h. Seemed to peak 1 day after injury (35). 
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Mukhamedshina 

et al. (2017) 

Rats Wistar 

(M) 

T8 dosed 

contusion SCI 

Spinal cord 

tissue and 

blood serum 

Multiplex 

analysis 

(Protein) 

No significant difference of TNF protein expression 

was detected at the investigated timepoints (3, 7, 14 

dpi) (46). 

Pan et al. 

(2002)* 

Rats Long-

Evans 

(M+F) 

T9-T10 

contusion SCI 

(W:10 g, H:25 

mm, MASCIS 

impactor) 

Spinal cord 

tissue 

Rnase 

protection 

assay (mRNA) 

Tnf mRNA started to increase 15min after injury and 

was highest at 1h (33). 

Shi, Ning, 

Zhang et al. 

(2019) 

Rats Sprague 

Dawley 

(F) 

T10 contusion 

SCI (W:10 g, 

H:2.5 mm, 

NYU 

impactor) 

Spinal cord 

tissue 

Microarray 

analysis 

(RNA) 

followed by 

bioinformatic 

analysis 

KEGG pathway and protein-protein interaction 

network analysis revealed TNF signaling to be one of 

the top 10 core genes 2 days after injury (32). 

Shi, Zhang, Xie 

et al. (2017) 

Rats Sprague 

Dawley 

(F) 

T9 contusion 

SCI (W: 10 g, 

H:25 mm, 

NYU 

impactor) 

Spinal cord 

tissue 

RNA-seq. 

(RNA) 

followed by 

bioinformatic 

analysis 

KEGG pathway analysis revealed TNF to be in the top 

10 enriched pathways at 1 and 6 dpi (30). 

Stammers et al. 

(2012) 

Rats Sprague 

Dawley 

(M) 

T10 contusion 

SCI (0.5, 1.0, 

1.5, mm 

displacement, 

OSU 

impactor),  

Spinal cord 

tissue 

Cytokine array 

kit (Protein) 

TNF were increased 2h after injury, and had returned 

to baseline at 4h, 6h and 24h after injury (42). 

Streit et al. 

(1998) 

Rats Lewis (F) T8 contusion 

SCI (1.1 mm 

displacement) 

Spinal cord 

tissue 

RT-PCR 

(mRNA)  

Tnf mRNA peaked 1h after injury and 3d after injury it 

had returned to baseline (36).  

Tyor et al. 

(2002) 

Rats Sprague 

Dawley 

(F) 

T9-10 

contusion SCI 

(40g cm 

force, 

stereotactic 

impounder 

device) 

Spinal cord 

tissue 

RT-PCR 

(mRNA) and 

Immuno-

staining 

(Protein)  

Tnf mRNA peaked at 6h after injury and returned to 

near baseline at 24 h after injury. The staining showed 

TNF was present in and around lesion at 1h and later. 

They hypotheses that TNF staining might be 

associated with mononuclear phagocytes and 

astrocytes (39). 
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von Leden et al. 

(2017) 

Rats Sprague 

Dawley 

(M) 

T9 contusion 

SCI (150 

Kdyn, IH 

impactor) 

Spinal cord 

tissue 

qPCR 

(mRNA) 

Tnf mRNA analyzed 30d after injury showed 12 

months old rats to have a higher level of Tnf compared 

to 3 months old rats (48). 

Wang et al. 

(1996) 

Rats Wistar 

(F) 

T7 

compression 

SCI (100 g 

placed on 

dura for 5min) 

Spinal cord 

tissue, blood 

serum and 

CSF 

Cytotoxic 

bioassay 

(Protein) 

TNF levels were not detected in blood serum and CSF, 

and in spinal cord tissue TNF was increased and 

highest at 1h, 3h and 8h after injury and then started to 

decline 20h, 48h, and 72h after injury (43). 

Wang et al. 

(2002) 

Rats Sprague 

Dawley 

(F) 

T8 contusion 

SCI (W:10 g, 

H:2.5 mm, 

Weight drop 

device) 

Spinal cord 

tissue 

qPCR 

(mRNA) and 

Cytotoxic 

bioassay 

(Protein) 

Tnf mRNA peaked 1h after injury and remained 

increased compared to control at 8h, 24h and 72h. 

TNF protein level was increased and highest at 1h and 

8h after injury, at 24h it had declined, and 3 and 7 

days after injury it had returned to baseline (37). 

Yakovlev and 

Faden (1994) 

Rats Sprague 

Dawley 

(M) 

T9 contusive 

SCI (W:10 g, 

H: 50mm or 

100mm, 

"Allen" 

weight drop 

method) 

Spinal cord 

tissue 

RT-PCR 

(mRNA) 

Tnf mRNA was increased at 30min after injury at the 

lesion site (T9) and was also detectable rostral to the 

injury (T5). 4 hours after injury Tnf was not detected 

at lesion site but rostral to the injury (T1 and T5). 

Regression analysis showed a correlation between Tnf 

expression and injury severity 30min after injury at the 

lesion - a more severe injury showed a higher 

expression of Tnf mRNA (11). 

Yan et al. (2001) Rats Long 

Evans (F) 

T9 contusion 

SCI (W:10 g, 

H:12.5 mm, 

NYU 

impactor) 

Spinal cord 

tissue 

Immuno-

staining  

(Protein) 

Both immune-FL and EM showed TNF+ neurons, 

astrocytes, oligodendrocytes, and microglia 8h after 

SCI. Increased TNF+ cells were seen near the injury, 

and all oligodendrocytes positive for TNF showed 

myelin breakdown (5). 
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Yang et al. 

(2005) 

Rats Sprague 

Dawley 

(M) 

T12 contusive 

SCI (W:10 g, 

H:30mm or 

120mm, NYU 

impactor) 

Spinal cord 

tissue 

RT-PCR 

(mRNA), 

Western 

blotting and 

Immuno-

staining 

(Protein)  

Tnf mRNA were increased 1h after injury, peaked at 

6h and returned to baseline 1 and 3 day after injury. 

This increase was significantly higher in the group 

with a more severe injury. Protein levels of TNF was 

only detected in the group with a severe injury, and the 

highest increase was seen at 6h. The immunostaining 

revealed that neurons seemed to be mostly responsible 

for TNF expression at 1h, and later also glial cells 

started to express TNF. Again, a higher expression of 

TNF was detected in the severe injury group (38). 

Yune et al. 

(2003)* 

Rats Sprague 

Dawley 

(M) 

T5 crushing 

SCI (no. 5 

Dumont 

tweezers) 

Spinal cord 

tissue 

RT-PCR 

(mRNA), 

Western 

blotting and 

Immuno-

staining 

(Protein) 

Tnf mRNA peaked 1h after injury and remained 

increased compared to control at 4h and 24h. TNF 

protein levels were increased 30min after injury, 

peaked at 1h and subsequently declined at 4h and 24h. 

TNF were found to be expressed in neurons 1-2h after 

injury in the lesion, and at 4-8h TNF+ cells were also 

seen in the white matter (34).  

Zhang and Shi et 

al. (2015)* 

Rats Sprague 

Dawley 

(F) 

T9 contusion 

SCI (3 x 10^-

3 N, cSCI 

device) 

Spinal cord 

tissue 

qPCR 

(mRNA), 

Western 

blotting and 

Immuno-

staining 

(Protein) 

Tnf mRNA was increased 6h, 24h and 14 days after 

injury, being highest at 6h. Protein levels were found 

to be increased day 1 after injury and decreased after 

day 3. Furthermore, number of TNF+ neurons in the 

anterior horn was increased 1 day (highest) and 3 days 

after injury. TNF were seen both in neurons and glial 

cells (40).  

Zhou et al. 

(2018) 

Rats Sprague 

Dawley 

(F) 

T10 contusion 

SCI (W:10 g, 

H:2.5 mm, 

NYU 

impactor) 

Spinal cord 

tissue 

Microarray 

analysis 

(RNA) 

followed by 

bioinformatic 

analysis 

KEGG pathway and protein-protein interaction 

network analysis revealed TNF-signaling to be one of 

the top 10 core genes 2h after injury (31). 
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Yan et al. (2003) 

 

Rats Long 

Evans (F) 

T9-T10 

contusion SCI 

(W: 10g, H 

12.5mm, 

NYU 

impactor) 

Spinal cord 

tissue 

 

Western 

blotting and 

Immuno-

staining 

Protein) 

TNFR1 increased at 4h and peaked at 8h post injury. 

TNFR2 increased at 1h and peaked at 4h after SCI 

(49). 

Harrington et al. 

(2005)# 

 

Rats 

 

Sprague 

Dawley 

(F) 

C8 

compression 

SCI (25G, 

Walsh-Tator 

aneurysm 

clip) 

 

Spinal cord 

tissue, blood 

serum and 

CSF 

Immuno-

staining and 

ELISA 

(Protein) 

TNFR1 and TNFR2 increased 6 hours after injury, and 

sTNFR1 was increased 6 hours after injury in blood 

serum and at 3 (peaked) and 6 hours after SCI in CSF 

(44). 
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Table 2: Overview of included studies altering TNF signaling following experimental SCI. Studies marked with * explore both the TNF expression 

and altering TNF signaling following SCI. Studies are listed in according to the used species and strain, followed by the manipulation method(s). BBB: 

Basso, Beattie, and Bresnahan Locomotor Rating Scale, BMS: Basso mouse scale, d: days, F: females, h: hours, i.m.: intramuscular, i.p.: Intraperitoneal, 

KO: knock out, M: males, MFS score: motor function score, s.c.: subcutaneous, SCI: spinal cord injury, sol/tmTNF: soluble/transmembrane tumor necrosis 

factor, sTNFR1: soluble TNFR1, TNFR: TNF receptors. 

Study Used species 

and strain 

(gender) 

SCI model Manipulation 

method(s) 

Target(s) Intervention(s) Outcome (Reference) 

Vidal and 

Lemmens et 

al. (2013)* 

Mice, C57BL/6 

(-) 

T10 Bilateral 

dorsal 

hemisection 

Pharmacological 

manipulation 

tmTNF and 

solTNF 

Etanercept (Enbrel), 3 

groups started treatment at 

14d post-injury, in 

addition, group 1 got 

125µg/mouse injected i.p. 

every two days for 12 

days. Group 2 got 

125µg/mouse daily i.p. 

injection for 7 days. Group 

3 got 0.25µl/h delivered 

with mini osmotic pumps. 

None of the groups had 

improved functional recovery 

compared to the control 

group (BMS score) (45).  

Novrup et al. 

(2014) 

Mice, C57BL/6 

(F) 

T8-T10 

contusion SCI 

(500µm 

displacement, 

IH impactor) 

Pharmacological 

manipulation 

tmTNF 

and/or 

solTNF 

Etanercept (Enbrel) or 

XPro1595 were delivered 

with 2 approaches, 1: first 

injection was 30min after 

injury, followed by every 3 

days for 8 weeks (10 

mg/kg). 2: Delivery with 

mini osmotic pumps 

2.5mg/mL/1µL/h for the 

first 3 days after injury.  

Only XPro1595 (inhibiting 

solTNF) treated group 

delivered with mini osmotic 

pumps showed functional 

improvement (BMS score) 

compared to control together 

with smaller lesion volume. 

Furthermore, decreased 

anxiety-related behavior, 

increased Toll-like receptor 

4, myelin basic protein and 

TNFR2 were measured (58). 

Genovese et 

al. (2006) 

Mice, CD1 (M) T6-T7 clip 

compression 

Pharmacological 

manipulation 

tmTNF and 

solTNF 

Etanercept (Enbrel), 

5mg/kg, i.p. injection 1 

Etanercept treatment 

improved functional recovery 

(BBB score) from 2 days 
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SCI (24g closing 

force for 1min) 

hour before and 6 hours 

after injury.  

after injury until end of 

experiment (10d), decreased 

inflammation, tissue injury 

and apoptosis were measured 

(59). 

Genovese et 

al. (2008) 

Mice (-) T6-T7 clip 

compression 

SCI (24g closing 

force) 

Pharmacological 

and Genetic 

manipulation 

TNFR1, 

tmTNF and 

solTNF  

Mice with TNFR1 KO or 

treatment with Infliximab, 

10 mg/kg, s.c. injected 1 

hour after injury. 

A functional improvement 

was measured in both groups 

compared to control (BBB 

score) from day 5 after injury 

together with less myelin 

loss. Furthermore, reduced 

degree of tissue 

inflammation, neutrophil 

infiltration, cytokine 

expression and apoptosis 

were found (55).   

Ellman and 

Lund et al. 

(2020) 

Mice, C57BL/6 

(F) 

T8-T10 

contusion SCI 

(75Kdyn, IH 

impactor) 

Genetic 

manipulation 

tmTNF and 

solTNF 

Conditional KO of TNF in 

myeloid cells, inducible 

KO of TNF in CX3CR1+ 

cells (microglia) and 

conventional TNF KO 

mice 

Lack of myeloid derived-

TNF improved the functional 

recovery (BMS score), 

decreased the lesion volume 

and the glial scar, and 

increased the anti-apoptotic 

protein Bcl-xL 6 hours after 

injury. Whereas the two other 

mouse line did not show any 

functional improvement 

compared to wildtype (BMS 

score) (52).    

Ellman et al 

(2016) 

Mice, C57BL/6 

(F) 

T8-T10 

contusion SCI 

(75Kdyn, IH 

impactor) 

Genetic 

manipulation 

solTNF Mice only able to express 

tmTNF 

No functional improvement 

(BMS score) or decreased 

lesion size were found 

compared to wildtype (62). 
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Farooque et 

al. (2001) 

Mice, C57BL/6 

(F) 

T8 compression 

SCI (10g/mm2 

for 5min) 

Genetic 

manipulation 

tmTNF and 

solTNF 

Conventional TNF KO No functional improvement 

(MFS score) compared to 

control, only a trend of 

decreased white matter 

preservation was found 

(P=0.097) (50). 

Kim et al. 

(2001) 

Mice, C57BL/6 

(F) 

T10 contusion 

SCI (W: 10g, H: 

3mm, modified 

NYU impactor) 

Genetic 

manipulation 

TNFR1 and 

TNFR2 

Mice with KO of TNFR1 

or TNFR2 

Both groups showed worsen 

functional recovery (BBB 

score) than control 4 weeks 

after injury, however TNFR2 

KO mice performed better 

than TNFR1 KO mice. 

Furthermore, lesion length 

was longer in TNFR1 KO 

and more TUNEL+ cells 

(apoptotic cells) were found 

(63).  

Kroner et al. 

(2014) 

Mice, C57BL/6 

(F) 

T11 contusion 

SCI (50Kdyn, 

IH impactor) 

Genetic 

manipulation 

tmTNF and 

solTNF 

Conventional TNF KO 

(129Tnftm 1 Gkl) 

TNF KO mice showed 

improved functional recovery 

(BMS score) compared to 

wildtype from day 21 after 

injury. In addition, the group 

showed a more M2 

phenotype macrophage 

polarization, with increased 

Arginase-1 and CD206 

expression (47). 

Fraidakis et 

al. (2007) 

Mice, C57BL/6J 

(F) 

T9-10 dorsal 

overhemisection 

SCI (Micro 

scissors) 

Genetic 

manipulation 

tmTNF and 

solTNF 

Conventional TNF KO No functional improvement 

(BBB score) was found 

compared to wildtype (51). 

Pan et al. 

(2002)* 

Mice, C57BL/6 x 

129J progeny 

(not specified) 

T9-T10 

contusion SCI 

(W: 10g, H: 

Genetic 

manipulation 

IL-1RI and 

TNFRp55 

Mice with KO of both IL-

1RI and TNFR1 

(TNFRp55) 

mRNA levels of TNF 

(together with IL-6 and IL-

1ra) were decreased at 4h 
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6.25mm, 

MASCIS 

impactor) 

post injury compared to 

wildtype (33). 

Huie et al. 

(2021) 

Rats, Long-

Evans (F) 

C5 Unilateral 

contusion SCI 

(75Kdyn, IH 

impactor) 

Pharmacological 

manipulation 

TNFR1 Human recombinant. 

sTNFR1, injected just after 

or 90min after SCI with 

intrathecal cannula over 

lesion for 5min 

sTNFR1 decreased the level 

of TNF at 3h compared to 

control, and decreased ED-1+ 

cells and Iba1+ cells 

(microglia/macrophages) 

were detected. Forelimb 

recovery was improved in the 

treated group over a 6 week 

period and they found less 

microglial marker OX-42 

staining compared to controls 

(61).   

Chen et al. 

(2011) 

Rats, Sprague 

Dawley (M) 

T10 contusion 

SCI (90g static 

load for 2min) 

Pharmacological 

manipulation 

tmTNF and 

solTNF 

Etanercept (Enbrel, 

5mg/kg), i.p. 1h after 

injury. 

Improved functional recovery 

(BBB score) from week 2. 

Decreased TNF protein level 

(12h, 1d, and 3d), decreased 

TNFR1 protein (6, 12h) and 

TNFR2 (6h). Increased 

myelin was found in treated 

group, HE staining showed 

less neuronal injury, and 

fewer TUNEL+ cells 

(apoptotic cells)  was 

detected (57). 

Yune et al. 

(2003)* 

Rats, Sprague 

Dawley (M) 

T5 crushing SCI 

(no. 5 Dumont 

tweezers) 

Pharmacological 

manipulation 

tmTNF and 

solTNF 

Neutralizing antibody 

against TNF (R&D and 

Genozyme), 2 or 4µl was 

injected directly into the 

spinal cord at the lesion 

site just after injury. 

Reduced expression of iNOS 

(mRNA and protein level), 

the level of NO (protein) and 

the number of TUNEL+ cells 

(apoptotic cells) were found 

in group treated with 
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neutralizing antibody against 

TNF (34). 

Borcek et al. 

(2015) 

Rats, Wistar (M) T7-10 clip 

compression 

SCI (70g closing 

force) 

Pharmacological 

manipulation 

tmTNF and 

solTNF 

Adalimumab (Humira, 

recom. hum. IgG1 TNF, 

5mg/kg) and Infliximab 

(chimeric anti-TNF mAb, 

5mg/kg), s.c. injection just 

after surgery. 

No difference in functional 

improvement was found in 

the two groups (at 1, 2 and 3 

days after injury, Tarlov 

score). However, decreased 

lipid peroxidase compared to 

control group were found in 

both treatment groups (54). 

Celik et al 

(2016) 

Rats, Wistar (M) T7-T10 clip 

compression 

SCI (70g closing 

force for 1min) 

Pharmacological 

manipulation 

tmTNF and 

solTNF 

Adalimumab (Humira, 

recombinant human IgG1 

TNF, 40mg/kg), 

administrated s.c. just after 

Injury. 

Functional improvement at 5- 

and 7-days post-injury 

(modified Tarlov score and 

incline plane test) was found 

in Adalimumab treated 

group. Protein levels of TNF 

was decreased in treated 

groups (also together with 

methylprednisolone 

treatment) in blood serum 

(56). 

Chi et al. 

(2008) 

Rats, Sprague 

Dawley (M) 

T10 

compressive SCI 

(150Kdyn, 

Pneumatic 

impactor) 

Genetic 

manipulation 

TNF gain 

of function 

TNF transgenic rats (entire 

coding region of murine 

TNF ligated to BamHI-

SalI fragment). 

Protein levels of TNF was 

higher in transgenic rats 

following injury compared to 

wildtype. More apoptotic 

cells were detected at 6h, 24h 

and 73h after injury, 

however, spared tissue and 

more activated astrocytes 

were detected in transgenic 
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rats at 7, 14 and 56 days after 

injury (53). 

Zhang and 

Shi et al. 

(2015)* 

Rats, Sprague 

Dawley (F) 

T9 contusion 

SCI (3 x 10-3N, 

cSCI device) 

Genetic 

manipulation 

tmTNF and 

solTNF 

Lentivirus-mediated RNA 

interference of TNF (TNF-

α-RNAi-LV) was injected 

in the spinal cord at T9 

(5µl/rat) 48 hours before 

injury. 

TNF-α-RNAi-LV rats 

showed improved functional 

recovery (BBB score) 

compared to control from day 

5 and until day 14 after 

injury. Furthermore, an 

increased expression of an 

antioxidant enzymes, 

PRDX6, was found, its 

mRNA on day 7 and protein 

expression on day 3 and 7 

after injury (40). 

Bayrakli, 

Balaban, 

Ozum et al. 

(2011) 

Rabbits, New 

Zealand (M+F) 

T9 ballon 

compression 

SCI (30min at 

4atm) 

Pharmacological 

manipulation 

tmTNF and 

solTNF 

Etanercept (Enbrel, 

2.5mg/kg), i.m. 

paraspinally to SCI site 2-

4h (early) or 12-24h (late) 

after SCI. 

Functional improvement in 

the late treated group already 

1 week after injury, and both 

groups improved 2 weeks 

after injury (Tarlov score). 

Electrophysiological 

improvement was found in 

both groups 2 weeks after 

injury (60). 

Tsarouchas et 

al. (2018) 

Larval zebrafish 

(F+M) 

Complete spinal 

cord transection 

(dorsal incision 

on the dorsal 

part of the trunk 

at the level of 

the 15th 

myotome.) 

Pharmacological 

manipulation 

and Genetic 

manipulation 

tmTNF and 

solTNF 

Pomalidomide (10mg/ml 

stock) and wildtype larvae 

were CRISPER 

manipulated by tnf-α 

gRNA injection (tnfα 

gRNA). 

The treatment group showed 

a strong inhibition of axon 

bridging compared to control 

and the same was seen in 

animals injected with tnfα 

gRNA. They propose that 

TNF expression from 

macrophages promotes 
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regeneration in larval 

zebrafish (64).   
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Supplementary Table 1 

 

 

 

 

  

Database MeSH term and free form search No. of hits 

EMBASE  spinal cord adj4 (traum* or injur* or transection* or contusion*) 76366 

MEDLINE  spinal cord adj4 (traum* or injur* or transection* or contusion*) 55142 

Web of Science  TS=("spinal  cord  traum*"  or  "spinal  cord  injur*"  OR  "spinal  

cord  transection*"  or  "spinal  cord  contusion*") 

55562 

EMBASE  Tumo?r necrosis factor* or TNF* or cachectin or cachetin 495035 

MEDLINE  Tumo?r necrosis factor* or TNF* or cachectin or cachetin 286619 

Web of science  TS=(Tumo*r  necrosis  factor*  or  TNF*  or  cachectin  or  cachetin) 338643 

   

EMBASE Both ’blocks’ combined with AND 1743 

MEDLINE Both ’blocks’ combined with AND 990 

Web of Science Both ’blocks’ combined with AND 1353 

   

Total  4068 
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Abstract 

Spinal cord injury (SCI) initiates detrimental cellular and molecular events, leading to acute and 

delayed neuroinflammation. Understanding the role of the inflammatory response in SCI requires 

insight into the temporal and cellular synthesis of inflammatory mediators.  

We subjected C57BL/6J mice to moderate contusion SCI and investigated inflammatory reactions 

after SCI. Specifically, we focused on evaluating spinal cord levels and cellular sources of tumor 

necrosis factor (TNF) and its two receptors, TNFR1 and TNFR2. We also examined the activation, 

recruitment, and polarization of microglia and infiltrating immune cells.  

In the acute phase after SCI, we found increased TNF expression in glial cells and neuron-like cells, 

followed by infiltrating immune cells. TNFR1 and TNFR2 levels increased in delayed phase after 

SCI and were found preferentially on neurons and glial cells, respectively. The acute phase after SCI 

was dominated by infiltration of granulocytes and macrophages. Microglial/macrophage expression 

of Arg1 mRNA increased from 24 hours to 7 days after SCI, followed by an increase in Itgam, Cx3cr1, 

and P2ry12 mRNA levels, which remained elevated throughout the study. By 21- and 28-days after 

SCI, the lesion core was populated by galectin-3+, CD68+, and CD11b+ microglia/macrophages, 

surrounded by a glial scar consisting of GFAP+ astrocytes. Our findings were verified in human 

postmortem tissue from SCI patients.  

Our findings of an initial increase in TNF levels after SCI, followed by a solid neuroinflammatory 

response with increased TNFR1 and TNFR2 expression support the current consensus that future 

neuroprotective immunotherapies should aim at selectively neutralizing detrimental immune 

signaling, while sustaining pro-regenerative processes. This will result in enhanced tissue 

preservation and promote neurological recovery, resulting in improved functional outcome. 
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Introduction 

Spinal cord injury (SCI) is a serious neurological condition that often leads to irreversible motor and 

sensory dysfunction below the level of injury. The mechanical impact to the spinal cord initiates a 

primary injury, which is followed by secondary degenerative processes. The secondary degeneration 

occurs due to detrimental cellular and molecular events, which include glutamate excitotoxicity, 

edema formation, and exacerbated neuroinflammation (1). Neuroinflammatory processes are rapidly 

initiated after SCI and contribute to both injury and reparative processes (2). Although the 

neuroinflammatory response is most pronounced in the early phases after SCI, it continues throughout 

a patient’s life (3). Within minutes after injury, inflammatory mediators, such as cytokines, are 

released by resident cells located in the injured spinal cord and take part in the recruitment, activation, 

and polarization of immune cells (4).  

One important inflammatory cytokine is tumor necrosis factor (TNF), which plays a role in both the 

initiation, maintenance, and resolution of inflammation (5). It exists in two forms: a transmembrane-

bound form (tmTNF) and a soluble form (solTNF). Both types of TNF signal through one of two 

receptors, TNFR1 and TNFR2, however with different binding affinities, and it is known that robust 

activation of TNFR2 requires binding of tmTNF (5, 6). Furthermore, the downstream signaling 

pathways of the two receptors differ, and especially activation of TNFR1 is associated with an 

increase in the expression of pro-inflammatory cytokines and activation of programmed cell death 

(7), whereas TNFR2 is involved in cell survival, proliferation, and remyelination (8, 9).  

Several studies have examined the cellular and temporal expression of TNF and its receptors in the 

acute phase after SCI (10-16). Only a few studies, however, focused on clarifying TNF expression in 

the delayed phase after SCI (11, 13, 17). Besides the initial acute increase in TNF levels, these studies 

suggest a second increase in Tnf gene expression in the delayed phase after SCI (11, 13). Examining 

TNFR1 and TNFR2 expression in the delayed phase after SCI is, to our knowledge, yet to be 

elucidated. As elevated TNF levels induce the expression of numerous other inflammatory cytokines 

(18), studies have tried to clarify the role of TNF after SCI (19-22). Studies using conventional and 

cell-specific conditional TNF or TNFR-knock out mice (19, 23-26), as well as studies using anti-TNF 

therapy (20, 27, 28) demonstrate that TNF exhibits both neuroprotective and neurodegenerative 

effects after SCI (19, 20, 23, 25, 28). In addition, we and others have shown that interfering with 

solTNF-TNFR1 signaling is beneficial after SCI (21, 27).  
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Diminishing detrimental neuroinflammatory processes is considered a possible therapeutic strategy 

in SCI patients, therefore more detailed knowledge on the temporal and cellular synthesis of 

inflammatory mediators is required. In this study, we investigated the temporal and cellular source of 

TNF and its two receptors in a moderate contusive SCI model in C57BL/6J mice in the acute and 

delayed phases after SCI. These findings were verified in postmortem tissue and cerebrospinal fluid 

(CSF), derived from SCI patients. In addition, we evaluated the expression profile of selected 

cytokines and examined the activation, recruitment, and polarization of immune cells in the lesioned 

spinal cord.      
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Materials and Methods 

CSF collection 

Human CSF samples were collected at the Third Affiliated Hospital of Sun Yat-sen University in 

China. All cases received a diagnosis of SCI combining clinical symptoms (ISNCSCI and ASIA 

score), electrophysiology, x-ray and MRI analysis. Cases were divided into subacute (2 weeks - 2 

months after injury), early chronic (2 -12 months after injury) and late chronic stages (>24 months 

after injury) (Table 1). SCI cases with complete or incomplete traumatic injury at cervical and thoracic 

levels were included in this study. One patient had a lumbar SCI. Cases with other neurological 

disorders and diabetes were excluded. CSF from healthy individuals was used as control (Table 1), 

and samples were collected after overnight fasting and frozen at -80°C. The study protocols ([2018]-

02, [2018]-03, [2018]-04) were in accordance with guidelines for clinical studies approved by the 

Third Affiliated Hospital of Sun Yat-sen University review board.  

 

Table 3: Gender and age distribution of SCI patients included for CSF analysis. 

 CONTROLS SUB-ACUTE EARLY 

CHRONIC 

LATE 

CHRONIC 

NUMBER OF 

PARTICIPANTS 

5 12 10 11 

SEX, N (%) MALES 4 (80) 11 (92) 10 (100) 11 (100) 

AGE, YEARS, MEDIAN 

(IQR) 

31 (23.0; 44.5) 30.5 (28.3; 47.0) 30.0 (26.8; 36.3) 45.0 (39.0; 54.0) 

 

Animals  

Female C57BL/6J mice were purchased from Taconic A/S (Ry, Denmark) and transferred to the 

Biomedical Laboratory, University of Southern Denmark, where they were allowed to acclimatize 

for at least one week before surgery. TNF knock out (Tnf-/- (29)) mice were obtained by crossing 

heterozygous Tnf+/- mice and the genotype was established using the following primers from DNA 

technology A/S (Copenhagen, Denmark): TNF common (5’-CCAGGAGGGAGAACAGA), TNF 

mutant (5’-CGTTGGCTACCCGTGATATT), TNF wt (5’-AGTGCCTCTTCTGCCAGTTC), LTaN 

forward (5’-GTCCAGCTCTTTTCCTCCCAAT), and LTaN reverse (5’-

GTCCTTGAAGTCCCGGATACAC) as previously described (29, 30). All mice were group housed 

with food and water ad libitum, with 12-hour light/dark cycle, and controlled temperature and 

humidity. Mice were cared for in accordance with the protocols and guidelines approved by The 

Danish Veterinary and Food Administration (J. numbers 2013-15-2934-00924 and 2019-15-0201-
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01615); experiments are reported in accordance with the ARRIVE guidelines, and all efforts were 

made to minimize pain and distress. 

 

Induction of spinal cord injury (SCI) 

Mice were anesthetized with an intraperitoneal (i.p.) injection of a cocktail of ketamine (100 mg/kg, 

VEDCO, Saint Joseph, MO, USA) and xylazine (10 mg/kg, VEDCO). The ninth thoracic vertebra 

(T9) was identified based on anatomical landmarks (31) and the mice were laminectomized at T8-

T10. Mice received a T9 contusion injury (75 Kdyn) using the Infinite Horizon Device (Precision 

Systems and Instrumentation, Brimstone, LN, USA) as previously described (27). Sham mice were 

laminectomized only. After surgery, mice received a subcutaneous (s.c.) injection of isotonic saline 

to prevent dehydration and for after surgical analgesia, mice were treated with four s.c. injections of 

buprenorphine hydrochloride (0.001 mg/20 g body weight Temgesic, cat. no. 521634, Indivior 

Europe, Virginia, USA) at eight-hours intervals starting immediately after surgery. To prevent 

dehydration and infection, mice were supplemented with daily s.c. injections of isotonic saline and 

antibiotic gentamicin (40 mg/kg, Hexamycin, Sandoz, Copenhagen, Danmark) for the first 7 days 

after SCI. Mice were housed in individual cages in a recovery room at 25C with a 12-hour light/dark 

cycle, until their wounds healed. Mice surviving more than 24 hours after surgery were weighed 1-, 

3-, and 7-days after SCI and thereafter weekly. Bladders were emptied manually twice a day for the 

duration of experiments. C57BL/6J mice were allowed to survive 1-, 3-, 6-, 12-, or 24-hours (acute, 

n(SCI)=18-23/group and n(sham)=5/group) or 3-, 7-, 14-, 21-, or 28-days (delayed, n(SCI)=15/group 

and n(sham)=5/group) after surgery and naïve mice were used as controls (n=20). Tnf-/- mice were 

allowed to survive 1, 3-, 6-, 12-, or 24-hours after SCI (n=2/group). In total, one C57BL/6J mouse 

died during surgery.  

 

Basso mouse scale (BMS) 

Functional recovery after SCI was determined by scoring of the hind limb locomotor performance in 

the open field arena using the BMS scoring system and the BMS subscore system, with the latter used 

to quantify finer aspects of locomotion (32). Under observer-blinded conditions, mice were evaluated 

over a 4 min period 1-, 3-, and 7-days after SCI and weekly thereafter for up to 28 days. Before 

surgery, mice were handled and pre-trained in the open field to assure a normal locomotion and to 
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prevent fear and/or stress behaviors that could bias the locomotor assessment. Routinely, mice with 

a BMS score above 1 on the day after surgery are excluded, however, in the present study no mice 

scored above 1. 

 

Human SCI tissue 

Paraffin-embedded postmortem human spinal cord samples were obtained from The Miami Project 

Human Core Bank at the University of Miami Miller School of Medicine managed by Alexander 

Marcillo, MD, and Yan Shi, M.S. Specimens from these spinal cords are part of other studies on the 

role of TREM2 in SCI (Gao et al., submitted) and a systematic review on the role of TNF in SCI 

(Lund et al., in prep, Manuscript I).  

 

Tissue processing 

Mice were deeply anaesthetized with an overdose of pentobarbital (200 mg/ml) containing lidocaine 

(20 mg/ml) (Glostrup Apotek, Glostrup Denmark) and transcardially perfused through the left 

ventricle. For reverse-transcription quantitative polymerase chain reaction (RT-qPCR), in situ 

hybridization, protein analysis, and flow cytometry, mice were perfused with ice-cold diethyl 

pyrocarbonate-treated (DEPC, Sigma-Aldrich, cat. no. D5758, Soeborg, Denmark) phosphate-

buffered saline (PBS, pH 7.4, Sigma-Aldrich, cat. no. P4417, Soeborg, Denmark). For 

immunohistochemistry and immunofluorescence staining, mice were perfused with ice cold 4% 

paraformaldehyde (PFA, Sigma-Aldrich, cat. no. 158127, Soeborg, Denmark) diluted in PBS.  

For RT-qPCR and protein analysis, one-centimeter of spinal cord centered on the lesion area (SCI 

samples), or spinal cord tissue taken from the equivalent region (sham and naïve samples), was 

quickly removed, snap frozen on dry ice, and stored at -80°C until further processing.  

Spinal cord segments (1 cm centered on the lesion), used for in situ hybridization, 

immunohistochemistry, and immunofluorescence staining, were quickly removed. For in situ 

hybridization, segments were immediately embedded in Tissue-Tek OCT compound (Leica, cat. no. 

14020218926, Broendby, Denmark) and snap frozen in gaseous CO2. Spinal cord segments used for 

immunohistochemistry and immunofluorescence staining were stored in PFA for 45 minutes, 

hereafter in 20% sucrose (Sigma-Aldrich, cat. no. S7903, Soeborg, Denmark) in 0.15 M Sorensen’s 

phosphate buffer overnight (o.n), and on the after day embedded and snap frozen in Tissue-Tek 
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compound (OCT compound, Leica Biosystems, Broendby, Denmark). Spinal cords were then cut into 

20 µm-thick parallel tissue sections using a cryostat, collected on SuperFrost Plus slides (Thermo 

Fisher Scientific, cat. no. 10149870, Roskilde, Denmark) and stored at -20C (immuno-staining) or -

80°C (in situ hybridization) until further processing. 

For flow cytometry, spinal cord tissue containing the lesion area (1 cm centered on the lesion) and 

peri-lesion area (tissue 0.5 cm distal and 0.5 cm proximal to the lesion was pooled to represent peri-

lesion tissue) or spinal cord tissue taken from the equivalent regions (naïve samples) were quickly 

removed and placed in cold RPMI (Gibco, cat. no. 21875-042, Roskilde, Denmark) containing 10% 

fetal bovine serum (FBS, VWR, cat. no. S1810, Soeborg, Denmark). Samples were homogenized 

through a 70 m filter (AH Diagnostics, cat. no. 352350, Aarhus, Denmark) and further processed 

for flow cytometry.   

 

Gene analysis 

RNA extraction: Total RNA was extracted from mice with 1-, 3-, 6-, 12-, and 24-hours, 3-, 7-, 14-, 

and 28-days survival after SCI, as well as from naïve controls (n= 5/group) using TRIzol Reagent 

(Invitrogen, cat. no. 15596018, Roskilde, Denmark), according to the manufacturer’s protocol. 

Briefly, samples were homogenized with the appropriate amount of TRIzol Reagent and chloroform 

extraction (Sigma-Aldrich cat. no. C2432, Soeborg, Denmark) was performed followed by 

isopropanol precipitation (Sigma-Aldrich, cat. no. I9030, Soeborg, Denmark). The RNA was washed 

with 75% ethanol (absolute ethanol in Nuclease free water, VWR, cat. no. 20821.365, Soeborg, 

Denmark) and purified RNA was dissolved in Nuclease free water (Thermo Scientific, cat. no. R0582, 

Roskilde, Denmark). Concentrations and purity were checked using a Thermo Scientific NanoDrop 

One spectrophotometer.  

cDNA synthesis: Two µg of RNA was reverse transcribed with the High-Capacity cDNA Reverse 

Transcription kit from Applied Biosystems (Thermo Fisher, cat. no. 4368814, Roskilde, Denmark). 

A 2x reverse transcription (RT) Master mix was made, consisting of 10X RT Buffer, 25X dNTP mix 

(100 mM), 10 RT Random Primers, MultiScribeTM Reverse Transcriptase, Nuclease-free water, and 

equal amounts of RNA sample and 2x RT Master mix were synthesized using a MJ Research PTC-

225 Gradient Thermal Cycler from Marshall Scientific. Reverse transcription cycle conditions were 

as follows: 25°C for 10 min, 37°C for 120 min, 85°C for 5 min, and then cooled down to 4°C. Samples 

were diluted to 50 ng/µl and stored at -20°C until further processing. 
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RT-qPCR: Investigation of Tnf, Tnfrsf1a, Tnfrsf1b, Il1b, Il6, Il10, Cxcl1, Integrin subunit alpha M 

(Itgam), C-x3-c motif chemokine receptor 1 (Cx3cr1), Triggering receptor expressed on myeloid cells 

2 (Trem2), Purinergic receptor P2Y (P2ry12), Arginase 1 (Arg1), and Hypoxanthine-guanin-

phosphoribosyl-transferase 1 (Hprt1) mRNA expression was performed with Maxima SYBR Green 

(ThermoFisher Scientific, cat. no. KO223, Roskilde, Denmark) detection and carried out using a CFX 

Connect Real-Time PCR Detection System from Bio-Rad. Primers were designed with NCBI’s 

Nucleotide database and Primer designing tool, aimed to target exon-exon junctions whenever 

possible, checked for self-complementary with Oligo calc (33), and were purchased from TAG 

Copenhagen (Copenhagen, Denmark). Primer sequences are listed in Table 4. The RT-qPCR reaction 

was performed in a 12.5 µl volume, containing 1x Maxima SYBR Green, 50 ng of template cDNA, 

and 600 nM forward and reverse primers. Thermal cycling conditions were as follows: 95°C for 10 

min to separate the cDNA, followed by further denaturation for 15 seconds whereafter the 

temperature was lowered to the optimal annealing temperature for each gene (see Supplementary 

Table 4) for 30 seconds and then raised again to 72°C for 30 seconds. This was caried out for 40 

cycles, except for Il10 (45 cycles, Supplementary Table 1). At last, the samples were heated to 

generate a melting curve (Supplementary Table 1). A 4-fold standard curve and a calibrator were 

prepared from a mixture of aliquots from all experimental samples and used on every assay. “No 

template” and “no reverse transcriptase” controls were included as negative controls. All samples and 

standards were tested in triplicates, the calibrator was applied to 6 wells, and samples from different 

time points were randomly distributed across the different assays. Amplification of a single desired 

product was confirmed by the presence of only one melting curve. Relative transcript levels were 

calculated using the Pfaffl method (34), primer efficiencies were accepted within the range of 100±5% 

(Supplementary Table 1), and data was normalized to the reference gene, Hprt1.   

 

Table 4:  Primers used for RT-qPCR analysis.   

GENE PRIMER SEQUENCES (5’-3’) ACCESSION NO. 

Tnf F- AGGCACTCCCCCAAAAGATG NM_001278601.1 

 R- TCACCCCGAAGTTCAGTAGACAGA  

Tnfrsf1a F- GCCCGAAGTCTACTCCATCATTTG NM_011609.4 

 R- GGCTGGGGAGGGGGCTGGAGTTAG  

Tnfrsf1b F- GCCCAGCCAAACTCCAAGCATC NM_011610.3 

 R- TCCTAACATCAGCAGACCCAGTG  

Il-1b F- TGCCACCTTTTGACAGTGATG NM_008361.4 
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 R- CAAAGGTTTGGAAGCAGCCC  

Il-6 F- AGGATACCACTCCCAACAGA NM_001314054.1 

 R- ACTCCAGGTAGCTATGGTACTC  

Il-10 F- GCCAGGTGAAGACTTTCTTTCAAAC NM_010548.2 

 R- AGTCCAGCAGACTCAATACACAC  

Cxcl1 F- GCTGGGATTCACCTCAAGAAC NM_008176.3 

 R- TGTGGCTATGACTTCGGTTTG  

Itgam F- GCCTGTCACACTGAGCAGAA NM_008401.2 

 R- TGCAACAGAGCAGTTCAGCA   

Cx3cr1 F- TCCCATCTGCTCAGGACCTC NM_009987.4 

 R- GGCCTCAGCAGAATCGTCAT  

Trem2 F- TGCTGGAGATCTCTGGGTCC NM_031254.3 

 R- AGGTCTCTTGATTCCTGGAGGT  

Arg1 F- ATGAAGAGCTGGCTGGTGTG NM_007482.3 

 R- CCAACTGCCAGACTGTGGTC  

P2ry12 F- GCCAGTGTCATTTGCTGTCAC NM_027571.4 

 R- TAGATGCCACCCCTTGCACT  

Hprt1 F- TCCTCAGACCGCTTTTTGCC NM_013556.2 

 R- TCATCATCGCTAATCACGACGC  

 

In situ hybridization for Tnf mRNA 

In situ hybridization for Tnf mRNA was performed using a mixture of two alkaline phosphatase (AP)-

labeled oligo DNA probes (3 pmol/ml) on tissue sections from C57BL/6J mice with 1-, 3-, 6-, 12-, 

and 24-hours survival after SCI, in addition to naïve controls (n= 3/group). The following probes 

were purchased from DNA Technology (Copenhagen, Denmark): Tnf probes: 5’ 

CGTAGTCGGGGCAGCCTTGTCCCTTGAA 3’ (GC content 60.7%, Tm 67.8C) and 5’ 

CTTGACGGCAGAGAGGAGGTTGACTTTC 3’ (GC content 53.6%, Tm 62.3C) and 

glyceraldehyde 3-phosphate dehydrogenase (Gapdh) probe: 5’ 

CCTGCTTCACCACCTTCTTGATGTCA 3’ (GC content 50%, Tm = 60.2C). The hybridization 

was performed on 20m ethanol-fixed spinal cord sections using the protocol described by 

Lambertsen et al. (35). The hybridization signal was developed using an AP buffer containing 5-

bromo-4-chloro-3-indolyl phosphate (Sigma-Aldrich, cat. no. B8503, Soeborg, Denmark) and 

nitroblue tetrazolium (Sigma-Aldrich, cat. no. N6876, Soeborg, Denmark). The specificity of the 

hybridization was documented by 1) abolishment of the hybridization signal when hybridizing RNase 
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A-digested sections, 2) hybridizing sections with 100-fold excess of the unlabeled probe mixture, or 

3) absence of signal in sections incubated with buffer only. Parallel sections were hybridized for the 

widely expressed Gapdh mRNA to ensure overall suitability of the tissue for hybridization.  

 

Protein purification 

Spinal cord tissue segments from naïve mice (n=5) or mice with 1-, 3-, 6-, 12-, or 24-hours and 3-, 7-

, 14-, 21-, or 28-days survival after SCI (n(SCI)=5/group and n(sham)=5/group) were thawed on ice, 

sonicated in lysis buffer (150 mM sodium chloride (Sigma-Aldrich, cat. no. 1064041000, Soeborg, 

Denmark), 20 mM Tris, 1 mM Ethylene Diamine Tetra Acetate (EDTA, Sigma-Aldrich, cat. no. 

E9884, Soeborg, Denmark), 1 mM ethylene glycol tetraacetic acid (EGTA, Sigma-Aldrich cat. no. 

E4378, Soeborg, Denmark), 1% Triton-X-100, a cocktail of phosphatase and proteinase inhibitors 

(Sigma-Aldrich, P5726 and Sigma-Aldrich, P0044, Soeborg, Denmark), and complete mini EDTA-

free Tablet (Roche, 11836170001, Soeborg, Denmark), pH 7.5). Samples were left shaking on ice at 

4C for 30 minutes, centrifuged at 14,000xg at 4C for 20 minutes, and finally the supernatants were 

stored at -80C until further analysis. The protein concentration was determined using the Pierce BCA 

Protein Assay Kit (Thermo Fischer Scientific, cat. no. 23235) according to the manufacturer’s 

protocol.  

 

Electrochemiluminescence analysis 

TNF, IL-1β, IL-6, IL-10, CXCL1, TNFR1, and TNFR2 protein levels were investigated in tissue 

homogenates from SCI or sham mice, with 1-, 3-, 6-, 12-, or 24-hours (acute phase) and 3-, 7-, 14-, 

or 28-days (delayed phase) survival, as well as in naïve controls (n= 5/group), using custom made 

MSD Mouse Pro-inflammatory V-PLEX (Mesoscale Discovery, Rockville, MD, USA, cat. no. 

K152BIC (acute) and K152AOH-2 (delayed)) and Ultra-sensitive TNFRI (Mesoscale Discovery, cat. 

no. K152BIC (acute) and K1510VK-2 (delayed)) and TNFRII (Mesoscale Discovery, cat. no. 

K152BJC (acute) and K150ZSR-2 (delayed)) kits, as previously described (25). Analysis of tissue 

derived from mice with 3-, 7-, 14-, and 28-days survival time (delayed phase) was performed 

separately from tissue derived from mice with 1-, 3-, 6-, 12-, and 24-hours survival time (acute phase) 

and therefore analyzed as two separate experiments. Samples were diluted in Diluent 41, run in duplex 

on a SECTOR Imager 6000 Plate Reader (Mesoscale Discovery), and analyzed using MSD Discovery 
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Workbench software. Samples with coefficient of variation (CV) values >25% in individual analyses 

were excluded. The lower limit of detection (LLOD) was a calculated concentration based on a signal 

2.5 standard deviations (SD) above the blank (zero) calibrator. For protein levels below LLOD, a 

value of 0.5 LLOD was used for statistical analysis. LLOD values: Acute experiments; IL-1 (0.19-

0.22 pg/mL), IL-10 (0.81-1.34 pg/mL), CXCL1 (0.14-0.23 pg/mL), TNF (0.22-0.77 pg/mL), IL-6 

(1.70-4.04 pg/mL), TNFR1 (0.57-0.61 pg/mL), and TNFR2 (15.00-35.90 pg/mL). Delayed 

experiments; IL-1 (0.09 pg/mL), IL-10 (0.61 pg/mL), CXCL1 (0.13 pg/mL), TNF (0.15 pg/mL), IL-

6 (1.57 pg/mL), TNFR1 (0.16 pg/mL), and TNFR2 (0.73 pg/mL). 

 

CSF ELISA 

SolTNF was quantitatively measured by a commercially available ELISA kit (Abcam, cat. no. 

ab181421, Cambridge, United Kingdom) according to manufacturer’s instructions. Before testing, 

CSF samples was centrifuged at 2,000 x g for 10 mins to remove debris. Supernatants were collected 

for further analysis. 

 

Immunohistochemistry for TNF 

Visualization of TNF protein in spinal cord tissue sections from C57BL/6 (n= 3/group) and Tnf-/- (n= 

2/group) mice with 1-, 3-, 6-, 12-, and 24-hours survival after SCI and naïve controls (n=3) was 

performed using a two-step immunohistochemical protocol using an AP-conjugated secondary 

antibody as previously described in detail (36). In short, sections were air-dried and fixed in 4% PFA 

for 10 minutes. Next, sections were rinsed in Tris-buffered saline (TBS, pH 7.4) for 15 minutes, TBS 

+ 0.1% Triton (Merck, cat. no. X100, Soeborg, Denmark) 3x 15 minutes, and incubated with 10% 

FBS in TBS for 30 minutes at room temperature. Thereafter, sections were incubated with polyclonal 

rabbit anti-mouse TNF antibody (Table 2) diluted 1:200 in 10% FBS for 1 hour at room temperature, 

followed by 48 hours at 4C. Next, sections were rinsed 3x 15 minutes in TBS + 0.1% Triton and 

incubated with a secondary AP-conjugated antibody to rabbit IgG (Jackson ImmunoResearch, cat. 

no. 111-055-003, Cambridgeshire, United Kingdom) diluted 1:200 in 10% FBS for 1 hour at room 

temperature. The antigen-antibody complex was visualized using the AP-developer used for in situ 

hybridization containing 1 mol/L Levamisole (Sigma-Aldrich, cat. no. PHR1798, Soeborg, 
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Denmark). Finally, the development was arrested in distilled water and sections cover slipped in 

Aquatex. 

Control reactions for antibody specificity were performed on parallel sections by 1) substitution of 

the primary antibody with rabbit serum (Dako, cat. no. X0902, Glostrup, Denmark), 2) omission of 

the primary antibody in the protocol, and 3) inclusion of sections from Tnf-/- mice. Tnf-/- mice are 

known to be devoid of functional TNF protein (30). Parallel sections incubated with polyclonal rabbit 

anti-glial fibrillary acidic protein (GFAP, Table 2) diluted 1:4,000 were included for the overall 

control of the immunohistochemical reaction.  

 

Immunofluorescence staining 

Mouse tissue: Double immunofluorescence staining for TNF, TNFR1 or TNFR2 with cell specific 

markers was performed on 20 µm-thick parallel tissue cryostat sections from mice with 3 hours, 21- 

or 28-days survival after SCI. Double labelling for GFAP with CD11b, CD68, or Iba1 was performed 

21 or 28 survival after SCI (n= 2-3/group). Sections were blocked with 10% FBS for 30 minutes, 

incubated o.n. with primary antibodies (Table 2), rinsed in TBS, and incubated with fluorescently 

labelled secondary antibodies for 2 hours at room temperature (Table 2). For visualization of 

astrocytes, Cy3- or 488-conjugated anti-GFAP antibodies (Table 2) were applied for 1 hour at room 

temperature. Sections were rinsed in TBS containing 4′,6-diamidino-2-phenylindole (DAPI, 1:1000, 

Sigma-Aldrich, cat. no. D9542, Soeborg, Denmark) to visualize nuclei and mounted with Aquatex 

(Sigma-Aldrich, cat. no. 1.085.620.050, Soeborg, Denmark).  

Human tissue: Human postmortem spinal cord tissue was formalin-fixed, embedded in paraffin, and 

cut into 10 μm-thick sections on a microtome. Tissue sections were deparaffinized in xylene and 

rehydrated in graded series of ethanol (99%, 96%, 70%, 50%), emerged in water, and washed in PBS 

before heat-induced epitope retrieval in citrate buffer (10 mM citrate, pH 6). Next, sections were 

rinsed in PBS and bleached using the Autofluorescence Eliminator Reagent (Millipore, cat. no. 2160, 

Soeborg, Denmark) according to the manufacturer’s guidelines (37). The sections were then rinsed 

in PBS followed by TBS and TBS + 0.1% triton before blocking in 10% FCS in TBS for 30 min at 

room temperature. The sections were incubated o.n. with primary antibodies diluted in 10% FCS in 

TBS (Table 3). The following day, the sections were rinsed in TBS + 0.1% triton, an incubated for 2 

hours with secondary antibodies (Table 2) diluted in 10% FCS in TBS at room temperature, protected 



127 

 

from light. Finally, sections were rinsed in TBS before mounting with ProLong Gold Antifade 

Reagent with DAPI. 

 

Table 3:  Overview of antibodies used for immunofluorescent staining.   

ANTIBODY CONJUGATED HOST (CLONE) DILUTION SOURCE (CAT. NO., CITY, 

COUNTRY) 

ANTI-TNF Unconjugated Rabbit 1:200 Thermo Fischer Scientific (P-

350, Roskilde, Denmark) 

ANTI-TNFR1 Unconjugated Rabbit (H-271) 1:50 Santa Cruz (sc-7895, Aarhus, 

Denmark) 

ANTI-TNFR2 Unconjugated Rabbit 1:200 Sigma Aldrich (HPA004796, 

Soeborg, Denmark) 

ANTI-TNFR2 Unconjugated Goat  1:50 R&D Systems (AF-426-PB, 

Abingdon, United Kingdom) 

ANTI-MAP2 Unconjugated Chicken 1:100 Abcam (ab5392, Cambridge, 

United Kingdom) 

ANTI-CD68 Unconjugated Rat  1:400 Bio-Rad (MCA1957, 

Copenhagen, Denmark) 

ANTI-CD68 Unconjugated Mouse (PG-M1) 1:100 Abcam (ab783, Cambridge, 

United Kingdom) 

ANTI-CD11B Unconjugated Rat  1:500 Bio-Rad (MCA711, 

Copenhagen, Denmark) 

ANTI-IBA1 Unconjugated Rabbit 1:500 Wako (019-19741, 

Skanderborg, Denmark) 

ANTI-IBA1 Unconjugated Mouse (GT10312) 1:1,000 Sigma Aldrich (SAB2702364, 

Soeborg, Denmark) 

ANTI-GALECTIN-3 Unconjugated Rat (M38) 1:300 Hakon Leffler’s Lab 

(Reference: (38)) 

ANTI-NF-L Alexa FluorTM-488 Mouse (N52) 1:50 Sigma Aldrich (MAB5266. 

Soeborg, Denmark) 

ANTI-IL-1 Unconjugated Mouse (2E8) 1:50 Bio-Rad (MCA5542Z, 

Skanderborg, Denmark) 

ANTI-GFAP Cy3 Mouse (G-A-5) 1:500 Sigma Aldrich (C9205, 

Soeborg, Denmark) 

ANTI-GFAP Alexa FluorTM-488 Mouse (131-17719) 1:400 Invitrogen (A21294, Roskilde, 

Denmark) 

ANTI-RABBIT Alexa FluorTM-594 Donkey 1:200 Invitrogen (A21207, Roskilde, 

Denmark) 

ANTI-RABBIT Alexa FluorTM-488 Chicken 1:200 Invitrogen (A21441, Roskilde, 

Denmarl) 

ANTI-RAT Alexa FluorTM-594  Goat 1:200 Invitrogen (A11007, Roskilde, 

Denmark) 

ANTI-RABBIT Alexa FluorTM-594  Goat 1:200 Invitrogen (A21207, Roskilde, 

Denmark) 

ANTI-RABBIT Alexa FluorTM-488  Goat 1:200 Invitrogen (A11008, Roskilde, 

Denmark) 

ANTI-RABBIT Alexa FluorTM-568  Goat 1:200 Invitrogen (A11011, Roskilde, 

Denmark) 
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ANTI-RAT Alexa FluorTM-488 Goat  1:200 Invitrogen (A11006, Roskilde, 

Denmark) 

ANTI-CHICKEN Alexa FluorTM-488 Goat 1:200 Invitrogen (A11039, Roskilde, 

Denmark) 

ANTI-MOUSE Alexa FluorTM-488 Goat 1:200 Invitrogen (A11001, Roskilde, 

Denmark) 

ANTI-MOUSE Alexa FluorTM-568 Goat 1:200 Invitrogen (A11004, Roskilde, 

Denmark) 

ANTI-MOUSE Alexa FluorTM-555 Goat 1:200 Invitrogen (A21422, Roskilde, 

Denmark) 

ANTI-GOAT Alexa FluorTM-594 Donkey 1:200 Invitrogen (A11058, Roskilde, 

Denmark) 

 

Flow cytometry  

Samples from mice with 3- and 24-hours survival after SCI and naïve controls (n=5/group) were 

processed for flow cytometry using a FACSCalibur flow cytometer and data analyzed using 

FACSuite software, as previously described (39). Tissue from individual mice was processed 

individually and approximately 106 events were acquired per sample using forward scatter (FSC) and 

side scatter (SSC). Microglia (CD11b+CD45dim), macrophages (CD11b+CD45highLy6ChighLy6G-) and 

granulocytes (CD11b+CD45highLy6C+Ly6G+) were identified as previously described (25). Prior to 

fixation, cells were stained for live/dead cells using Fixable Viability Dye eFluoro 506 (Thermo 

Fischer, cat. no. 65-0866-18, Roskilde, Denmark) diluted in PBS. Positive staining was determined 

based on isotype controls and the respective fluorescent minus one (FMO) control. Antibodies were 

directly conjugated with fluorochromes (Table 4) (24). The mean fluorescence intensity (MFI) was 

calculated as the geometric mean of each population in the CD45 and CD11b positive gates. 

 

Table 4:  Overview of antibodies used for flow cytometry.   

ANTIBODY CONJUGATED HOST (CLONE) DILUTION SOURCE (CAT. NO., CITY, 

COUNTRY) 

ANTI-MOUSE CD45 PerCP-Cy™5.5 Rat (clone 30-F11) 1:100 BD Biosciences (561869, Lyngby, 

Denmark) 

ANTI CD11B BB515 Rat (clone M1/70) 1:200 BD Biosciences (564454, Lyngby, 

Denmark) 

ANTI-MOUSE LY-6C PE-Cy™7 Rat (clone AL-21) 1:200 BD Biosciences (560593, Lyngby, 

Denmark) 

ANTI-MOUSE LY-6G BV421 Rat (clone 1A8) 1:200 BD Biosciences (562737, Lyngby, 

Denmark) 

IgG2b, κ PerCP-Cy™5.5 Rat (clone A95-1) 1:100 BD Biosciences (550764, Lyngby, 

Denmark) 

IgG2b,  BB515 Rat (clone A95-1) 1:200 BD biosciences (564421, Lyngby, 

Denmark) 

IgM, κ PE-Cy™7 Rat (clone R4-22) 1:200 BD biosciences (560572, Lyngby, 

Denmark) 
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IgG2a, κ BV421 Rat (clone R35-95) 1:200 BD biosciences (562602, Lyngby, 

Denmark) 

Statistical analysis 

Comparisons were performed using repeated measures (RM) or regular two-way analysis of variance 

(ANOVA) followed by Sidak’s post hoc analysis, ordinary one-way ANOVA followed by Dunnet’s 

post hoc analysis, or by Student’s t-test. Outliers were identified using ROUT with False Discovery 

Rate (FDR) of 1%. Analyses were performed using Prism 4.0b software for Macintosh, (GraphPad 

Software). Statistical significance was established for p<0.05. Data are presented as mean  standard 

error of mean (SEM), percentages, or as mean with interquartile range (IQR 25-75%). 
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Results 

SCI leads to significant changes in locomotor function 

The recovery of hind limb function after a moderate contusive SCI was evaluated using the BMS 

score (Figure 1a) and the BMS subscore (Figure 1b). Mice exhibited immediate paraplegia with no 

hind limb movement after induction of SCI, while mice receiving a laminectomy (sham) only 

displayed minor impairment 1 day after surgery but displayed normal motor function from 3 days and 

onwards after injury, as demonstrated by normal BMS (Figure 1a) and normal BMS subscore (Figure 

1b). Mice with SCI started to display improved hind limb function from day 7 and onwards but 

exhibited significant motor dysfunction compared to sham mice throughout the experiment (Figure 

1a). Improved locomotion in SCI mice was also detected from day 14 using the BMS subscore (Figure 

1b). Mice subjected to SCI experienced significant weight loss within the first 3 days after SCI, 

whereafter they started to regain weight (Figure 1c). Sham mice did not experience any weight loss 

(Figure 1c). 

 

SCI results in glial scar formation  

Immunofluorescent staining for the astrocyte-specific marker GFAP and microglial/macrophage-

specific markers CD11b, CD68 and Iba1 21- and 28-days after SCI showed that activated GFAP+ 

astrocytes formed a dense glial scar at the injury border surrounding a core lesion consisting of 

activated, phagocytic microglia/macrophages (Figure 1d). CD11b+, CD68+, and Iba1+ cells were also 

located in the peri-lesion areas surrounding the core lesion area, though not to the same extent (Figure 

1d). 
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Figure 1. Analysis of locomotor function and glial reactions after SCI. (a) Evaluation of hindlimb 

locomotor function. SCI and sham mice were tested 1-, 3 and 7-days after surgery and weekly thereafter for 

28 days. Motor behavior was scored under blind conditions with the Basso Mouse Scale (BMS). Analysis of 

sham and SCI mice showed significantly lower BMS scores in SCI mice compared to sham mice (SCI: 

p<0.0001, F1,27=1,447; Time: p<0.0001, F6,134=253.8; Interaction: p<0.0001, F6,134=205.4). (b) Analysis of 

BMS subscore in SCI and sham mice demonstrating significantly lower BMS subscore in SCI mice compared 

to sham mice (SCI: p<0.0001, F1,27=1,081; Time: p<0.0001, F6,134=98.31; Interaction: p<0.0001, F6,134=89.62). 

(c) Body weight over time in SCI and sham mice (SCI: p<0.0001, F1,27=25.71; Time: p<0.0001, F3.36=91.98; 

Interaction: p<0.0001, F6,134=53.4). Results are expressed as mean ± SEM, n-values; SCI, n=39 for baseline 

(BL) to 3 days, n=29 for 7 days, n=20 for 14 and 21 days, and n=10 for 28 days. Sham, n=20 for baseline (BL) 

to 3 days, n=15 for 7 days, n=10 for 14 and 21 days, and n=5 for 28 days. (d) Sections of the thoracic spinal 

cords were double labelled for GFAP (green; upper and middle panels, red; lower panels) and CD11b (red; 
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upper panel), CD68 (red; middle panel), Iba1 (green; lower panel). DAPI was used as a nuclear marker. Scale 

bars: low magnification=100 μm and high magnification=40 μm. GFAP, glial fibrillary acidic protein; CD, 

cluster of differentiation; Iba1, ionized calcium binding adaptor molecule 1. 

 

Tnf mRNA synthesis increases in the acute phase after SCI 

We used in situ hybridization to determine the topology of cells expressing Tnf mRNA in the acute 

phase after SCI. No Tnf mRNA was detected under naïve conditions (Figure 2a). Already by 1-hour, 

Tnf mRNA expression was detected in glial-like cells located in the white matter of the posterior 

funiculi (Figure 2b) but also in neuron-like cells located in the grey matter of the dorsal horn (Figure 

2c). At 3 hours after SCI, a high number of Tnf mRNA expressing glia-like cells were scattered 

throughout the lesioned posterior funiculi white matter (Figure 2d) as well as in the dorsal and ventral 

horns (Figure 3e, shown for the ventral horn only). Tnf mRNA+ cells in the white matter had a glial-

like morphology (Figure 3f). At 6 hours (Figure 2g), 12 hours (Figure 2h), and 24 hours (Figure 2i) 

after SCI, Tnf mRNA+ glial-like cells were still found in the posterior and lateral funiculi, through in 

less numbers than at 3 hours. Gapdh mRNA expression was used as control, confirming the suitability 

of the tissue for in situ hybridization (Figure 2j). Buffer (Figure 2k) and RNase (Figure 2l) controls 

were devoid of signal. 

The in situ hybridization data were supported by RT-qPCR analysis of the temporal expression of Tnf 

mRNA after SCI (Figure 2m). Tnf mRNA levels increased rapidly after SCI, with the highest 

expression detected 1- and 3-hours after SCI compared to naïve, and levels were still elevated at 6 

hours after SCI. A small, but significant, increase was also observed 7 days after SCI (Figure 2m).  

The gene expression of the two TNF receptors, Tnfrsf1a and Tnfrsf1b, was also measured using RT-

qPCR analysis (Figure 2n,o). Tnfrsf1a mRNA expression steadily increased from 6 hours after SCI, 

reaching peak levels at 14 days after SCI, whereafter it started to decline, though still significantly 

elevated also at 28 days compared to naïve (Figure 2n). 

Tnfsf1b mRNA expression was significantly increased 3 hours after injury and quickly decreased 

thereafter (Figure 2o). A second increase was observed 7 days after SCI; however, this increase did 

not quite reach statistical significance (p=0.08).    
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Figure 2. Cellular and temporal expression of Tnf mRNA in the thoracic spinal cord after SCI. (a-i) In 

situ hybridization was used to investigate the distribution of Tnf mRNA+ cells the first 24 hours after SCI. Tnf 

mRNA expression was undetectable in naïve mice (a). Tnf mRNA+ cells in the white matter of the posterior 

funiculi (arrows in b) and in neuronal-like cells in the dorsal horn (arrowhead in c), 1-hour after SCI. Tnf 

mRNA+ cells in the white matter of the posterior funiculi (d) and in the grey matter of the ventral horn (e). At 

3 hours, most cells displayed macrophage or glial-like morphology (arrows in f). By 6 hours (g), 12 hours (h), 

and 24 hours (i), Tnf mRNA+ cells were mainly located in white matter areas of the damaged spinal cord 

(arrows). (j) Parallel spinal cord sections in situ hybridized for glyceraldehyde-3-phosphate dehydrogenase 

(Gapdh) mRNA showed a largely neuronal signal and confirmed the overall suitability of the tissue for in situ 

hybridization. (k,l) Parallel sections hybridized with buffer alone (k) or pretreated with RNAse A before the 

in situ hybridization (l) were devoid of signal. (m-o) RT-qPCR analysis of Tnf mRNA (m), Tnfrsf1a mRNA 

(n), and Tnfrsf1b mRNA (o) levels in naïve mice and in mice allowed 1-, 3-, 6-, 12 hours and 1-, 3-, 7-, 14- 

and 28-days survival after SCI. Tnf mRNA levels were significantly increased at 1, 3 and 6 hours and 7 days 

after SCI, compared to naïve mice (Time: p<0.0001, F9,39=58.14) (m). Tnfrsf1a mRNA levels were 



134 

 

significantly increased from 6 hours to 28 days after SCI, compared to naïve mice (Time: p<0.0001, F9,39 = 

20.01) (n). Tnfrsf1b mRNA levels were significantly increased at 3 hours after SCI, compared to naïve mice 

(Time: p=0.009, F9,39=2.965). Results are expressed as mean±SEM, n=5/group, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. Scale bars: a-c, f-i,k,l=40 μm, d,e=100 μm, and j=200 μm.  

 

TNF is increased on glial cells after SCI 

To investigate TNF protein levels after SCI, we performed electrochemiluminescence multiplex 

analysis on spinal cord tissue from mice subjected to SCI and compared to naïve and sham mice 

(Figure 3a,b). TNF levels increased significantly over time in SCI mice compared to naïve mice. In 

line with our in situ hybridization and RT-qPCR analysis, TNF levels peaked 3 hours after SCI and 

was still elevated at 6 hours, compared to sham and naïve mice (Figure 3a). In the more delayed 

phase, TNF levels were significantly increased at 3- and 7-days after SCI, compared to sham and 

naïve mice (Figure 3b). Using immunohistochemistry, TNF immunoreactivity was demonstrated in 

scattered cells located in the dorsal horns and posterior and lateral funiculi, as well as around blood 

vessels 1 hour after SCI (Figure 3c,d). TNF immunoreactivity was intensified in the posterior part of 

the damaged spinal cord 3 hours after SCI (Figure 3e,f), at which time point Tnf mRNA (Figure 3g) 

and TNF protein (Figure 3h) expression was mostly confined to GFAP- cells, though few GFAP+ 

astrocytes were also found to co-express TNF (insert in Figure 3h). At 6 hours after SCI, TNF 

immunoreactivity was localized throughout the damaged spinal cord, especially around blood vessels 

(Figure 3i-k). At 24 hours, TNF expression was scarcely distributed throughout the spinal cord, with 

the overall TNF immunoreactivity decreasing at this time point compared to earlier time points 

(Figure 3l and m). Immunofluorescence double labeling demonstrated that TNF co-localized to 

CD11b+ immune cells located within the lesion and in the peri-lesion area (arrows in Figure 3n) 21- 

and 28-days after SCI. Serum (Figure 3q) and buffer (Figure 3r) controls were devoid of staining. 

Immunohistochemical staining for the abundant astroglial marker GFAP was used as a positive 

control for the immuno-histochemical procedure (Figure 3s). Tissue sections from Tnf-/- mice 

subjected to SCI were devoid of specific TNF immunoreactivity (Figure 3t), just as double fluorescent 

staining for GFAP and TNF in Tnf-/- mice subjected to SCI were devoid of specific TNF staining 

(Figure 3u).  
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Figure 3. Overview of the spatiotemporal expression of TNF after SCI. (a,b) Temporal expression of TNF 

levels in the acute (a) and delayed (b) phase after SCI. Statistical indications represent comparisons to sham 

mice in the acute (SCI: p<0.0001, F1,48=31.7; Time: p<0.0001, F5,48=105.4; Interaction: p=0.0008, F5,48=5.08) 

and delayed (Interaction: F4,39=3.05, p=0.03; Time: F4,39=5.22, p=0.002; SCI: F1,39=30.74, p<0.0001) phases 

after SCI. Results are expressed as mean ± SEM, n=5/group, **p<0.01, ***p<0.001, ****p<0.0001. (c,d) 

Representative images of TNF immunoreactivity in grey matter of the dorsal horn and the lateral funiculus (c), 

as well as the posterior funiculus (d) of mice with 1 hour survival after SCI. (e,f) At 3 hours, TNF 

immunoreactivity was high in the dorsal parts of the lesioned spinal cord. (g) Combined in situ hybridization 

for TNF mRNA (green, arrow) and immunohistochemistry for astroglial GFAP (red, arrowhead) 3 hours after 

SCI. (h) Double immunofluorescent staining for astroglial GFAP (green, arrow heads) and TNF (red, arrows) 
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3 hours after SCI. Insert demonstrates that a minority of GFAP+ cells (green, arrowhead) co-expressed TNF 

(red, arrow). (i-m) Representative images of TNF immunoreactivity 6 hours (i-k) and 24 hours (l,m) after SCI. 

(n) Double immunofluorescent staining for TNF (red, arrow) and the microglial/macrophage marker CD11b 

(green) showed colocalization of TNF on CD11b+ cells near the lesion 21 days after SCI. (o) Double 

immunofluorescent staining for TNF (red, arrow) and the CD11b (green) showed colocalization of TNF on 

CD11b+ cells at peri-lesion area 28 days after SCI. DAPI (blue) was used as a nuclear marker. (p) TNF was 

also found in CD11b- cells 28 days after SCI. (q,r) Control reactions demonstrating absence of specific staining 

in tissue sections incubated with rabbit IgG (q) or with buffer alone (r). (s) Spinal cord section stained for 

astrocytic GFAP as a control for the immunohistochemical reaction. (t,u) Thoracic spinal cord tissue sections 

from a Tnf-/- mouse 3 hours after SCI, demonstrating absence of specific TNF staining. Scale bars: 

c,f,j,q=40μm, e,i,t,u,o=100μm, and d,g,h,k,l,m,n,p,r,s=200μm. CD, cluster of differentiation; GFAP, glial 

fibrillary acidic protein; TNF, tumor necrosis factor.  

 

TNFR1 and TNFR2 expression increases in the lesioned spinal cord  

We analyzed the temporal and cellular expression of TNFR1 and TNFR2 in spinal cord tissue from 

naïve and sham mice, as well as mice that had survived 1, 3, 6, 12 and 24 hours and 3-, 7-, 14- and 

28-days after SCI (Figure 4). TNFR1 levels were found to increase significantly from 24 hours after 

SCI and onwards (Figure 4a,b). Double immunofluorescent staining demonstrated that TNFR1 

expression was absent within the core of the lesion site, where also microtubule associated protein 2+ 

(MAP2+) neurons were absent (Figure 4c). TNFR1 expression was significantly upregulated in areas 

of MAP2+ degenerating neurons located in the grey matter of the peri-lesion area (Figure 4d), and its 

expression co-localized to ascending and descending fiber tracts more distant from the lesion area 21 

days after SCI (Figure 4e). Also, at 28 days, TNFR1 expression was upregulated in areas near the 

lesion site, alongside MAP2+ degenerating neurons (Figure 4f). TNFR1 expression was found to co-

localize to the soma and fibers of MAP2+ cells (Figure 4g, shown for 28 days only). CD68+ 

microglia/macrophages were found to align along the damaged ascending and descending fiber tracts 

of the white matter, where also TNFR1 expression was localized (Figure 4h, shown for 21 days only).  

TNFR2 levels were not significantly altered in the acute phase after SCI (Figure 4i), however, levels 

increased significantly in the more delayed phase, i.e., from 3 days after SCI and onwards (Figure 

4j). Double immunofluorescence staining demonstrated that at 21-and 28-days after SCI, TNFR2 co-

localized to GFAP+ astrocytes forming the glial scar and CD11b+ microglia (Figure 4k-n), but to some 

extent also by cells, possibly infiltrating macrophages, located in the core of the lesion (Figure 4m,n). 
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At 21 days after SCI, immunofluorescent double labelling of CD68+ microglia/macrophages and 

TNFR2 expression (Figure 4o-q) demonstrated that TNFR2 expression was absent in most CD68+ 

cells (Figure 4o), though a minority of the cells were found to co-express TNFR2 (Figure 4p,q).  

 

Figure 4. Spatiotemporal expression of TNF receptor 1 and 2 after SCI. (a,b) TNFR1 protein levels in the 

acute (a) and delayed (b) phases after SCI. Significant indications represent comparisons to sham mice in the 

acute (a, Interaction: F5,48=4.52, p=0.002; Time: F5,48=45.74, p<0.0001; SCI: F1,48=2.19, p=0.15) and delayed 

(b, Interaction: F4,40=49.51, p<0.0001; Time: F4,40=52.17, p<0.0001; SCI: F1,40=406.5, p<0.0001) phases after 

SCI. (c-g) Immunofluorescent double labelling for TNFR1 (red) and neuronal MAP2 (green) within the lesion 

site (c), peri-lesion area (d,f,g), as well as distant from the lesion site (e) 21 (c-e) and 28 (f-g) days after SCI. 

(h) Immunofluorescent double labelling for TNFR1+ (red) and CD68+ (green) cells 21 days after SCI. (i,j) 

TNFR2 protein levels in the acute (i) and delayed (j) phases after SCI (i, Interaction: F5,47=0.42, p=0.83; Time: 

F5,47=3.89, p<0.005; SCI: F1,47=1.75, p=0.19) and delayed (j, Interaction: F4,40=25.04, p<0.0001; Time: 
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F4,40=36.07, p<0.0001; SCI: F1,40=2702.8, p<0.0001). (k-n) Immunofluorescent double labelling for TNFR2 

(red: k,l and green: m,n) and GFAP+ astrocytes (green: k,l and red: m,n) and CD11b+ microglia/macrophages 

(green: l) 21- (k) and 28- (l,m,n) days after SCI. (o-q) Immunofluorescent double labeling of TNFR2+ cells 

(arrows in o) and CD68+ microglia/macrophages (arrow heads in o). Only few CD68+ cells co-expressed 

TNFR2 (p). (q) represents a high magnification image of the area squared in (p), demonstrating TNFR2+CD68+ 

cells located in the peri-lesion areas 21 days after SCI (arrow heads in q). DAPI was used as a nuclear marker. 

Scale bars:  k,m=100 µm, c-f,h,n,o,p=40 μm, and g,l,q=20 μm. Results are expressed as mean±SEM, 

n=5/group, ***p<0.001, ****p<0.0001. GFAP, glial fibrillary acidic protein; MAP2, microtubule associated 

protein 2; TNFR, tumor necrosis factor receptor. 

 

SCI results in an increase in inflammatory cytokines 

To assess the temporal expression of selected inflammatory cytokines, known to be important after 

SCI (4, 40), we analyzed gene and protein expression levels of IL-1, IL-6, IL-10, and CXCL1 after 

SCI (Figure 5). We found that Il1b mRNA levels increased significantly from 3-12 hours after SCI, 

compared to naïve conditions (Figure 5a). This increase was followed by a transient increase in IL-β 

levels at 6- and 12-hours after SCI (Figure 5b). A second increase in IL-1β levels could be detected 

in the delayed phase after SCI, from day 7 and onwards, with the highest expression on day 14 (Figure 

5c). Il6 mRNA levels significantly increased at 6- and 12-hours after SCI (Figure 5d) and was 

paralleled by a transient increase in IL-6 levels (Figure 5e). A second peak in IL-6 levels was found 

3 days after SCI (Figure 5f). Il10 mRNA levels increased rapidly, 1- and 3-hours after SCI, whereafter 

it decreased again (Figure 5g). IL-10 levels transiently increased 6 hours after SCI (Figure 5h) and 

returned to baseline levels thereafter (Figure 5h-i). Cxcl1 mRNA levels did not change significantly 

after SCI, though there was a trend towards an increase at 6 hours (p=0.09, Figure 5j). In contrast, 

CXCL1 level increased transiently at 6- and 12-hours after SCI (Figure 5k), and again from day 3 

and onwards after SCI (Figure 5l).  
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Figure 5. Temporal expression of inflammatory cytokines after SCI. (a-c) Temporal expression of Il1b 

mRNA (a, p<0.0001, Time: F9,39=17.04) and IL-1 levels in the acute (b, Interaction: F5,47=3.07, p=0.02; Time: 

F5,47=17.76, p<0.0001; SCI: F1,47=10.86, p=0.002) and delayed (c, Interaction: F4,39=32.72, p<0.0001; Time: 

F4,39=32.06, p<0.0001; SCI: F1,39=175.6, p<0.0001) phases after SCI. (d-f) Temporal expression of Il6 mRNA 

(d, Time: F9,34=3.33, p=0.005) and IL-6 levels in the acute (e, Interaction: F5,48=14.96, p<0.0001; Time: 

F5,48=25.49, p<0.0001; SCI: F1,48=42.99, p<0.0001) and delayed (f, Interaction: F4,39=34.84, p<0.0001; Time: 

F4,39=39.20, p<0.0001; SCI: F1,39=65.39, p<0.0001) phases after SCI. (g-i) Temporal expression of Il10 mRNA 

(g, Time: F9,39=9.648, p<0.0001) and IL-10 levels in the acute (g, Interaction: F5,48=2.10, p=0.08; Time: 

F5,48=4.58, p<0.002; SCI: F1,48=4.21, p<0.05) and delayed (i, Interaction: F4,39=2.56, p=0.05; Time: F4,39=13.23, 

p<0.0001; SCI: F1,39=0.06, p=0.81) phases after SCI. (j-l) Temporal expression of Cxcl1 mRNA (j, Time: 

F9,39=1.786, p=0.1023) and CXCL1 levels in the acute (k, Interaction: F5,48=39.83, p<0.0001; Time: 

F5,48=69.33, p<0.0001; SCI: F1,48=93.31, p<0.0001) and delayed (l, Interaction: F4,39=10.89, p<0.0001; Time: 
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F4,39=22.51, p<0.0001; SCI: F1,39=96.25, p<0.0001) phases after SCI. Results are expressed as mean ± SEM, 

n=5/group, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. One technical outlier was excluded in the day 28 

sham group. For mRNA analysis, significant indications represent comparisons to naïve conditions and for 

protein analyses comparisons to sham mice.  

 

SCI results in microglial activation and immune cell infiltration into spinal cord 

We performed flow cytometry analysis to estimate microglial and infiltrating immune cells in the 

spinal cord of naïve mice and mice with 3- and 24-hours survival after SCI (Figure 6). We gated only 

live cells and included CD11b+CD45dim microglia and infiltrating CD11b+CD45high leukocytes, which 

were further gated into Ly6G+Ly6C+ granulocytes and Ly6G-Ly6C+ monocytes (Figure 6a). We 

estimated the total number of microglia (Figure 6b) and infiltrating leukocytes (Figure 6c), which 

were further separated into macrophages (Figure 6d) and granulocytes (Figure 6e), in the lesion (open 

bars) and peri-lesion (checkered bars) areas. We found that microglial cell numbers increased 

significantly in the lesion compared to the peri-lesion area 3 hours after SCI and stayed high in both 

the lesion and peri-lesion areas at 24 hours (Figure 6b). The total number of infiltrating leukocytes 

significantly increased within the lesion area 24 hours after SCI (Figure 6c), with both significantly 

increased numbers of macrophages (Figure 6d) and granulocytes (Figure 6) located within the lesion 

area. Changes in the percentages of the cell populations of CD45+ after SCI can be found in 

Supplemental Figure 1. 

MFI for CD11b (Figure 6f-h) and MFI for CD45 (Figure 6i-k) were significantly increased on 

microglia (Figure 6f,i) and macrophages (Figure 6g,j) located within the lesion area compared to the 

peri-lesion area, 24 hours after SCI. MFI for CD11b and CD45 on granulocytes (Figure 6h,k) were 

already significantly increased in the lesion area 3 hours after SCI and remained increased at 24 hours, 

compared to the peri-lesion area.  
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Figure 6. Changes in microglia and leukocyte populations in the acute phase after SCI. (a) Representative 

dot plots showing the gating strategy. Only live cells were included. (b-c) Number of microglia 

(CD11b+CD45dim) (b, Interaction: F2,28=35.16, p<0.0001; Time: F2,28=18.19, p<0.0001; Site: F1,28=10.26, 

p=0.003) and infiltrating leukocytes (CD11b+CD45high) (c, Interaction: F2,28=80.03, p<0.0001; Time: 

F2,28=154.9, p<0.0001; Site: F1,28=32.13, p<0.0001) 3- and 24-hours after SCI. (d-e) Number of infiltrating 

Ly6C+Ly6G- macrophages (d, Interaction: F2,28=31.60, p<0.0001; Time: F2,28=66.72, p<0.0001; Site: 

F1,28=17.75, p=0.0002) and Ly6C+Ly6G+ granulocytes (e, Interaction: F2,28=39.45, p<0.0001; Time: 

F2,28=37.67, p<0.0001; Site: F1,28=20.19, p=0.0001) 3- and 24-hours after SCI. (f-h) MFI for CD11b on 

microglia (f, Interaction: F2,28=4.19, p=0.03; Time: F2,28=20.58, p<0.0001; Site: F1,28=1.66, p=0.21), 

macrophages (g, Interaction: F2,28=118.8, p<0.0001; Time: F2,28=480.0, p<0.0001; Site: F1,28=145.80, 

p<0.0001), and granulocytes (h, Interaction: F2,28=51.38, p<=0.0001; Time: F2,28=62.49, p<0.0001; Site: 

F1,28=97.29, p<0.0001) 3- and 24-hours after SCI. (i-k) MFI for CD45 on microglia (i, Interaction: F2,28=10.41, 

p=0.0004; Time: F2,28=5.50, p<0.01; Site: F1,28=27.81, p<0.0001), macrophages (j, Interaction: F2,28=3.01, 

p=0.07; Time: F2,28=29.90, p<0.0001; Site: F1,28=11.08, p=0.003), and granulocytes (k, Interaction: 

F2,28=33.17, p<=0.0001; Time: F2,28=255.9, p<0.0001; Site: F1,28=63.45, p<0.0001) 3- and 24-hours after SCI. 
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Open bars represent the lesion site, checkered bars represent the peri-lesion site. Results are expressed as mean 

± SEM, n=10-11/group, *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. 

 

We further characterized microglial/macrophage responses after SCI using RT-qPCR (Figure 7a-e). 

We found that Itgam (Figure 7a) and Cx3cr1 (Figure 7b) mRNA levels significantly increased at day 

3 and remained elevated until 28 days, compared to naïve controls. Trem2, mRNA levels transiently 

increased 7 days after SCI, compared to naïve conditions (Figure 7c). Arg1 mRNA levels significantly 

increased 24 hours after SCI and remained elevated until day 7, whereafter it declined (Figure 7d). 

The gene expression for the purinergic receptor P2ry12 was significantly elevated 3 days after SCI 

and remained elevated throughout the experiment (Figure 7e).  

To evaluate the presence and location of activated microglia/macrophages in the injured spinal cord, 

we performed double immunofluorescence staining for microglial and macrophage-specific calcium-

binding protein (Iba1), together with either the galectin-3 (Gal-3), a marker for 

microglial/macrophage activation (41) (upper panel in Figure 7f), for the monocyte-specific 

phagocytic lysosomal marker CD68 (middle panel in Figure 7f), or for the general leukocyte and 

microglial marker CD11b (lower panel in Figure 7f) 21 and 28 days after SCI. At both time points 

Gal3, CD68, and CD11b expression was confined to CD11b+ cells located in the core of the lesion. 

In the peri-lesion area, only a subpopulation of Iba1+ cells co-expressed Gal3, CD68, or CD11b, 

demonstrating that different subsets of microglia express different markers in the peri-lesion area 

after SCI. 
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Figure 7. Characterization of microglia/macrophage reactions after SCI. (a-e) Temporal expression of 

Itgam (a, Time: F9,38=30.97, p<0.0001), Cx3cr1 (b, Time: F9,38=77.32, p<0.0001), Trem2 (c, Time: F9,37=3.218, 

p=0.006), Arg1 (d, Time: F9,39=113.6, p<0.001), and P2ry12 (e, Time: F9,38=48.17, p<0.001) mRNA levels 

after SCI. Results are presented as mean ± SEM, n=5/group, *p<0.05, **p<0.01, ***p<0.001, and 

****p<0.0001. (f) Immunofluorescence double labelling of Iba1+ (green) and Gal3+ (red, upper panel), CD68+ 

(red, middle panel), or CD11b+ (red, lower panel) cells 21- and 28-days after SCI. High magnification images 
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represent squared areas in the low magnification images. Scale bars: low magnification=100 μm and high 

magnification=40 μm. CD, cluster of differentiation; Gal3, galectin-3; Iba1, ionized calcium binding adaptor 

molecule 1. 

 

The cellular source of TNF and its receptors in human traumatic spinal cord injury 

Consistent with our mouse studies, we observed that TNF co-localized to a subset of Iba1+ 

microglia/macrophages (arrows in Figure 8a,b) and to a minority of CD68+ phagocytes (Figure 8c) 

in postmortem tissue derived from SCI patients. TNFR1 co-localized to NF-L+ proximal dendrites 

(Figure 8d), and TNFR2 to GFAP+ astrocytes (Figure 8e) as well as Iba1+ microglia (arrow in Figure 

8f). IL-1 was abundant in the lesioned spinal cord (Figure 8g,h) but only a minority was expressed 

by Iba1+ microglia (arrow in Figure 8h). Similar to our mouse studies (Figure 7b), we observed 

CD68+Iba1+ phagocytic cells throughtout the lesioned spinal cord (Figure 8i,j).  

Using ELISA analysis, we did not observe any significant changes in CSF TNF levels between 

controls and patients with sub-acute, early chronic or late chronic SCI (Figure 8k). 
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Figure 8. Characterization of TNF and TNFR in SCI patients. (a,b) Immunofluorescent double labelling 

of TNF (red) and Iba1 (green) expressing microglia/macrophages (arrows) in the spinal cord of an 33-year old 

male suffering from a 3-week old C6-7 SCI. (c) Immunofluorescent double labelling of TNF (green) and CD68 

(red) phagocytic cells in the spinal cord of an 65-year old male suffering from a 5-weeks old C5 SCI. (d) 

Immunofluorescent double labelling of TNFR1+ (red) and NF-L+ (green) neuronal fibers in an 67-year old 

male suffering from a 6-weeks old C5-7 SCI. (e) Immunofluorescent double labelling of TNFR2 (red) and 

astroglial GFAP (green) in an 80-year-old female suffering from a 2 months old C8-T1 SCI. (f) 

Immunofluorescent double labelling of a TNFR2+ (red) and Iba1+ (green) microglia (arrow) in an 67-year old 

male suffering from a 6-weeks old C5-7 SCI. (g,h) Immunofluorescent double labelling of IL-1β (red) and 

Iba1 (green) in an 65-year old male suffering from a 5-weeks old C5 SCI. IL-1β was found to co-localize to a 

subpopulation of Iba1+ microglia (arrow in h). (I,j) Immunofluorescent double labelling of CD68 (red) and 

Iba1 (green) in an 67-year old male suffering from a 6-weeks old C5-7 SCI (i) and an 33-year old male suffering 

from a 3-week old C6-7 SCI (j). Scale bars: a,d,g,j=20 m; b,c,f,h=40 m; e,i=100 m. (k) CSF TNF levels 

in SCI patients. Results are expressed as mean±SEM, n=5-12/group. CD, cluster of differentiation; GFAP, 

glial fibrillary acidic protein; Iba1, ionized calcium-binding adaptor molecule 1; IL, interleukin; NF-L, 

neurofilament light chain; TNF, tumor necrosis factor; TNFR, TNF receptor.  
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Discussion 

This study aimed to evaluate the neuroinflammation and to determine the expression and cellular 

source of TNF and its receptors in the acute and delayed phase after SCI. We found increased TNF 

expression in the acute phase after SCI, followed by a secondary increase of TNF possibly by 

infiltrating immune cells. Moreover, a solid neuroinflammatory response was found after SCI, with 

activation of microglia, infiltration of granulocytes and macrophages, and an increased expression of 

TNFR1 and TNFR2 in the delayed phase of SCI. By day 21- and 28-post-SCI, the lesion core was 

populated by activated and phagocytic microglia/macrophages surrounded by the glial scar consisting 

of GFAP+ astrocytes. Our findings of the localization of TNF and TNFR were verified in postmortem 

tissue from SCI patients. 

We modeled a moderate contusive SCI in C57BL/6J mice and BMS scores displayed SCI mice to 

have motor dysfunction at day 1 after SCI, while sham operated mice displayed normal locomotor 

from day 3 post-SCI. Our data revealed that TNF, at mRNA and protein levels, rapidly increased after 

SCI, followed by a delayed increase 3- and 14 days after SCI. The acute increase of TNF implies it 

to be one of the acute drivers of neuroinflammation following SCI, supported by others (10, 12-14, 

42, 43). As the delayed increase of TNF only has been detected before at mRNA level (13), we show 

here that TNF does also have a role in the more delayed phase of SCI. The increased expression was 

found at day 3 and 14 post-SCI, as this correlates with the timepoints known for peripheral immune 

cells to infiltrate the the injured spinal cord (40), it could suggest TNF to play a role in the delayed 

recruitment of immune cells or that these infiltrating cells express TNF upon entry. We saw TNF to 

be expressed locally or just near the lesion and few Tnf  mRNA+ cells were also detected near blood 

vessels in the acute phase after SCI. Indicating, TNF to modulate the neuroinflammation locally and 

to participate in the signaling to the periphery (11, 13). Combining in situ hybridization with immune 

staining with a marker for astrocytes (GFAP), we revealed TNF to be expressed in few astrocytes 3 

hours after SCI, and at 21 and 28 days after SCI this expression was performed by CD11b+ immune-

cells, possibly infiltrating macrophages (19). This is supported by previous reports (12, 45) and TNF 

has also been shown to co-localize with neurons, microglia, and oligodendrocytes in the acute phase 

after SCI (12-14). We found TNF to be co-localized with CD11b+ cells in the human spinal cord, 

verifying that TNF expression is not only expressed in CD11b+ immune cells in mice but also in 

humans after SCI. Speculation has been made whether the early expression of TNF exhibits the more 

detrimental role of TNF after SCI (44-46), and the secondary upregulation might promote more 

neuroprotection and tissue healing (22). However, blocking TNF with Etanercept, inhibitor of both 
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tmTNF and solTNF, 14 days after SCI did not affect the recovery after SCI (17) and TNF from the 

myeloid cell line (e.g., macrophages and granulocytes), main contributors of TNF in the delayed 

phase of SCI (19), has been shown to play a more pathogenic role in SCI, thus, leaving the assumption 

unresolved.  

TNF mediates its signaling through its two receptors, TNFR1 and TNFR2 (47), and upregulation of 

TNFR1 and TNFR2 have been reported in the acute phase after SCI in rats to be expressed by neurons, 

oligodendrocytes, and astrocytes, but not on resting microglia (16). In the present study, we show 

TNFR1 to significantly upregulate its gene expression in response to SCI from 6 hours post-SCI, 

while its protein expression became significantly upregulated from 24 hours after SCI. Also, TNFR2 

was significantly increased in the delayed phase after SCI. We found TNFR1 to co-localized with 

CD68+ microglia/macrophages adjacent to the lesion in the delayed phase after SCI. Microglia is 

thought to promote autocrine activation through activation of TNFR1 by TNF, which further induces 

expression of TNF itself, together with IL-1β and IL-6 (48). This imply that TNFR1 on 

microglia/macrophage is involved in maintaining the detrimental chronic inflammation following 

SCI. TNFR1 was also present on MAP2+ degenerative neurons in the delayed phase after SCI and on 

NF-L+ proximal dendrites in the human spinal cord after SCI. TNFR1 is associated with 

neurodegeneration (49) and neuronal TNFR1 has shown the enhance demyelination and exacerbate 

microglia inflammation (50). Thus, our staining suggest that the developed chronic inflammation 

following SCI is promoted, among others, by TNFR1 on microglia/macrophages, and demyelination 

and activation of microglia after SCI are also induced by TNFR1 on neurons when TNF expression 

are increased, both in mice and human SCI. TNFR2 was detected on GFAP+ astrocytes and some 

CD68+ and CD11b+ microglia/macrophages near the lesion site 21- and 28-days after SCI in mice, 

and in GFAP+ astrocytes and Iba1+ microglia/macrophages in the human spinal cord after SCI. The 

co-localization of TNFR2 on microglia/macrophages, propose TNFR2 to mediate its neuroprotection 

by microglia/macrophages following SCI. In supporting of this, TNFR2 activation on microglia has 

shown to induce expression of anti-inflammatory and neuroprotective genes, to be protective in an 

experimental multiple sclerosis model by containing the neuroinflammatory response and to be 

involved in the regulation of phagocytosis (51, 52). Moreover, TNFR2 could be detected on GFAP+ 

astrocytes, which might be important for the remyelination after SCI, as TNFR2 activation on 

astrocytes are involved in remyelination (53, 54).  

A study examining TNF receptors in the spinal cord in the acute phase of experimental autoimmune 

encephalomyelitis (EAE, an experimental model of multiple sclerosis) has shown TNFR1 and 
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TNFR2 to be expressed on oligodendrocytes and TNFR2 also on oligodendrocyte precursor cells (9). 

Hence, although not investigated in the present study, TNF receptors might also be expressed on 

oligodendrocytes and involved in their faith in the delayed phase, as seen in the acute phase after SCI 

(9, 55).  

We display the expression of IL-1β, IL-6, IL-10, and CXCL1 to rapidly increase in response to SCI, 

and IL-1β, IL-6, and CXCL1 to have a delayed increase, while IL-10 returned to naïve expression 

from 12 hours after SCI. IL-10 is an anti-inflammatory cytokine (56, 57) and the continued activation 

of microglia can be inhibit by the expression of IL-10 (48), thus lack of IL-10 expression in the more 

delayed phase of SCI could drive the inflammation towards a more chronic inflammation following 

SCI (58). We found IL-1β to have a second elevation from day 7 until the end of the experiment, and 

IL1β was also detected on Iba1+ and CD68+ cells in the human spinal cord after SCI, where it most 

possibly contributes to the maintenance of microglia/macrophages activation (4, 59, 60). We suggest 

that early upregulation of IL-6, we detected following SCI, is detrimental and promote a more 

proinflammatory environment, whereas its expression in the delayed phase might be important for 

the healing after SCI. This is based on observations showing that acute temporally blocking IL-6 

activity improves functional recovery and dampens the neuroinflammatory response after SCI (61). 

However, continuously blocking of IL-6 signaling suppresses the axonal regeneration and causes 

failed gliosis (62-64). Furthermore, we found significant elevation of CXCL1 from 6 hours after SCI, 

as it is a chemokine known to attract blood-born immune cells to the injured cord, and to be expressed 

by monocytes and granulocytes (65), the found expression demonstrate the function of CXCL1 after 

SCI very well. 

Astrocytes were found to densely populate the injury border in the delayed phase after SCI, with 

typical changes of reactive astrocytes, such as hypertrophy and process extension (66). CD11b+, 

CD68+, or Iba1+ microglia/macrophages were present outside and inside the lesion and found to 

surround the epicenter together with GFAP+ astrocytes. Although we are not able to distinguish 

between microglia and macrophages in our immunofluorescence staining, previous observations 

show microglia to accumulate mainly near the lesion and blood-derived immune cells (e.g., 

macrophages) to accumulate inside the lesion (67). Microglia are the resident immune cell population 

first to respond after SCI, followed by granulocytes and blood-borne macrophages and lastly 

lymphocytes (40, 68). This study demonstrates that microglia are present at a higher number within 

the lesion area compared to the peri-lesion site 3 hours after SCI and become more activated with 

increased CD11b and CD45 expression 24 hours after SCI. While leukocytes, which include 
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macrophages and granulocytes, are in higher numbers at the lesion area 24 hours after SCI. Previous 

studies have demonstrated immune cells to change their phenotype after SCI (68, 69), and we 

determined some of the known phenotypic markers for microglia and macrophages. We found the 

gene expression for Itgam and Cx3cr1 to be upregulated 3 days after SCI, the time point where 

macrophages begin to be high in numbers in the injured spinal cord (3). As this was accompanied by 

an elevation of Trem2 and Arg1, the macrophages/microglia at the lesion area seem to be in a 

phagocytosing, debris clearing (70) and, wound healing state (69). Although extremely 

oversimplified, macrophages/microglia can be classified as a more proinflammatory phenotype, or a 

more antiinflammatory phenotype (69). Where proinflammatory phenotype macrophages produce 

more pro-inflammatory cytokines (e.g., TNF and IL-1β), and oxidative metabolites, the anti-

inflammatory phenotype is found to downregulate inflammation and facilitate wound healing by 

phagocytosis and tissue remodeling. Hence, our data suggest that microglia/macrophages 

accumulating in the injured cord from day 1 until day 7 after SCI are in an anti-inflammatory state. 

This has also been reported by Kigerl et al., which found the anti-inflammatory phenotype to be short-

lived and disappears within 3-7 days after SCI, whereas the pro-inflammatory macrophages 

dominated the lesion, and remained in this state (69). We found the P2ry12 gene expression to be 

upregulated from day 3 until the end of the experiment, and a previous study has reported the protein 

level of P2RY12 to increase from day 4 after SCI (67). These findings could indicate that microglia 

are in a more homeostatic and anti-inflammatory activated state at this time point after SCI (71), and 

it is the macrophages which remain in a more proinflammatory activated state with increased 

expression of TNF and IL-1β (13). 

In the present study, we report the neuroinflammation to respond rapidly after SCI, with an early 

increase of pro-inflammatory cytokines such as TNF and IL-1β, and the anti-inflammatory cytokine 

IL-10. We show TNF to be expressed by astrocytes and CD11b+ cells in mice and Iba1+ and CD68+ 

cells in the human spinal cord after SCI. TNFR1 was detected on degenerative neurons and activated 

microglia/macrophages, and TNFR2 was co-localized with astrocytes and phagocytic 

microglia/macrophages in the delayed phase after SCI, both in mice and human spinal cord after SCI. 

We found indications of the resident microglia and infiltrating macrophages to be in a phagocytosing 

and wound healing state during the first days after SCI. However, one week after the injury, the 

microglia/macrophages seem to shift into a more proinflammatory state, with increased expression 

of TNF and IL-1β but no increase of IL-10. As IL10 is known to reduce the production of pro-

inflammatory cytokines (57), this indicates that the environment within the lesion is more 
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proinflammatory in the delayed phase after SCI, which might initiate a more chronic inflammation 

and suppress the further healing of the spinal cord after SCI. Thus, neuroprotective immunotherapies 

aiming against the detrimental immune response, such as the signaling through TNFR1 signaling 

would most possibly suppress the chronic inflammation enhancing a better recovery following SCI. 
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Supplementary Figures and Tables 

Supplementary Table 1: Primers for real time RT-qPCR gene amplification. PCR efficiency 

represents the average of two assays. 

 

  

GENE PRIMER SEQUENCES (5’-3’) ACCESSION 

NO. 

SIZE 

(bp) 

START-

END 

PCR 

EFF. 

(%) 

PRO-

DUCT 

TM 

ANN. 

TEMP 

(TA) 

NO. 

OF 

CYC. 

Tnf F- AGGCACTCCCCCAAAAGATG NM_001278601.1 123 211-230 100.8 81.5°C 60°C 40 

 R- 

TCACCCCGAAGTTCAGTAGACAGA 

  310-333     

Tnfrsf

1a 

F- GCCCGAAGTCTACTCCATCATTTG NM_011609.4 91 1024-

1047 

102.8 80.5°C 60°C 40 

 R- 

GGCTGGGGAGGGGGCTGGAGTTAG 

  1014-

1091 

    

Tnfrsf

1b 

F- GCCCAGCCAAACTCCAAGCATC NM_011610.3 133 771-792 104.8 78.5°C 60°C 40 

 R- TCCTAACATCAGCAGACCCAGTG   903-881     

Il-1b F- TGCCACCTTTTGACAGTGATG NM_008361.4 83 119-139 99.1 77°C 60°C 40 

 R- CAAAGGTTTGGAAGCAGCCC   183-202     

Il-6 F- AGGATACCACTCCCAACAGA NM_001314054.1 266 188-207 98.6 77.5°C 60°C 40 

 R- ACTCCAGGTAGCTATGGTACTC   433-454     

Il-10 F- 

GCCAGGTGAAGACTTTCTTTCAAAC 

NM_010548.2 424 213-237 96.45 81.5°C 61.5°C 45 

 R- AGTCCAGCAGACTCAATACACAC   615-637     

Cxcl1 F- GCTGGGATTCACCTCAAGAAC NM_008176.3 83 184-204 98.55 80°C 60°C 40 

 R- TGTGGCTATGACTTCGGTTTG   247-267     

Itgam F- GCCTGTCACACTGAGCAGAA NM_008401.2 86 3095-

3114 

101.2 79.5°C 55°C 40 

 R- TGCAACAGAGCAGTTCAGCA    3162-

3181 

    

Cx3cr1 F- TCCCATCTGCTCAGGACCTC NM_009987.4 85 79-98 99.4 77.5°C 55°C 40 

 R- GGCCTCAGCAGAATCGTCAT   145-164     

Trem2 F- TGCTGGAGATCTCTGGGTCC NM_031254.3 85 566-585 99.55 80.5°C 60°C 40 

 R- AGGTCTCTTGATTCCTGGAGGT   630-651     

Arg1 F- ATGAAGAGCTGGCTGGTGTG NM_007482.3 87 332-351 100 81°C 60°C 40 

 R- CCAACTGCCAGACTGTGGTC   400-419     

P2ry12 F- GCCAGTGTCATTTGCTGTCAC NM_027571.4 85 139-159 98,75 81.5°C 60°C 40 

 R- TAGATGCCACCCCTTGCACT   205-224     

Hprt1 F- TCCTCAGACCGCTTTTTGCC NM_013556.2 80 107-126 101.8 84°C 60°C 40 

 R- TCATCATCGCTAATCACGACGC   166-187     
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Supplementary Figure 1. Analysis of microglia/leukocyte populations in the acute phase after SCI. 

(a,b) Flow cytometric analysis of microglial (a, Interaction: F2,28=35.16, p<0.0001; Time: F2,28=18.19, 

p<0.0001; Site: F1,28=10.26, p=0.003) and leukocyte (c, Interaction: F2,28=80.03, p<0.0001; Time: F2,28=154.9, 

p<0.0001; Site: F1,28=32.13, p<0.0001) cell populations in the lesioned spinal cord in the acute phase after SCI. 

(c,d) Infiltrated leukocytes were sub-gated into macrophages (c, Interaction: F2,28=31.60, p<0.0001; Time: 

F2,28=66.72, p<0.0001; Site: F1,28=17.75, p=0.0002) and granulocytes (d, Interaction: F2,28=39.45, p<0.0001; 

Time: F2,28=37.67, p<0.0001; Site: F1,28=20.19, p=0.0001). Open bars; lesion, checkered bars; peri-lesion. 

Results are presented as mean ± SEM, n=10-11/group, **p<0.01, ***p<0.001, ****p<0.0001. 
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Title: Conditional Ablation of Myeloid TNF Improves Functional Outcome and Decreases Lesion 

Size after Spinal Cord Injury in Mice 
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Graphical abstract of Manuscript III. Ablation of myeloid-derived TNF (TNF from e.g., macrophages and 

neutrophils) improved functional recovery and decreased volume injury following SCI, which seemed to be 

promoted by decreased expression of JNK and increased expression of the anti-apoptotic protein Bcl-xL 

Ablation of microglial derived TNF did not show to affect the functional recovery following SCI. Figure is a 

graphical abstract from Ellman and Lund et al., 2020 (145). 

  



159 

 

 



160 

 

 



161 

 

 



162 

 

 



163 

 

 



164 

 

 



165 

 

 



166 

 

 



167 

 

 



168 

 

 



169 

 

 



170 

 
 



171 

 

 



172 

 

 



173 

 
 



174 

 

 



175 

 

 



176 

 

 



177 

 

 



178 

 

 



179 

 
 



180 

 

 



181 

 

  



182 

 

 

 

 

 

 

 

Manuscript IV 

Title: Selective inhibition of soluble tumor necrosis factor alters the inflammatory response 

following moderate spinal cord injury in mice 

  



183 

 

Selective inhibition of soluble tumor necrosis factor 

alters the inflammatory response following moderate 

spinal cord injury in mice 
 

Lund MC1§, Ellman DG1§, Nielsen PV1, Raffaele S1,2, Fumagalli M2, Guzman R3, Degn M4, 

Brambilla R5,6, Meyer M1,7,8, Clausen BH1,7, Lambertsen KL1,7,8* 

 

1Department of Neurobiology Research, Institute of Molecular Medicine, University of Southern 

Denmark, Odense, Denmark; 2Department of Pharmacological and Biomolecular Sciences, 

Università degli Studi di Milano, 20133 Milan, Italy; 3Department of Biomedicine, University of 

Basel, Basel, Switzerland; 4Department of Paediatrics and Adolescent Medicine, Rigshospitalet, 

Copenhagen, Denmark; 5The Miami Project To Cure Paralysis, Department of Neurological 

Surgery, University of Miami Miller School of Medicine, Miami, FL 33136, USA; 6Neuroscience 

Program, University of Miami Mille School of Medicine, Miami, FL 33136, USA; 7Brain Research-

Inter-Disciplinary Guided Excellence (BRIDGE), Department of Clinical Research, Odense, 

Denmark; 8Department of Neurology, Odense University Hospital, Odense, Denmark 

 

*Corresponding author: Professor Kate Lykke Lambertsen, J.B. Winsløwsvej 21 st., DK-5000 

Odense C, Denmark, klambertsen@health.sdu.dk, phone: +45 6550 3806. 

 

§Shared first authors 

 

 

Keywords: Contusive injury, XPro1595, neuroinflammation, microglia, phagocytosis. 

 

  



184 

 

Abstract 

Tumor necrosis factor (TNF) is an important player in the neuroinflammatory processes after spinal 

cord injury (SCI). It exists as biologically active transmembrane bound (tmTNF) and soluble 

(solTNF) proteins. TNF levels increase rapidly post-SCI with TNF exhibiting both protective and 

detrimental effects. We previously demonstrated that selective inhibition of solTNF in the acute phase 

post-SCI by epidural administration of XPro1595 decreased injury volume and improved functional 

recovery. 

In the present study, we extend our studies to show that recovery from SCI in XPro1595-treated mice 

is associated with an acute reduction in proinflammatory cytokines, followed by an increase in anti-

inflammatory cytokines. This is not dependent on altered peripheral immune cell infiltration in the 

acute phase post-SCI, apparent changes in TNF receptor levels, or differences in the regenerative 

growth of corticospinal tract axons, but rather on changes in phagocytotic properties of microglia. 

We found that XPro1595 treatment led to a reduction in the mRNA expression of the phagocytic 

marker Cd68 seven days post-SCI, followed by a reduction in the number of infiltrating peripheral 

immune cells at 14 days post-SCI, and a reduction in average cell area fraction of Iba1+ and CD68+ 

cells 21 days post-SCI, suggesting an altered activation state of phagocytic microglia/macrophages. 

In parallel, we found that XPro1595 increased phagocytosis in primary lipopolysaccharide-treated 

microglia, whereas non-selective inhibition of TNF using etanercept decreased phagocytosis and 

increased cell area and perimeter length. Collectively our data indicate that selective inhibition of 

solTNF alters the inflammatory response favoring a pro-regenerative environment post-SCI, with 

future implications for regenerative therapies. 
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Introduction 

Tumor necrosis factor (TNF) is a potent inflammatory cytokine with crucial functions in initiating 

and regulating inflammatory reactions in diseases and trauma affecting the central nervous system 

(CNS) (1). Abundant research has shown that TNF is rapidly increased in CNS resident cells and 

infiltrating macrophages (2-6), as well as in the serum after spinal cord injury (SCI) in humans (7-9). 

Evidence implies TNF to be involved in the secondary tissue damage and the subsequent recovery by 

affecting axonal and neuronal survival (1, 3, 5), and high concentrations of TNF have been linked to 

more severe SCI (9, 10).  

TNF is initially synthesized as a monomeric transmembrane protein and becomes biologically active 

when it is incorporated into the membrane as a homotrimer (tmTNF). In addition, tmTNF can be 

cleaved by TNF alpha converting enzyme (TACE) into the biologically active soluble trimer 

(solTNF) (11). Both forms of TNF can exert their signaling through TNF receptor 1 or 2 (TNFR1 or 

TNFR2). However, the receptors have different binding affinity for TNF, cellular expression and 

cytoplasmic tail structures, resulting in different downstream signaling pathways (12). TNFR1 is 

known to be expressed by most cell types and has a higher binding affinity for solTNF, while TNFR2 

is mainly found on immune cells, glial cells, and endothelial cells and is primarily activated upon 

binding of tmTNF (12, 13). TNFR1 contains a death domain which can initiate expression of 

additional cytokines and give rise to programmed cell death, while TNFR2 is linked primarily to 

immune modulation, cell proliferation and survival (12, 14).  

Several studies have tried to elucidate the role of TNF post-SCI, but results have been contradictory. 

Some studies suggest that TNF is neuroprotective, whereas other studies indicate that TNF has 

neurotoxic effects post-SCI (15-19). It has been suggested that TNF’s role post-SCI is determined by 

its specific cellular expression (20) and the timepoint for its release (21).  

Some therapeutic effect using non-selective TNF inhibitors in preclinical models of SCI has been 

demonstrated (16, 18, 22-25), suggesting that targeting TNF post-SCI is plausible. Unfortunately, 

side effects have been reported when administrating non-selective TNF inhibitors to patients suffering 

from chronic systemic immune diseases, with side effects ranging from mild to potential life 

threatening (26). Inhibition of tmTNF is thought to be the cause of these side effects, hence, more 

selective TNF inhibitors have been developed. One of the approaches is targeting solTNF/TNFR1 

signaling, which is believed to be responsible for the neurotoxic effect of TNF signaling (25).  
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We and others have shown that interfering with solTNF/TNFR1 signaling is beneficial post-SCI (27-

29) and we specifically demonstrated that selective inhibition of solTNF using the dominant-negative 

inhibitor XPro1595 was therapeutic in SCI (28). In the present study, we extend these studies by 

investigating the effect of selective solTNF inhibition on post-SCI inflammatory processes.  
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Materials and Methods 

Mice 

Female C57BL/6J mice were purchased from Taconic A/S (Ry, Denmark) and allowed to acclimate 

for at least 1 week before surgery. All mice were group housed under conventional conditions on a 

12-hour light-dark cycle with ad libitum access to food and water. Mice were cared for in accordance 

with the protocols and guidelines approved by The Danish Veterinary and Food Administration (J 

number 2013-15-2934-00924 and 2019-15-0201-01615); experiments are reported in accordance 

with the ARRIVE guidelines, and all efforts were made to minimize pain and distress. 

 

Induction of SCI 

Mice were anesthetized with a ketamine (100 mg/kg, VEDCO, Saint Joseph, MO, USA) and xylazine 

(10 mg/kg, VEDCO) cocktail (intraperitoneal (i.p.) injection), and a laminectomy was performed at 

the eighth to tenth thoracic vertebra (T8-T10), based on anatomical landmarks (30). Mice received a 

moderate contusion injury (75 Kdyn) at the ninth thoracic (T9) level using the Infinite Horizon Device 

(Precision Systems and Instrumentation, Brimstone, LN, USA), as previously described (28). Sham 

mice only received the laminectomy. After injury, the muscles and skin were sutured and mice 

received post-operative care, which included a subcutaneous (s.c.) injection of 1 ml isotonic saline 

and four s.c. injections of buprenorphine hydrochloride (0.001 mg/20 g body weight Temgesic, cat. 

no. 521634, Indivior Europe, Virginia, USA) at an eight-hour interval starting immediately after 

surgery. To prevent infection and further dehydration, mice were supplemented with daily s.c. 

injections of isotonic saline and one daily s.c. injection of antibiotic gentamicin (40 mg/kg, 

Hexamycin, Sandoz, Copenhagen, Danmark) for the first 7 days post-SCI. Mice were housed in 

individual cages in a recovery room at approximately 25C with a 12-hour light/dark cycle until their 

wounds healed. Thereafter, mice were group caged and observed twice daily for activity level, 

respiratory rate, and general physical conditions. Mice surviving more than 24 hours after surgery 

were weighted 1-, 3-, and 7-days post-surgery and therefrom weekly. Bladders were manually 

emptied twice a day for the duration of experiments. One mouse died during surgery and one mouse 

were euthanized on day 1 post-surgery due to a Basso Mouse Scale (BMS) score above 1. 
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Drug treatment 

Immediately after surgery, mice were implanted with a mini-osmotic pump (Alzet model 1003D, 

Durect Coorporation, Cupertino, CA, USA), which, for a period of three days, continuously delivered 

XPro1595 (2.5 ng/mL/l/h, INmune Bio, La Jolla, CA, USA) or saline (0.9% physiological 

saline/l/h) epidurally, as previously described (28). The pumps were placed in such a way that the 

delivering end of the catheter was on top of the injured spinal cord. The catheter was sutured to the 

musculature, and the suture and placement of it were secured using Vetbond (3M Animal Care 

Products, St. Paul, MN, United States). The pump was installed in a subcutaneous pocket on the back 

of the mouse.  

Mice were allowed to survive 0 (naïve, n=10), 1 (n=5/treatment group) or 3 hours (n=3) or 1 

(n=15/treatment group), 3 (n=15/treatment group), 7 (n=15/treatment group), 14 (n=10/treatment 

group), 21 (n=13/treatment group), 24 (n=3/treatment group), 28 (n=12/treatment group) and 35-days 

(n=12/treatment group) post-SCI. Saline-treated mice with 3-hours survival are also part of another 

study on inflammatory markers in SCI (Lund et al., in prep, Manuscript II). 

 

Basso mouse scale (BMS) 

Under observer-blinded conditions, functional recovery of hind limb function was determined by 

scoring the locomotor hind limb performance after surgery in the open field using the BMS and BMS 

subscore systems (31). Mice were evaluated over a 4-min period 1-, 3- and 7-days post-SCI and 

weekly thereafter. Before surgery, mice were handled and pre-trained in the open field to prevent fear 

and/or stress behaviors that could bias the locomotor assessment. SCI-operated mice with a BMS 

score above 1 on day 1 post-SCI were excluded from the study.  

 

Biotinylated dextran amine (BDA) tracing 

On day 14 post-SCI, mice were anesthetized with a ketamine (100 mg/kg, VEDCO) and xylazine (10 

mg/kg, VEDCO) cocktail, placed in a stereotaxic frame and a midline incision was made to reveal 

the bregma. Thereafter, 0.5µl 10% biotinylated dextran amine (BDA, Molecular Probes, cat. no. N-

7167, Roskilde, Denmark) was injected over a 2–4-minute period using a blunt 35 G needle (World 

Precision Instruments, cat. no. NF35BL-2) in both cerebral cortices using the following coordinates: 
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0.5 mm and -0.5 mm lateral; 1.0 mm or 1.5 mm posterior; with a depth of 0.5 mm from the cortical 

surface, (n=3/group). After injection, the skin overlying the skull was sutured, post-operative care 

was applied, and mice were replaced in their cages for an additional 10 days. 

 

Tissue processing 

Real time Reverse Transcriptase quantitative Polymerase Chain Reaction (real time RT-qPCR): At 

the time of sacrifice, mice (n=5/group) were deeply anaesthetized with an overdose of pentobarbital 

(200 mg/ml) containing lidocaine (20 mg/ml) (Glostrup Apotek, Glostrup Denmark). Mice were 

transcardially perfused through the left ventricle with ice-cold diethyl pyrocarbonate (DEPC, Sigma-

Aldrich, cat. no. D5758, Soeborg, Denmark) treated phosphate-buffered saline (PBS, pH 7.4) and 1 

cm of the spinal cord centered on the lesion was quickly removed. For the control samples (naïve), 

the spinal cord was taken from the equivalent region. Rapidly, samples were snap frozen on dry ice 

and stored at -80°C until further processing. 

In situ hybridization: Mice were anaesthetized and perfused with DEPC-treated PBS, as described 

above (n=3). After perfusion, one centimeter of spinal cord centered on the lesion was dissected out 

and embedded in Tissue-Tek embedding medium (OCT compound, Leica Biosystems, Broendby, 

Denmark), quickly snap frozen in gaseous CO2, cut into 10 parallel series of 20 m-thick sections, 

and stored at -80° C. 

Protein analysis: To harvest spinal cord tissue for protein analysis, mice allowed to survive 1 hour, 

1-, 3-, 7-, and 35-days (n=4-5/group) post-SCI and naïve controls were anaesthetized as described 

above and transcardially perfused through the left ventricle with PBS. One-centimeter spinal cord 

tissue centered on the lesion was quickly removed, snap frozen on dry ice, and stored at -80°C until 

further processing. 

Immunohistochemistry and immunofluorescence staining: Mice were euthanized after 21-, 28- or 35-

days (n=2-3/treatment group) post-SCI as described above and transcardially perfused through the 

left ventricle with 4% paraformaldehyde (PFA, Sigma-Aldrich, cat. no. 158127, Soeborg, Denmark) 

diluted in PBS. Spinal cords were quickly removed, postfixed in PFA for 45 minutes and hereafter 

cryoprotected in 20% sucrose in PBS overnight. On the following day, spinal cords were embedded 

in Tissue-Tek embedding medium and snap frozen using gaseous CO2. Spinal cords were finally cut 

into 20-µm-thick parallel sections using a cryostat and stored at -20C.  
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Flow cytometry: Tissue segments from mice with 1-, 3-, 7-, and 21-days survival post-SCI 

(n=5/treatment group) containing the lesion area (1 cm centered on the lesion) and peri-lesion area 

(0.5 cm distal and 0.5 cm proximal to the lesion were pooled to represent peri-lesion area) were 

quickly removed from PBS perfused mice and placed in cold RPMI medium (Gibco, cat. no. 21875-

042, Roskilde, Denmark) containing 10% fetal bovine serum (FBS, VWR, cat. no. S1810, Soeborg, 

Denmark). Samples were homogenized through a 70 m cell strainer (AH Diagnostics, cat. no. 

352350, Aarhus, Denmark) and further processed for flow cytometry.   

 

Phagocytosis assay 

Primary microglia derived from postnatal day 0-2 (P0-P2) old C57BL/6J mouse brains (n=21) were 

plated, activated, and incubated with fluorescent beads essentially as previously described (32). First, 

the meninges were removed, and brains were collected in ice-cold Hank’s Balanced Salt Solution 

(HBSS) without Ca2+ and Mg2+ (Thermo Fisher Scientific, cat. no. 88284, Roskilde, Denmark) under 

sterile conditions. Cortices were processed using Neural Tissue Dissociation Kit (P) (Miltenyi Biotec, 

cat. no. 130-092-628, Lund, Sweden) according to the manufacturer’s protocol. Cell suspensions were 

filtered through 70 m cell strainers (AH Diagnostics, cat. no. 352350, Aarhus, Denmark) and washed 

with HBSS with Ca2+ and Mg2+ (Gibco, cat. no. 24020-091, Thermo Fisher Scientific). Cell 

suspensions were centrifuged and the pellet, containing microglia, was used for Magnetic-activated 

cell sorting (MACS sorting). Microglia were purified by MACS sorting using magnetic CD11b+ 

beads on LS columns (Miltenyi Biotec, cat. no. 130-042-401) and cultured on coverslips in culture 

medium A (76% Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific), 20% 

heat inactivated FBS (Thermo Fisher Scientific), 1% non-essential amino acids (NEAA) (Thermo 

Fisher Scientific), 1% penicillin streptomycin (Pen Strep, Gibco, Roskilde, Denmark), 1% 

GlutaMAX (Gibco) and 1% sodium pyruvate (Gibco)) on poly-L-lysine-coated plates in a humified 

CO2 incubator at 37C. Two days later, the medium was changed to 10% FBS-DMEM complete 

medium (10% heat inactivated FBS, 86% DMEM, 1% Pen Strep, 1% Sodium Pyruvate, 1% 

GlutaMAX, and 1% NEAA). Three days after the media change, microglia were activated by adding 

100 ng/mL lipopolysaccharide (LPS) (E. Coli O111:B4, Sigma L2630, Soeborg, Denmark) and 

treated with either 100 or 200 ng/mL XPro1595 (INmune Bio, La Jolla, CA, USA), or 100 or 200 

ng/mL etanercept (Enbrel, Pfizer, Ballerup, Denmark). LPS stimulated cells were kept as controls. 

Furthermore, in a separate study unstimulated cells and unstimulated cells treated with either 
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XPro1595 or etanercept were included as additional controls. Microglia were then incubated at 37C 

for 24 hours. The following day, FluoSpheres Carboxylate-Modified Microspheres (1.0 m yellow-

green fluorescent (505/515), Thermo Fisher Scientific) were added onto the cultured cells. After 2 

hours of incubation, phagocytosis was terminated by adding ice-cold DMEM for 2–5 min. Cells were 

fixed with 4% PFA, blocked in 5% normal goat serum (Dako, cat. no. X090710-8, Glostrup, 

Denmark), in Tris buffered saline (TBS) and incubated overnight in anti-Iba1 (Ionized calcium 

binding adaptor molecule 1) antibody (Wako, 1:500, cat. no. 019-19741, Skanderborg, Denmark). 

The next day, cells were stained using Alexa 594-conjugated anti-rabbit antibody (1:750, Invitrogen, 

cat. no. 1A21207, Roskilde, Denmark) and 4′,6-diamidino-2-phenylindol (DAPI, Thermo Fisher 

Scientific, cat. no. Sigma 09542, 1:1000) and mounted using ProLong Diamont Antifade Reagent 

(ThermoFisher, cat. no. P36971, Roskilde, Denmark). In total, 12–15 images were randomly taken 

from each coverslip using a 20× magnification with an Olympus FluoView 1000 confocal 

microscope, to ensure that it was possible to analyze 8 images per coverslip.  

As a measure of phagocytic activity, the number of engulfed beads was counted and morphological 

changes estimated as previously described (32, 33). Three independent experiments were performed. 

 

Gene analysis 

Total RNA was isolated from spinal cords using TRIzol reagent (Invitrogen, cat. no. 15596018) 

according to the manufacturer’s protocol. First, the appropriate amount of TRIzol was added to the 

samples and the tissue was homogenized. The samples were allowed to reach room temperature (RT) 

to ensure complete dissociation of nucleoprotein complexes, and phase separation was performed 

with chloroform (200 µl per 1000 µl TRIzol, Sigma-Aldrich, cat. no. C2432). The colorless upper 

aqueous phase containing RNA was transferred to a new tube and Isopropanol was added (500 µl per 

1000 µl TRIzol, Sigma-Aldrich, cat. no. I9030) to precipitate the RNA. Following centrifugation, the 

RNA pellet was washed twice with 75% ethanol (EtOH). After removing all EtOH, the RNA pellet 

was dissolved in nuclease free water and the purity and concentration of the RNA were analyzed with 

the Thermo Scientific NanoDrop One Spectrophotometer.      

Synthesis of cDNA was performed using the High-Capacity cDNA Reverse Transcription kit from 

Applied Biosystems (ThermoFisher, cat. no. 4368814). Equal amounts of RNA sample (2 µg RNA) 

and 2x RT Master mix was mixed into a 96 well plate, and after a short centrifugation cDNA was 
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synthesized with the MJ Research PTC-225 Gradient Thermal Cycler from Marshall Scientific, with 

the following cycle conditions: 25°C for 10 min, 37°C for 120 min, 85°C for 5 min and then cooled 

down to 4°C. Samples were diluted to 50 ng/µl and stored at -20°C until further processing. 

Real time RT-qPCR was performed for each sample using primers for Tnf, Tnfrsf1a, Tnfrsf1b, Il1b, 

Il6, Il10, chemokine (C-X-C motif) ligand 1 (Cxcl1), Integrin subunit alpha M (Itgam), C-x3-c motif 

chemokine receptor 1 (Cx3cr1), Triggering receptor expressed on myeloid cells 2 (Trem2), Purinergic 

receptor P2Y (P2ry12), Arginase 1 (Arg1), Chemokine (C-C motif) ligand 7 (Ccl7), Cluster of 

differentiation (Cd)-68, Cd8, Cd4, Cd3, Forkhead box P3 (Foxp3), Glutamate ionotropic receptor 

AMPA type subunit 2 (Gria2), and Hypoxanthine-guanin-phosphoribosyl-transferase 1 (Hprt1) 

(Table 1). Primers were designed with NCBI’s Nucleotide database and Primer designing tool and 

aimed to target exon-exon junctions whenever possible. After a check for self-complementary with 

OligoCalc (34), primers were purchased from TAG Copenhagen (Copenhagen, Denmark). All 

samples were analyzed using SybrGreen and performed in a total volume of 12.5 µl containing 1x 

Maxima SYBR Green (ThermoFisher, cat. no. KO223), 50 ng of template cDNA and forward and 

reverse primer (primer concentration: 600nM, except for Ccl7: 900nM). The amplification was 

carried out using a CFX Connect RealTime PCR Detection System from Bio-Rad (Copenhagen, 

Denmark) under the following conditions: 95°C for 10 min, followed by the optimal annealing 

temperature (Ta) for 30 seconds and raised to 72°C for 30 seconds, for the appropriate number of 

cycles (see Ta and number of cycles for each gene in Table 1). The product was analyzed using 

melting curve analysis to ensure specificity. All samples were analyzed in triplicates and the standard 

curve was prepared from a mixture of all tested samples with a 4-fold serial dilution. The standard 

curve samples were run in each assay together with the experiment samples, a calibrator (a mixture 

of all tested samples in 6 wells) and a no template control. Furthermore, the experimental samples 

were randomly distributed over assays, primer efficiencies were accepted within the range of 100±5% 

and the relative transcript levels were calculated by the Pfaffl method (35) and normalized to the 

reference gene Hprt1.  

 

Table 1. Real time RT-qPCR primers. 

GENE PRIMER SEQUENCE (5’-3’) ACCESSION 

NO. 

ANNEALING 

TEMP (TA) 

PRODUCT 

(TM) 

NO. OF 

CYCLES 

Tnf F- AGGCACTCCCCCAAAAGATG NM_001278601.1 60°C 81.5°C 40 

 R- TCACCCCGAAGTTCAGTAGACAGA     

Tnfrsf1a F- GCCCGAAGTCTACTCCATCATTTG NM_011609.4 60°C 80.5°C 40 
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 R- GGCTGGGGAGGGGGCTGGAGTTAG     

Tnfrsf1b F- GCCCAGCCAAACTCCAAGCATC NM_011610.3 60°C 78.5°C 40 

 R- TCCTAACATCAGCAGACCCAGTG     

Il-1b F- TGCCACCTTTTGACAGTGATG NM_008361.4 60°C 77°C 40 

 R- CAAAGGTTTGGAAGCAGCCC     

Il-6 F- AGGATACCACTCCCAACAGA NM_001314054.1 60°C 77.5°C 40 

 R- ACTCCAGGTAGCTATGGTACTC     

Il-10 F- CCAGGTGAAGACTTTCTTTCAAAC NM_010548.2 61.5°C 81.5°C 45 

 R- AGTCCAGCAGACTCAATACACAC     

Cxcl1 F- GCTGGGATTCACCTCAAGAAC NM_008176.3 60°C 80°C 40 

 R- TGTGGCTATGACTTCGGTTTG     

Itgam F- GCCTGTCACACTGAGCAGAA NM_008401.2 55°C 79.5°C 40 

 R- TGCAACAGAGCAGTTCAGCA      

Cx3cr1 F- TCCCATCTGCTCAGGACCTC NM_009987.4 55°C 77.5°C 40 

 R- GGCCTCAGCAGAATCGTCAT     

Trem2 F- TGCTGGAGATCTCTGGGTCC NM_031254.3 60°C 80.5°C 40 

 R- AGGTCTCTTGATTCCTGGAGGT     

Arg1 F- ATGAAGAGCTGGCTGGTGTG NM_007482.3 60°C 81°C 40 

 R- CCAACTGCCAGACTGTGGTC     

P2ry12 F- GCCAGTGTCATTTGCTGTCAC NM_027571.4 60°C 81.5°C 40 

 R- TAGATGCCACCCCTTGCACT     

Ccl7 F- GATCTCTGCCACGCTTCTGT NM_013654.3 62°C 82°C 45 

 R- GCATTGGGCCCATCTGGTT     

Cd68 F- GGTGGAAGAAAGGCTTGGGG NM_001291058.1 60°C 78.5°C 45 

 R- GAGACAGGTGGGGATGGGTA     

Cd8 F- ACAACTGCCCCAACCAAGAA NM_009858.3 60°C 79.5°C 40 

 R- TGCATGTCAGGCCCTTCTG     

Cd4 F- CCAACAGCGCCAGGCA NM_013488.3 60°C 81.0°C 40 

 R- CTCTTCTGCATCCGGTGGG     

Foxp3 F- GCGAAAGTGGCAGAGAGGTAT NM_001199347.1 60°C 81.5°C 45 

 R- AAGTTGCCGGGAGCTGGAG     

Cd3 F- GAGGATGCGGTGGAACACTT NM_007648.5 60°C 81.5°C 45 

 R- ATGTTCTCGGCATCGTCCTG     

Gria2 F- AGCAAGGCGTCTTAGACAAGC NM_001083806.3 60°C 78.0°C 40 

 R- GGGCACTGGTCTTTTCCTTACT     

Hprt1 F- TCCTCAGACCGCTTTTTGCC NM_013556.2 60°C 84°C 40 

 R- TCATCATCGCTAATCACGACGC     

 

Protein purification 

Samples were thawed on ice, lysed in Complete Mesoscale Lysis Buffer (150 mM sodium chloride 

(Sigma-Aldrich, cat. no. 1064041000, Soeborg, Denmark), 20 mM Tris, 1 mM Ethylene Diamine 

Tetra Acetate (EDTA, Sigma-Aldrich, cat. no. E9884,), 1 mM ethylene glycol tetraacetic acid 

(EGTA, Sigma-Aldrich cat. no. E4378), 1% Triton-X-100, a cocktail of phosphatase and proteinase 

inhibitors (Sigma, P5726 and Sigma, P0044), and complete mini, EDTA free tablets (Roche, cat. no. 

11836170001), pH 7.5) and tip-sonicated. After shaking on ice at 4C for 30 minutes, samples were 

centrifuged at 14,000xg at 4C for 20 minutes, and finally the supernatants were stored at -80°C until 

further analysis. The protein concentration was determined using the Pierce Bicinchoninic acid 

(BCA) Protein Assay Kit (Thermo Fischer Scientific, cat. no. 23235, Roskilde, Denmark) according 

to the manufacturer’s protocol. 
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Electrochemiluminescence analysis 

XPro1595, TNF, interleukin (IL)-1β, IL-6, IL-10, CXCL1, interferon gamma (IFNγ), TNFR1, and 

TNFR2 protein levels were investigated in spinal cord protein lysates using custom made MSD 

Mouse Pro-inflammatory V-PLEX and Ultra PLEX kits (Mesoscale Discovery Rockville, MD (1 and 

24 hours and 3- and 7-days post-SCI and naïve controls: cat. no. K152BIC; 35 days post-SCI and 

naïve controls: cat no. K152AOH-2)) and Ultra-sensitive TNFRI (Mesoscale Discovery (1 and 24 

hours and 3- and 7-days post-SCI and naïve controls: cat. no. K152BIC; 35 days post-SCI and naïve 

controls: cat. no. K152AOH-2)) and TNFRII (Mesoscale Discovery (1 and 24 hours and 3- and 7-

days post-SCI and naïve controls: cat. no.; K152BIC; 35 days post-SCI and naïve controls: cat. no. 

K152AOH-2)) kits, as previously described (20)). Analysis of tissue derived from mice with 1- and 

24-hours and 3- and 7-days survival post-SCI was performed separately from mice with 35 days 

survival post-SCI, and therefore analyzed as two separate experiments. Samples were diluted in 

Diluent 41 according to the manufacturer’s instructions, run in duplex on a SECTOR Imager 6000 

Plate Reader (Mesoscale), and analyzed using MSD Discovery Workbench software. Samples with 

coefficient of variation (CV) values >25% in individual analyses were excluded. The lower limit of 

detection (LLOD) was a calculated concentration based on a signal 2.5 standard deviations (SD) 

above the blank (zero) calibrator. For protein levels below LLOD, a value of 0.5 LLOD was used for 

statistical analysis. LLOD values for samples with naïve conditions, 1- and 24-hours and 3- and 7-

days survival post-SCI: XPro1595 = 18.4 pg/mL, IL-1 = 0.17-0.22 pg/mL, IL-10 0.80-1.34 pg/mL, 

CXCL1 = 0.14-0.23 pg/mL, TNF = 0.22-0.77 pg/mL, IL-6 = 1.70-4.04 pg/mL, TNFR1 = 0.52-0.61 

pg/mL, and TNFR2 = 15.00-35.9 pg/mL. LLOD values for samples with 35 days survival post-SCI 

and naïve: IL-1 = 0.108 pg/mL, IL-10 = 0.269 pg/mL, CXCL1 = 0.121 pg/mL, TNF = 0.22 pg/mL, 

IL-6 = 2.04 pg/mL, IFNγ = 0.06, TNFR1 = 0.18 pg/mL, and TNFR2 = 0.62 pg/mL. 

 

In situ hybridization 

In situ hybridization was performed on ethanol-fixed spinal cord sections and the hybridization signal 

was developed with an alkaline phosphatase (AP) buffer containing 5-bromo-4-chloro-3-indolyl 

phosphate (Sigma-Aldrich, cat. no. B8503) and nitroblue tetrazolium (Sigma-Aldrich, cat. no. 

N6876), as previously described (36). A mixture of two AP-labeled oligo DNA probes (3 pmol/ml) 

was applied on tissue sections from mice with 3 hours survival post-SCI (n=3). Probes were 

purchased from DNA Technology (Copenhagen, Denmark); TNF probes: 5’ 
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CGTAGTCGGGGCAGCCTTGTCCCTTGAA 3’ (GC content 60.7%, Tm 67.8 C) and 5’ 

CTTGACGGCAGAGAGGAGGTTGACTTTC 3’ (GC content 53.6%, Tm 62.3 C), and 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) probe: 5’ 

CCTGCTTCACCACCTTCTTGATGTCA 3’ (GC content 50%, Tm = 60.2C). Abolishment of the 

hybridization was confirmed by hybridizing RNase A-digested sections, hybridizing sections with 

100-fold excess of the unlabeled probe mixture, and absence of signal in sections incubated with 

buffer only, were used as controls (Lund et al., in prep, Manuscript II). 

 

Immunostaining and image analysis 

For immunostaining, sections were rinsed with TBS and TBS with 0.5% Triton X-100, followed by 

blocking with 10% FBS in TBS with 0.5% Triton X-100 for 30 minutes, and incubated with the 

following antibodies overnight at 4°C: Chicken anti-MAP2 (Microtubule associated protein 2, 

Abcam, cat. no. ab5392, 1:100), rabbit anti-TNFR1 (clone H-271, Santa Cruz, cat. no.  sc-7895, 1:50), 

rabbit anti-TNFR2 (Sigma-Aldrich, HPA004796, 1:200), rabbit anti-Iba1 (Wako, 019-19741, 1:500), 

rat anti-CD68 (Bio-Rad, cat. no. MCA1957, 1:400), or rat anti-Gal3 (Galectin-3, clone M38, Hakon 

Leffler’s Lab (37), 1:300). On the following day, sections were rinsed in TBS and incubated with the 

secondary antibodies for 2 hours at RT: Donkey anti-rabbit (Alexa-594, Invitrogen, cat. no. A21207, 

1:200), chicken anti-rabbit (Alexa-488, Invitrogen, cat. no. A21441, 1:200), goat anti-rat (Alexa-594, 

Invitrogen, cat. no. A11007, 1:200), goat anti-rat (Alexa-488, Invitrogen, cat. no. A11006, 1:200), or 

goat anti-chicken (Alexa-488, Invitrogen, cat. no. A11039, 1:200). For identification of astrocytes, 

sections were incubated with anti-GFAP-Cy3 (glial fibrillary acidic protein, clone G-A-5, cat. no. 

C9205, Sigma Aldrich, 1:500) for 1 hour at RT. Finally, sections were rinsed with TBS, 

counterstained with DAPI to visualize the nucleus and mounted with Aquatex (Merck, cat. no. 

HC718601). 

The quantitative analysis of Iba1 and CD68 immunofluorescence was carried out on images taken 

within 0-500 µm from the lesion border in 3 sections per mouse (n=3/treatment group). Briefly, 

images of Iba1 and CD68 immuno-stained sections were acquired at 10X magnification, converted 

to binary grayscale to better visualize microglial cell morphology, and analyzed using the particle 

analysis tool of the Fiji-ImageJ software as previously described (38). The density of Iba1+ and 

Iba1+/CD68+ cells was calculated as number of particles/area analyzed (mm2). The area fraction 

covered by Iba1 and CD68 staining and the average size of Iba1+ cells were automatically determined 
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and are expressed as fold over values obtained in saline control mice set to 100. All images were 

acquired using an Olympus BX53 fluorescence microscope fitted with an Olympus DP73 camera, 

and images were merged and adjusted in their brightness/contrast levels in Photoshop. 

BDA labeled cells and axons were detected by application of horse-radish-peroxidase (HRP)-

Streptavidin. In brief, sections were rinsed with TBS and blocked for endogenous peroxidase with 

methanol containing H2O2. Next, sections were rinsed in TBS, then in TBS with 0.5% Triton X-100, 

pre-incubated with 10% FBS in TBS with 0.5% Triton X-100 and incubated with HRP-Streptavidin 

(1:200, Sigma-Aldrich, cat. no. RABHRP3). Sections were developed using diaminobenzidine 

(DAB) dissolved in TBS containing H2O2 and mounted with Aquatex. Tissue sections from a mouse 

with SCI, with no injected BDA tracer, were used as negative controls. Images were scanned with 

NanoZoomer slide scanner from Hamamatsu. Total number of BDA+ cells per mm2 was estimated in 

the whole spinal cord from each animal by counting all BDA+ cells 2 mm rostral and caudal from the 

epicenter of lesion and the area was estimated using the NDP.view2 software (n=3/treatment group) 

(39). 

 

Flow cytometry 

For flow cytometry, spinal cord tissue from each mouse was processed individually using the 

following panel: PerCP-Cy5.5 rat anti-CD45 (clone 30-F11, BD Biosciences), PE rat anti-CD11b 

(clone M1/70, BD Biosciences), PE-Cy7 rat anti-Ly-6C (clone AL-21, BD Biosciences), BV421 rat 

anti-LY-6G (clone 1A8, BD Biosciences), APC hamster anti-CD3 (clone 145-2C11, BD Bioscience) 

or the corresponding isotype controls PerCP-Cy5.5 rat IgG2b,κ (clone A95-1, BD Biosciences), PE 

rat IgG2b, (clone A95-1, BD Biosciences), PE-Cy7 rat IgG2c,κ (clone, R35-95, BD Biosciences), 

BV421 rat IgG2a,κ (clone, R35-95, BD Biosciences), and APC Armenian hamster IgG1,κ (clone 

HTK888, Biolegend) to identify the following cell populations: microglia (CD11b+CD45dim), 

macrophages (CD11b+CD45highLy6ChighLy6G-), granulocytes (CD11b+CD45highLy6C+Ly6G+), and 

T cells (CD45+CD3+), as previously described (40).  

After homogenization of the tissue, cells were resuspended in PBS with 10% FBS and the myelin 

was removed using Myelin Removal Beads II (Miltenyi Biotec) with LS column (Miltenyi Biotec) 

placed in the magnetic field of the MACS separator (Miltenyi Biotec). Red blood cells were lysed, 

the cell suspensions were stained for live/dead cells using Fixable Viability Dye eFlouro 506 
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(eBioscience, San Diego, CA, USA), washed, and fixed with Cytofix/Cytoperm (AB 2869008, BD 

Biosciences, Lyngby, Denmark) as previously described (40). Next, cell suspensions were 

centrifuged at 300xg for 10 minutes at 4C, the supernatants removed, and the pellet resuspended in 

flow cytometry staining buffer (FACS-buffer). Thereafter, cells were centrifuged at 600xg for 10 

minutes at 4C and blocked to prevent non-specific staining (anti-CD16/32, FcR block, eBioscience) 

for 30 minutes at 4C. After washing, the samples were resuspended in FACS-buffer containing 

antibodies for the desired surface markers or their corresponding isotype controls. Samples were run 

on a FACSverse flow cytometer, and approximately 105 events were acquired per sample using 

forward scatter (FSC) and side scatter (SSC). The analysis was performed using the FACSuite 

software as previously described (41), and the mean fluorescence intensity (MFI) was calculated as 

the geometric mean of each population in the CD45 and CD11b positive gates. Positive staining was 

determined based on the respective isotype controls and respective fluorescent minus one (FMO) 

control.  

 

Statistical analysis 

Comparisons were performed using repeated measures (RM) or regular two-way analysis of variance 

(ANOVA) followed by Sidak’s post hoc analysis, ordinary one-way ANOVA followed by Dunnett’s 

post hoc analysis, or by Student’s t-test. Outliers were identified using ROUT with False Discovery 

Rate (FDR) of 1%. BMS was analyzed using multiple unpaired t-test (multiple comparisons: two-

stage set-up method by Benjamini, Krieger and Yekutieli (42)) using a 1% FDR. All analyses were 

performed using Prism 4.0b software for Macintosh, (GraphPad Software). Statistical significance 

was established for p<0.05. Data are presented as meanSEM. 
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Results 

Inhibition of solTNF improves functional outcome post-SCI 

Initially, we verified our previous findings of improved functional outcome in XPro1595-treated mice 

post-SCI (28). We found BMS scores to be comparable between saline- and XPro1595-treated mice 

on day 1 and day 3, with XPro1595-treated mice displaying improved hind limb function from day 7 

post-SCI compared to saline-treated mice (Figure 1a). BMS subscores significantly improved from 

day 14 post-SCI in XPro1595-treated compared to saline-treated mice (Figure 1b). We observed no 

differences between groups in weight loss, bladder urine content, or total body weight post-SCI 

(Supplemental Table 1). 

We confirmed that XPro1595 successfully reached the injured spinal cord in therapeutic relevant 

doses, with XPro1595 levels peaking 3 days post-SCI, whereafter levels declined (Figure 1c). By 21 

to 35 days, intense GFAP immunoreactivity was detected in both groups around the lesion and in the 

surrounding white and grey matter, indicating the formation of a glial scar (Figure 1d). The lesion 

area was filled with Iba1+ cells packed at a high density in both groups, surrounded by ramified Iba1+ 

microglial cells in the peri-lesion areas (Figure 1d). 
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Figure 1. Topical inhibition of solTNF improves functional outcome post-SCI. a) Evaluation of hindlimb 

locomotor function. XPro1595- and saline-treated mice were tested 1- and 3-days post-SCI and weekly 

thereafter for 7 weeks. Motor behavior was scored under blind conditions with the BMS (n(day 1-21)=25/group 

and n(day 28-35)=11-12/group). Multiple unpaired t-test: t(day 1)332=0.21, p=0.36; t(day 3)332=1.50, p=0.14; t(day 

7)332=2.99, p=0.003; t(day 14)332=2.99, p=0.002; t(day 21)332=4.49, p=0.00001; t(day 28)332=3.50, p=0.0005; 

and t(day 35)332=3.40, p=0.0008. b) Evaluation of BMS subscores (n(day 1-21)=25/group and n(day 28-35)=11-

12/group). Multiple unpaired t-test: t(day 1)332=0.21, p=0.36; t(day 3)332=1.50, p=0.14; t(day 7)48=0.44, 

p=0.66; t(day 14)48=3.62, p=0.04; t(day 21)48=3.62, p=0.0007; t(day 28)21=2.50, p=0.02; and t(day 35)21=2.49. 

p=0.02. c) XPro1595 levels 1- and 24-hours as well as 3- and 7-days post-SCI measured by 

electrochemiluminescence in saline- and XPro1595-treated mice (n=4-5/group). d) Sections of spinal cord 

from saline- and XPro1595-treated mice with 21-, 28-, and 35-days survival post-SCI were double labelled for 

GFAP (red) and Iba1 (green). DAPI (blue) was used as a nuclear marker. Scale bar=200 μm. Data are presented 

as meanSEM, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. GFAP, glial fibrillary acidic protein; Iba1, 

ionized calcium binding adaptor molecule 1. 
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Inhibition of solTNF does not affect mRNA and protein levels of TNF 

To assess whether XPro1595 treatment could influence expression levels of Tnf mRNA and TNF, we 

performed real time RT-qPCR and electrochemiluminescence analyses, respectively. Tnf mRNA 

(Figure 2a) and TNF protein (Figure 2b-c) levels increased significantly post-SCI, however, no 

differences were observed between treatment groups. TNF levels in sham mice remained low with 

no significant differences between treatment groups (Supplement Table 2). Tnf mRNA+ cells were 

found primarily in the white matter of the posterior funiculi, with also a few Tnf mRNA+ cells, 

presumably macrophages, located inside blood vessels (Figure 2d). Most Tnf mRNA+ cells had a 

glial-like morphology (Figure 1d and arrows in Figure 1e), presumably microglia, as these did not 

co-express the astrocytic marker GFAP (arrowheads in Figure 2e). By 35 days post-SCI, TNF was 

found to co-localize to CD11b+ cells located in the lesion core, just as TNF expression was 

significantly increased on CD11b- cells surrounding the lesion (Figure 2f). 
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Figure 2. XPro1595 treatment does not affect TNF expression. a) Temporal expression of Tnf post-SCI 

measured by real time RT-qPCR (Time: F6,55=34.43, p<0.0001, Treatment: F1,55=0.02, p=0.88, Interaction: 

F6,55=0.50, p=0.81). b-c) TNF protein levels in the acute (b; Time: F5,44=47.84, p<0,0001; Treatment: 

F1,44=0.61, p=0.44; Interaction: F5,44=0.76, p=0.58) and delayed (c, (Time: F1,14=211, p<0.0001, Treatment: 

F1,14=1.26, p=0.28, Interaction: F1,14=1.26, p=0.28) phases post-SCI measured by chemiluminescence analysis. 

d) Tnf mRNA+ cells in the posterior funiculi (arrows) and in a blood vessel of a mouse with 3 hours survival 

post-SCI. e) Combined in situ hybridization for Tnf mRNA (turquoise, arrows) and immunofluorescence for 

astroglial GFAP (red, arrowheads) in the posterior funiculi 3 hours post-SCI demonstrating absence of co-

localization. e) Double immunofluorescent staining for TNF (red) and the microglial/macrophage marker 

CD11b (green) 35 days post-SCI demonstrating co-localization between TNF and CD11b+ cells within the 
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lesion area in both saline- and XPro1595-treated mice. DAPI (blue) was used as a nuclear marker. Scale bars: 

d,e=40μm and f=100μm. Images in d) are unpublished images of tissue sections acquired from parallel tissue 

sections from a previous study (Lund et al. in prep, Manuscript II). Data are presented as meanSEM, 

n=5/group/time point. CD, cluster of differentiation; GFAP, glial fibrillary acidic protein; TNF, tumor necrosis 

factor. 

 

Inhibition of solTNF does not affect TNF receptor levels post-SCI  

To assess the effect of XPro1595 on TNF receptor gene expression and protein levels, we performed 

real time RT-qPCR and electrochemiluminescence analyses in saline- and XPro1595-treated mice 

post-SCI (Figure 3).  

Tnfrsf1a mRNA levels increased significantly from 1-day post-SCI compared to naïve conditions 

(Figure 3a). Tnfrsf1a mRNA levels were comparable between groups at all time points, except for 

day 7 post-SCI, where Tnfrsf1a mRNA levels were significantly decreased in XPro1595-treated mice, 

compared to saline-treated mice. TNFR1 levels significantly increased by 1-day post-SCI, with the 

highest levels detected 3 days post-SCI (Figure 3b-c). No significant differences were observed 

between groups. In sham-treated mice, TNFR1 levels increased transiently at 24 hours, with no 

differences between groups (Supplementary Table 2). Immunofluorescent double labeling for TNFR1 

and the neuronal marker MAP2 showed that TNFR1 co-localized to MAP2+ neurons and their 

proximal dendrites near the border of the lesion at 21-, 28- and 35-days post-SCI in both saline- and 

XPro1595-treated mice (Figure 3d). Furthermore, TNFR1 was expressed by MAP2- cells surrounding 

the lesion core (Figure 3d). 

Tnfrsf1b mRNA levels also increased significantly post-SCI, with the highest expression levels 

detected 3-7 days post-SCI (Figure 3e). No differences were observed between treatment groups. 

TNFR2 levels increased significantly from day 1 post-SCI, peaking at day 3, with no significant 

differences observed between groups (Figure 3f-g). In sham-treated mice, TNFR2 levels transiently 

increased at 24 hours with no significant differences between treatment groups (Supplementary Table 

2). Immunofluorescent double labeling for TNFR2 and astroglial GFAP showed TNFR2 to co-

localized with GFAP+ astrocytes, especially near the lesion, at 21-, 28-, and 35-days post-SCI in both 

treatment groups (Figure 3h). Furthermore, TNFR2 was expressed by GFAP- cells located within the 

lesion core in both saline- and XPro1595-treated mice (Figure 3h). 
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Figure 3. TNFR expression post-SCI. a) Temporal expression of Tnfrsf1a post-SCI measured by real time 

RT-qPCR analysis (Time: F6,53=24, p<0.0001, Treatment: F1,53=1.00, p=0.32, Interaction: F6,53=1.46, p=0.21, 

n=5/group). b-c) TNFR1 protein levels in the acute (b, Time: F3,32=49.14, p<0.0001, Treatment: F1,32=0.013, 

p=0.72, Interaction: F3,32=0.25, p=0.86, n=5/group) and delayed (c, Time: F1,14=711.5, p<0.0001, Treatment: 

F1,14=1.08, p=0.32, Interaction: F1,14=1.08, p=0.32) phases post-SCI measured by chemiluminescence analysis. 
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d) Double immunofluorescent staining for TNFR1 (red) and neuronal MAP2 (green) 21-, 28- and 35-days 

post-SCI. e) Temporal expression of Tnfrsf1b mRNA post-SCI measured by real time RT-qPCR analysis 

(Time: F6,55=23.09, p<0.0001, Treatment: F1,55=0.04, p=0.84, Interaction: F6,55=0.42, p=0.87). f-g) TNFR2 

protein levels in the acute (f, Time: F3,29=27.53, p<0.0001, Treatment: F1,29=0.007, p=0.93, Interaction: 

F3,29=0.61, p=0.62) and delayed (g, Time: F1,14=136.8, p<0.0001, Treatment: F1,14=1.39, p=0.26, Interaction: 

F1,14=1.39, p=0.26) phases post-SCI measured by chemiluminescence analysis. h) Double immunofluorescent 

staining for TNFR2 (green) and astroglial GFAP (red) 21-, 28- and 35-days post-SCI. DAPI was used as a 

nuclear marker. Scale bar=100 µm. Data are presented as meanSEM, n=5/group/time point, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. GFAP, glial fibrillary acidic protein; MAP2, microtubule associated 

protein 2; TNFR, tumor necrosis factor receptor. 

 

Inhibition of solTNF fosters a pro-regenerative environment in the lesioned spinal cord 

As TNF is implicated in the regulation of post-synaptic AMPA receptors and synaptic plasticity (43), 

we initially examined whether inhibition of solTNF affected transcription levels of the AMPA 

receptor subunit 2, Gria2, post-SCI. Even though Gria2 mRNA levels transiently decreased 1-day 

post-SCI, no differences were observed between treatment groups (Figure 4a).  

TNF can stimulate neurons (44) and astrocytes to produce CCL7 (45) and thereby modulate the 

inflammatory response. As XPro1595 previously decreased CCL7 levels in the spinal cord of mice 

with experimental autoimmune encephalomyelitis (EAE) and these mice are protected from EAE 

(46), we studied the effect of solTNF inhibition on Ccl7 mRNA levels post-SCI. Ccl7 mRNA levels 

transiently increased 1-3-days post-SCI (Figure 4b), suggesting a role of this chemokine in the acute 

phase post-SCI. No differences, however, were observed between treatment groups (Figure 4b).  

As IFNγ has been suggested to improve the outcome of traumatic SCI (reviewed in (47)), we 

measured IFNγ levels in the chronic phase post-SCI (Figure 4c), when the functional outcome was 

significantly improved in XPro1595-treated compared to saline-treated mice (Figure 1a-b). We found 

a trend towards increased IFNγ levels in XPro1595-treated mice (p=0.12); however, this did not reach 

statistical significance (Figure 4c).  

To further examine the effect of solTNF inhibition on the level of important inflammatory cytokines 

post-SCI, we measured mRNA and protein levels of IL-1β, IL-6, IL-10, and CXCL1 using real time 

RT-qPCR and electrochemiluminescence analyses (Figure 4d-o).  
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We found that Il1b mRNA levels increased post-SCI, peaking 1-day post-SCI (Figure 4d), at which 

time point we also observed at significant decrease in IL-1β levels in XPro1595- compared to saline-

treated mice (Figure 4e). Thirty-five days post-SCI, IL-1β was significant still elevated compared to 

naïve conditions, though at this time point IL-1β levels were significantly increased in XPro1595- 

compared to saline-treated mice (Figure 4f).  

Il6 (Figure 4g) and IL-6 (Figure 4h-i) levels increased significantly post-SCI, peaking 1-day post-SCI 

where levels were significantly lower in XPro1595- compared to saline-treated mice (Figure 4g-h).  

Though Il10 mRNA levels increased significantly post-SCI, no differences were observed between 

groups (Figure 4j). IL-10 levels, in contrast, decreased in the acute phase post-SCI (Figure 4k) and 

increased in the more delayed phase post-SCI (Figure 4l). XPro1595 significantly increased IL-10 

levels 3 days post-SCI (Figure 4k), with no differences observed between groups at any other time 

point (Figure 4k-l).  

Though Cxcl1 (Figure 4m) and CXCL1 (Figure 4n-o) levels significantly changed over time post-

SCI, we observed no differences between groups (Figure 4m-o).  

In sham mice, IL-1, IL-6 and CXCL1 levels transiently increased at 24 hours, but with no differences 

between treatment groups (Supplementary Table 2). IL-10 levels did not change in saline- or 

XPro1595-treated sham mice (Supplementary Table 2). 
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Figure 4. Inhibition of solTNF decreases expression of pro-inflammatory and increases expression of 

anti-inflammatory markers post-SCI. a) Temporal expression of Gria2 mRNA post-SCI (Time: F5,56=14.4, 

p<0.0001; Treatment: F1,56=3.43, p=0.07; Interaction: F6,56=0.65, p=0.69). b) Temporal expression of Ccl7 

mRNA post-SCI (Time: F6,55=45.94, p<0.0001; Treatment: F1,55=1.22, p=0.27; Interaction: F6,55=0.71, 

p=0.64). c) IFNγ protein levels in the delayed phase post-SCI (Time: F1,9=1.36, p=0.27; Treatment: F1,9= 1.43, 

p=0.26; Interaction: F1,9=1.43, p=0.26). d) Temporal expression of Il1b mRNA post-SCI (Time: F6,55=14.98, 

p<0.0001; Treatment: F1,55=0.33, p=0.57; Interaction: F6,55=0.52, p=0.79). e-f) IL-1β protein levels in the acute 

(e, Time: F5,44=46.78, p<0.0001; Treatment: F1,44=1.37, p=0.24; Interaction: F5,44=4.45, p=0.002) and delayed 

(f, Time: F1,14= 282.7, p<0.0001; Treatment: F1,14=8.82, p=0.01; Interaction: F1,14=8.82, p=0.01) phases post-

SCI. g) Temporal expression of Il6 mRNA post-SCI (Time: F6,55=13.36, p<0.0001; Treatment: F1,55=1.00, 



207 

 

p=0.32; Interaction: F6,55=1.23, p=0.31). h-i) IL-6 protein levels in the acute (h, Time: F5,44=113.7, p<0.0001; 

Treatment: F1,44=1.06, p=0.31; Interaction: F5,44=2.97, p=0.02) and delayed (i, Time: F1,14=42.74, p<0.0001; 

Treatment: F1,14=0.59, p=0.45; Interaction: F1,14=0.59, p=0.45) phases post-SCI. j) Temporal expression of Il10 

mRNA post-SCI (Time: F6,55=4.76, p=0.0006; Treatment: F1,55=0.49, p=0.49; Interaction: F6,55=1.75, p=0.13). 

k-l) IL-10 protein levels in the acute (k, Time: F5,44 = 16.48, p<0.0001; Treatment: F1,44 = 3.12, p=0.08; 

Interaction: F5,44 = 1.47, p=0.22) and delayed (l, Time: F1,14=19.45, p=0.0006; Treatment: F1,14=0.06, p=0.24; 

Interaction: F1,14=0.06, p=0.81) phases post-SCI. m) Temporal expression of Cxcl1 mRNA post-SCI (Time: 

F6,55= 11.27, p<0.0001; Treatment: F1,55=0.01, p=0.94; Interaction: F6,55=0.39, p=0.88). n-o) CXCL1 protein 

levels in the acute (n, Time: F5,44 = 69.62, p<0.0001; Treatment: F1,44 = 0.10, p=0.76; Interaction: F5,44 = 1.21, 

p=0.32) and delayed (o, Time: F1,14=223.4, p<0.0001; Treatment: F1,14=0.14, p=0.71; Interaction: F1,14=0.14, 

p=0.71) phases post-SCI. Gene expression is measured using real-time RT-qPCR and protein levels using 

electrochemiluminescence. Data are presented as meanSEM, n=4-5/group/time point, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 

 

Inhibition of solTNF decreases the infiltration of peripheral immune cells 14 days post-SCI 

Using flow cytometry, we assessed the numbers and population distribution of microglia and 

infiltrating immune cells 1-, 3-, 7-, 14-, and 21-days post-SCI (Figure 5). Gating was performed to 

include live cells only and set to include CD45dimCD11b+ microglia and infiltrating CD45highCD11b+ 

leukocytes, which were further gated into Ly6C+Ly6G- macrophages and Ly6C+ Ly6G+ granulocytes 

(Figure 5a).  

Though the number of microglia changed over time post-SCI, we observed no differences between 

groups (Figure 5b-c). The number of infiltrating leukocytes was highest 1-day post-SCI (Figure 5d-

e), with no differences between treatment groups (Figure 5e), except for day 14, where we observed 

a significant reduction in the number of infiltrating leukocytes in XPro1595- compared to saline-

treated mice (Figure 5e). The same pattern was observed for the macrophages (Figure 5f-g) and 

granulocytes (Figure 5h-i). No differences between treatment groups were found in peri-lesion area 

(Supplementary Figure 2). 

On day 1-, 3-, 7-, and 21-days post-SCI, CD3 was included as a marker to estimate changes in T-cell 

numbers and population distribution (Figure 5j-k) and on day 14 post-SCI we gated for 

CD45highCD11b- lymphocytes (Figure 5l-m). Though the number of T cells increased post-SCI, no 

differences were observed between treatment groups (Figure 5k,m). 
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As a measurement of cell activation, we measured MFI for CD45 or CD11b on microglia, 

macrophages, and granulocytes post-SCI. XPro1595 treatment decreased the MFI for CD11b on 

macrophages 14 days post-SCI in lesion area (Supplementary Figure 3h), and MFI for CD45 was 

decreased on microglia in peri-lesion area 7 day following SCI (Supplementary Figure 4a). Changes 

in cell population distribution post-SCI can be found in Supplementary Tables 3 and 4.     

 

 

Figure 5. Inhibition of solTNF transiently decreases peripheral immune cell infiltration post-SCI. a) Dot 

blots showing the gating strategy for CD45dimCD11b+ microglia, CD45highCD11b+ leukocytes, 

CD45highCD11b+Ly6C+Ly6G- macrophages, and CD45highCD11b+Ly6C+Ly6G+ granulocytes post-SCI. b-c) 

Changes in microglial numbers 1-, 3-, 7- and 21-days (b, Interaction: F3,32=0.29, p=0.83, Time: F3,32=13.40, 

p<0.0001, Treatment: F1,32=0.09, p=0.77) and 14 days (c, t8=0.74, p=0.48) post-SCI. d-e) Changes in the 

number of infiltrating leukocytes 1-, 3-, 7- and 21-days (d, Interaction: F3,32=0.76, p=0.53, Time: F3,32=43.89, 

p<0.0001, Treatment: F1,32=0.96, p=0.33) and 14 days (e, t8=0.16, p=0.88) post-SCI. f-g) Changes in the 
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number of macrophages 1-, 3-, 7- and 21-days (f, Interaction: F3,32=0.21, p=0.89, Time: F3,32=18.08, p<0.0001, 

Treatment: F1,32=0.45, p=0.51) and 14 days (g, t8=2.46, p=0.04) post-SCI. h-i) Changes in the number of 

granulocytes 1-, 3-, 7- and 21-days (h, Interaction: F3,32=0.22, p=0.88, Time: F3,32=11.51, p<0.0001, Treatment: 

F1,32=0.01, p=0.93) and 14 days (i, t8=2.77, p=0.02) post-SCI. j) Dot blot showing the gating strategi for CD3+ 

T cells post-SCI. k) Changes in the number of CD3+ T cells 1-, 3-, 7-, and 21 post-SCI (Interaction: F3,32=1.97, 

p=0.14, Time: F3,32=15.13, p<0.0001, Treatment: F1,32=0.30, p=0.59). l) Dot plot showing the gating strategy 

for CD45highCD11b- cells 14 days post-SCI. m) Changes in the number of CD45highCD11b- cells 14 days post-

SCI (t8=1.05, p=0.32). Data are presented as meanSEM, n=5/group/time point, *p<0.05.  

 

Inhibition of solTNF alters microglial/macrophage activation state post-SCI 

To characterize the effect of solTNF inhibition on microglial/macrophage responses post-SCI, we 

initially investigated gene expression levels of typical phenotypic microglia/macrophages markers 

using real time RT-qPCR (Figure 6a-f). Arg1, known to be involved in wound repair (48), mRNA 

levels transiently increased 1-7 days post-SCI, reaching peak levels by day 3, but no differences were 

observed between treatment groups (Figure 6a). Itgam mRNA levels also increased post-SCI, 

reaching peak levels 3 days post-SCI, and remained elevated throughout the study (Figure 6b). Again, 

no differences were observed between treatment groups. P2ry12 (Figure 6c), Trem2 (Figure 6d), and 

Cx3cr1 (Figure 6e) mRNA levels all significantly increased 3 days post-SCI and remained elevated 

throughout the study, with no differences between treatment groups. Cd68, a general marker of 

activated phagocytic microglia/macrophages (49), mRNA levels also significantly increased post-

SCI, reaching peak levels 7 days post-SCI, with a significant increase in saline- compared to 

XPro1595-treated mice (Figure 6f), suggesting altered activation state in CD68+ 

microglia/macrophages. 

Next, we used immunofluorescent staining to identify the expression pattern and co-localization of 

CD11b+ (Figure 6f), Gal3+ (Figure 3h) or CD68+ (Figure 6i-j) with Iba1+ microglia/macrophages in 

the delayed phase post-SCI. The majority of Iba1+ microglia/macrophages in the lesion core and peri-

lesion area co-labelled with CD11b, whereas in more distant areas, Iba1+ cells did not show a strong 

CD11b immunofluorescent signal (Figure 6f). Gal3 was mainly found on Iba1+ cells located within 

the lesion core but also in Iba1- cells located in the peri-lesion area (Figure 6g). CD68 was found to 

preferentially co-localize to Iba1+ cells within the lesion core as well as to Iba1+ cells located in the 

peri-lesion area (Figure 6i), but to a lesser extent in XPro1595-treated mice (Figure 6j). Based on this 

observation and the reduction in Cd68 mRNA levels in XPro1595- compared to saline-treated mice 
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7-days post-SCI, we thoroughly characterized the morphology of Iba1+ and CD68+ cells in the peri-

lesion area (Figure 6k-m). Conversion of high-magnification images to grey scale clearly indicated a 

difference in microglial activation states between saline- and XPro1595-treated mice 21 days post-

SCI (Figure 6k). Eventhough the Iba1+ cell density and area fraction were comparable between 

treatment groups, this difference was reflected in a significant decrease in Iba1+ cell average size in 

XPro1595-treated mice (Figure 6l). Also, the density of Iba1/CD68+ cells was comparable between 

treatment groups, however, the CD68 area fraction was significantly decreased in XPro1595- 

compared to saline-treated mice (Figure 6m). This indicates that XPro1595 treatment in the acute 

phase post-SCI reduces the activation state of CD68+/Iba1+ microglia/macrophages located in the 

peri-lesion area and possibly alters the phagocytic state of these cells. 
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Figure 6. Inhibition of solTNF alters the morphology of CD68+Iba1+ microglia/macrophages post-SCI. 

a-f) Temporal expression of Arg1 (a, Interaction: F6,55=0.16, p=0.99; Time: F6,55=135, p<0.0001; Treatment: 

F1,55=0.45, p=0.50), Itgam (b, Interaction: F6,55=0.48, p=0.82; Time: F6,55=155.29, p<0.0001; Treatment: 

F1,55=0.63, p=0.43), P2ry12 (c, Interaction: F6,56=0.72, p=0.63; Time: F6,56=32.01, p<0.0001; Treatment: 

F1,56=0.36, p=0.55), Trem2 (d, Interaction: F6,56=0.56, p=0.76; Time: F6,56=63.22, p<0.0001; Treatment: 

F1,56=3.736, p=1.00), Cx3cr1 (e, Interaction: F6,55=0.28, p=0.94; Time: F6,55=81.79, p<0.0001; Treatment: 
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F1,55=0.09, p=0.77) and Cd68 (f, Interaction: F6,55=1.38, p=0.24; Time: F6,55=55.81, p<0.0001; Treatment: 

F1,55=1.06, p=0.31) mRNA levels post-SCI, n=5/group/time point. g-i) Immunofluorescence double labelling 

of Iba1+ cells (green) with CD11b (g, red) Gal3 (h, red), or CD68 (i, red) 21-, 28-, and 35-days post-SCI, n=2-

3/group/time point. j) Representative high-magnification images of Iba1+CD68+ cells located in the peri-lesion 

area used for morphological analyses 21 days post-SCI. DAPI (blue) was used as a nuclear marker. k) 

Representative converted greyscale images of Iba1+ microglia located in the peri-lesion area 21 days post-SCI. 

l-m) Morphological analysis of Iba1+ (l, left: t4=0.97, p=0.39, middle: t4=1.46, p=0.22, right: t4=3.75, p=0.02)  

and Iba1+CD68+ microglia (m, left: t4=1.68, p=0.17, right: t4=4.30, p=0.01) located 0-500 µm from the lesion 

border 21 days post-SCI (3 sections per mouse, n=3/treatment group). Results are presented as mean±SEM, 

*p<0.05. Scale bars: g-i=200 μm, j=40 µm. Iba1, ionized calcium binding adaptor molecule 1; Gal3, galectin-

3; CD, cluster of differentiation.  

 

Selective inhibition of solTNF increases microglial phagocytosis 

To examine the role of solTNF versus tmTNF on the phagocytic properties of microglia, we next 

examined how selective solTNF versus non-selective TNF inhibition in vitro affected microglial 

phagocytosis and cell morphology in un-stimulated versus LPS-stimulated conditions (Figure 7).  

Inhibition of solTNF using either 100 or 200 ng/mL XPro1595 in unstimulated primary microglia 

(Figure 7a) did not affect the number of engulfed beads per cell (Figure 7b), cell area (Figure 7c), 

perimeter length (Figure 7d), or membrane ruffling (Figure 7e), as compared to control microglia 

(Ctl). Following LPS stimulation, 200 ng/mL XPro195 (Figure 7f), however, significantly increased 

microglial phagocytosis (Figure 7g), without affecting cell area (Figure 7h), perimeter length (Figure 

7i), or membrane ruffling (Figure 7j).  

In comparison, though non-selective TNF inhibition using etanercept (ETN) (Figure 7k) did not affect 

microglial phagocytosis in un-stimulated microglia (Figure 7l), 200 ng/mL ETN significantly 

increased cell area (Figure 7m), suggesting increased activation state. Perimeter length (Figure 7n) 

and membrane ruffling (Figure 7o) were not affected by ETN in un-stimulated conditions. Following 

LPS stimulation (Figure 7p), 200 ng/mL ETN significantly decreased microglial phagocytosis (Figure 

7q), but in a concentration-dependent manner increased cell area (Figure 7r) and perimeter length 

(Figure 7s). Membrane ruffling was not affected by ETN treatment (Figure 7t). This suggests that 

non-selective inhibition of activated microglia leads to a decrease in microglial phagocytosis and an 

increased in microglial activation state. 
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Figure 7. Selective inhibition of solTNF increases microglial phagocytosis. a) Untreated control (Ctl) and 

XPro1595-treated primary microglial cultures stained for Iba1 (red) and DAPI (blue) demonstrating 

phagocytosis of FluoSpheres Carboxylate-Modified Miscrospheres (FSCMs, green). b) Engulfed beads/cell in 

Ctl microglia (n=22) and in 100 ng/mL (n=19) and 200 ng/mL (n=24) XPro1595-treated microglia (p=0.51). 

c-e) Morphological features of microglia under control conditions and after XPro1595 treatment, cell area (c, 

p=0.79), perimeter length (d, p=0.48) and membrane ruffling (e, p=0.69). f) Representative images 

demonstrating phagocytosis of FSCMs in lipopolysaccharide (LPS)-(100 ng/mL) and LPS+XPro1595-treated 

microglia. g) Engulfed beads/cell in LPS-treated microglia (n=22) and in LPS+100 ng/mL (n=18) and 

LPS+200 ng/mL (n=28) XPro1595-treated microglia (p=0.004). h-j) Morphological features of microglia after 

LPS stimulation with and without XPro1595 treatment, cell area (h, p=0.46), perimeter length (i, p=0.95) and 

membrane ruffling (j, p=0.48). k) Representative images demonstrating phagocytosis of FSCMs in Ctl and 

etanercept (ETN)-treated microglia.  l) Engulfed beads/cell in Ctl microglia (n=13) and in 100 ng/mL (n=12) 

and 200 ng/mL (n=11) ETN-treated microglia (p=0.21). m-o) Morphological features of microglia under Ctl 

conditions and after ETN treatment, cell area (m, p=0.03), perimeter length (n, p=0.49) and membrane ruffling 

(o, p=0.22). p) Representative images demonstrating phagocytosis of FSCMs in LPS- and LPS+ETN-treated 

microglia. q) Engulfed beads/cell in LPS-treated microglia (n=14) and in LPS+100 ng/mL (n=14) and 
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LPS+200 ng/mL (n=14) ETN-treated microglia (p=0.03). r-t) Morphological features of microglia after LPS 

stimulation with and without ETN treatment, cell area (r, p=0.0003), perimeter length (s, p<0.0001) and 

membrane ruffling (t, p=0.76). Scale bar=80 m. Data are presented as meanSEM, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001.  

 

Selective inhibition of solTNF appears not to affect the density of corticospinal tract fibers post-

SCI 

To evaluate spared and/or regenerating corticospinal tract (CST) axons, we injected BDA into the 

motor cortex 14 days post-SCI and investigated anterograde fiber tracing 24 days post-SCI. As BDA 

becomes incorporated by neurons in the motor cortex and are anterogradely transported by axons 

through the descending corticospinal tract without interruptions, it provides the possibility to estimate 

the density of spared and/or regenerating axons in the injured spinal cord. By 24 days post-SCI, we 

found BDA+ cells located within the lesion core of both saline- and XPro1595-treated mice (Figure 

8a). As these cells are presumed to be phagocytic cells, we estimated the density of these cells as a 

measure of corticospinal tract density. However, we found no differences in the density of BDA+ 

phagocytic-like cells between the two groups (Figure 8b). We observed no BDA-labeled tract fibers 

caudal to and within the lesion of both groups, possibly due to axonal dieback. BDA-labeled tract 

fibers were located rostral to injury with no obvious differences between saline- and XPro1595-

treated mice (Figure 8c).    
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Figure 8. Selective inhibition of solTNF does not alter the density of biotinylated dextran amine+ cells 

and descending biotinylated dextran amine+ corticospinal axons post-SCI. a) Representative images 

demonstrating corticospinal tract biotinylated dextran amine (BDA+) axonal debris (arrows) engulfed by 

phagocytic-like cells located within the lesion area 24 days post-SCI. b) Estimation of the number of BDA+ 

cells/mm2 in the lesion (n=3/treatment group). Data are presented as mean±SEM. c) Representative images 

demonstrating BDA+ corticospinal axons with anterogradely transported BDA rostral to the lesion 24 days 

post-SCI. Scale bars: a=100 µm, insert in a,c=40 µm. 

 

Inhibition of solTNF does not alter gene expression of phenotypic T-cell markers post-SCI 

As selective inhibition of solTNF has been shown to reduce the infiltration of cytotoxic CD4+ T cells 

in experimental animal models with chronic neuroinflammation (50), we finally investigated whether 

XPro1595 altered expression of genes related to T cell populations (Figure 9). Even though the 

expression of Cd3 (Figure 9a), Cd8 (Figure 9b), Cd4 (Figure 9c), as well as Foxp3 (Figure 9d) all 

increased post-SCI, we observed no differences between treatment groups. 
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Figure 9. Temporal gene expression of phenotypic T-cell markers following SCI. a-d) Temporal 

expression of mRNA levels of Cd3 (a, Interaction: F6,56=0.61, p=0.72; Time: F6,56=35.32, p<0.0001; 

Treatment: F1,56=1.59, p=0.21), Cd8 (b, Interaction: F6,56=0.57, p=0.75; Time: F6,56=24.77, p<0.0001; 

Treatment: F1,56=1.18, p=0.28), Cd4 (c, Interaction: F6,56=0.38, p=0.88; Time: F6,56=28.41, p<0.0001; 

Treatment: F1,56=0.15, p=0.70), and Foxp3 (d, Interaction: F6,55=0.93, p=0.48; Time: F6,55=11.85, p<0.0001; 

Treatment: F1,55=1.73, p=0.19) mRNAs post-SCI. Data are presented as meanSEM, n=4-5/group, 

****p<0.0001. 
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Discussion 

In the present study, we extended our previous studies of a neuroprotective effect of selective solTNF 

inhibition on lesion size and functional outcome post-SCI (28), to study the effect on microglial 

activation, immune cell infiltration and neuroinflammation. 

Initially, we verified our previous findings of improved functional outcome in XPro1595-treated mice 

post-SCI (28) and demonstrated that XPro1595 levels within the lesioned spinal cord reached 

concentrations predicted to be pharmacologically relevant (51, 52). Despite comparable TNF and 

TNF receptor levels, we found a reduction in the levels of the pro-inflammatory cytokines IL-1β and 

IL-6 and an increase in the anti-inflammatory cytokine IL-10 in the acute phase post-SCI, suggesting 

an altered inflammatory response in the spinal cord of XPro1595-treated mice. We also observed a 

reduction in the infiltration of peripheral immune cells 14 days post-SCI and a reduction Iba1+ 

average cell size and CD68+ area fraction 21 days post-SCI, suggestive of an altered activation state 

of microglia/macrophages. This was further confirmed by our findings of an increased phagocytic 

capacity of XPro1595-treated, LPS-stimulated primary microglia, which was completely abolished 

in etanercept-treated microglia. This suggests that XPro1595 alters the inflammatory response post-

SCI favoring a pro-regenerative environment. 

 

The effects of epidural administration of XPro1595 on TNF and TNFR  

In line with previous studies (3-5, 53), TNF levels were rapidly elevated in the injured spinal cord 

post-SCI. XPro1595 treatment did not change the expression of TNF, although this has previously 

been shown in ischemic brains of mice (54). However, it is important to consider that these results do 

not display how much of the available TNF is biological active, as XPro1595 interrupts the binding 

of solTNF to TNFR1.  

TNFR1 and TNFR2 did also increase their expression in response to SCI, and TNFR1 showed to co-

localize with MAP2+ neurons and TNFR2 with GFAP+ astrocytes in the delayed phase of SCI. 

Inhibition of solTNF decreased the mRNA level of Tnfrsf1a 7 days post-SCI. However, this was not 

detectable at protein level 7 days post-SCI. Furthermore, no obvious significant differences were 

detected in the immunofluorescent staining for TNFR1 between XPro1595- and saline-treated mice, 

at 21-, 28- and 35-days post-SCI. Although, TNFR1 is associated with neurodegeneration (28, 55), 

TNFR1 deficient mice has shown to exhibit worse functional recovery and higher number of 

apoptotic cells following SCI (17) and reduced TNFR1 expression did also not improve the outcome 
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following SCI (40). Together with our results, this suggest that sustained TNFR1 expression is 

necessarily for the recovery following SCI and neurodegeneration associated with TNFR1 is 

mediated through the binding of solTNF.  

Examining SCI in mice with genetic ablation of solTNF showed furthermore to reduce TNFR2 

expression 3 days post-SCI, along with no improvement in their functional recovery (40). While 

Novrup et al. found inhibition of solTNF with XPro1595 for three consecutive days to improve the 

functional recovery following SCI, together with increased TNFR2 protein levels in XPro1595-

treated mice 7 days post-SCI (28). We also saw XPro1595 treatment to improve the functional 

recovery, however with comparable TNFR2 expression to saline treatment following SCI. The 

differences in TNFR2 levels in Novrup et al. compared to our results might be explained by the 

differences in methodology (western blotting vs. multiplex ELISA). However, as TNFR2 have shown 

to be essential for remyelination in an experimental multiple sclerosis model, EAE model (56), these 

findings could indicate that to achieve the neuroprotection from tmTNF, when inhibiting solTNF 

following SCI, sustained or increased TNFR2 level is required.    

 

The effects of XPro1595 treatment on cytokine expression and immune cell infiltration  

TNF can initiate the expression of several cytokines (26) and eliminating solTNF signaling has 

previously been reported to decrease proinflammatory cytokines and increase anti-inflammatory 

cytokine expression (40, 56). Here, we found topical administration of XPro1505 to promote a 

reduced proinflammatory environment, with suppressed expression of proinflammatory cytokine IL-

1β and IL-6 1-day post-SCI. However, 35 days following SCI, IL-1β was found to be increased in 

XPro1595 treated mice compared to saline-treated mice. IL-1β is thought to exacerbate the injury 

progression post-SCI by inducing apoptosis in neurons and oligodendrocytes (57, 58), yet IL-1β is 

also important for remyelination after cuprizone-induced demyelination (59). Thus, the decreased 

expression of IL-1β might be beneficial in the early phase following SCI, and the increased expression 

of IL-1β might enhance remyelination in the delayed phase of SCI. IL-6 does also rapidly increase 

post-SCI and is thought to worsens the outcome following SCI (3, 60, 61). However, total blockage 

of IL-6 is detrimental following injury in CNS (62), whereas temporal blockage of IL-6 has shown 

to be neuroprotective following SCI (61). Indicating, that the temporal suppression of IL-6 found in 

our study 1-day post-SCI in XPro1595-treated mice might be efficient enough to promote a more pro-

regenerative environment following SCI. Furthermore, the reduced expression of IL-1β and IL-6 in 
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the acute phase (one day) post-SCI, likely increased the expression of the anti-inflammatory cytokine 

IL-10 three days post-SCI, as suppressed proinflammatory environment increases this anti-

inflammatory cytokine (40, 63). IL-10 reduces the development of inflammation and injury (64), and 

promotes neuroprotection following SCI (15, 65), thus, its increase 3 days following SCI might 

mediate, among others, the neuroprotective effect of XPro1595.  

Following SCI, resident and peripheral immune cells become activated and microglia and bloodborne 

neutrophils are the first immune cells to infiltrate the lesion (66). This is followed by a infiltration of 

macrophages and lymphocytes from day 3 (67, 68), where macrophages are observed to have the first 

peak 7 days post-SCI, and again 14 days post-SCI (69). TNF is associated with the activation and 

infiltration of microglia and macrophages following SCI (70, 71) and inhibition of TNF has 

previously shown to decrease the neutrophil infiltration (24). Here, we observed that XPro1595 

treatment reduced the number of infiltrating leukocytes (macrophages and granulocytes) 14 days 

post-SCI, and to decrease the CD11b MFI value on macrophages 14 days post-SCI. This implies that 

inhibition of solTNF for the first week following SCI reduces the migration and activation of 

infiltrating leukocytes 14 days following SCI, without affecting the expression of the chemokine 

CXCL1 or gene expression of Ccl7. However, several chemokines become expressed following SCI 

(72) and it is possible that XPro1595 treatment affected the expression of other chemokines not 

investigated in this study, such as the CCL3 (macrophage inflammatory protein 1-α, MIP-1α) which 

is known to be induced by TNF, and CCL3 deficiency reduce macrophage infiltration to the injured 

spinal cord (73). Depletion of both macrophages and neutrophils have demonstrated to be beneficial 

in SCI (74), and evidence indicates these cells to play an important role in adjusting 

neuroinflammation following SCI (75, 76). Thus, our results indicate that a more anti-inflammatory 

environment during the first days following SCI suppresses the secondary infiltration and activation 

of leukocytes, which then might modulate the neuroinflammation to a more pro-regenerative state. 

We show the number of T-cells, together with their phenotypic markers at mRNA level, to increase 

7 days following SCI, which also is the time point known for T-cell infiltration following SCI (68). 

T-cells recognize antigens following trauma in the CNS and a balance between effector CD4+ T helper 

cells and CD4+FoxP3+ regulatory T-cells (Treg) cells are required for a proper repair following CNS 

injury (68, 77). Furthermore, the regulation of T-cells is mediated through TNFR2 signaling (14), and 

inhibition of solTNF reduces the infiltration of cytotoxic CD4+ T cells in chronic neuroinflammation 

(50). We therefore expected XPro1595 treatment to restore this balance, which is disrupted following 

SCI (68), however, we found no differences in T-cell infiltration or the gene expression of Cd3, Cd4, 
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Cd8 or Foxp3 in XPro1595-treated mice following SCI compared to saline control mice. Although, 

to fully conclude if inhibition of solTNF changes the phenotype of T-cells following SCI further 

analysis of these T-cell phenotypic markers at protein levels would be recommended.  

 

The effects of XPro1595 on the polarization of macrophages and microglia  

Macrophages and microglia can display different phenotypic behavior depending on the received 

signals from the microenvironment, and although extremely oversimplified, they can be categorized 

as a more proinflammatory or anti-inflammatory macrophages/microglia (68). Following SCI, the 

proinflammatory phenotype of macrophages/microglia are the most persistent type present in the 

injured spinal cord and the anti-inflammatory phenotype of macrophages/microglia does already 

disappear 3-7 days post-SCI (78). As TNF promotes a more proinflammatory phenotype in 

macrophages following SCI (79), we expected inhibition of solTNF to shift the 

macrophages/microglia into a more anti-inflammatory phenotype. We found indication of less 

activated microglia/macrophages as a response to XPro1595 treatment, as the CD11b MFI value was 

decreased in macrophages 14 days post-SCI and the average cell size of Iba1+ cells were reduced 21 

days post-SCI. We did not find any differences in gene expression of the phenotypic markers, Arg1, 

Itgam, P2ry12, Trem2, or Cx3cr1 between XPro1595-treated and saline control mice. However, the 

gene expression of the phagocytic marker Cd68 was reduced in XPro1595-treated mice 7 days post-

SCI, and 21 days post-SCI the areas fraction of CD68 was still decreased in XPro1595-treated mice, 

indicating less microglial/macrophage phagocytosis. As removal of damaged cells and myelin debris 

is critical for prober wound healing following SCI (68, 80), and we have previously demonstrated 

primary murine microglia with genetic ablation of solTNF, to have increased phagocytosis without 

changing their morphology (54). We investigated inhibition of solTNF with XPro1595 in primary 

microglia and found it to increase their phagocytosis, without affecting their cell morphology. 

Treatment with etanercept further showed to decrease their phagocytosis with bigger cell area and 

perimeter length, implying that the tmTNF/TNFR2 signaling is involved in phagocytosis. Supported 

by earlier observations, which demonstrate increased phagocytosis after XPro1595 treatment in a 

cuprizone induced demyelinated model and impaired phagocytosis in TNFR2 deficient microglia (52, 

81), these results suggest that although we found indications of significant less phagocytotic 

microglia/macrophages in XPro1595-treated mice 7- and 21- days following SCI compared to saline 

control mice, XPro1595 might increase the phagocytosis in the early phase following SCI, which then 
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subsequently decreased the phagocytosis in the more delayed phase following SCI. This early 

phagocytosis is most possibly also enhanced by the reduced expression of IL-6 and IL-1β, as temporal 

blocking of IL-6 promotes a phagocytic phenotype of macrophages following SCI (61), and IL-1β is 

known to participate in the activation of microglia/macrophages (82). Moreover, the increased IL-10 

expression and less biological active TNF might also shift the microglia to a more anti-inflammatory 

state with increased phagocytosis 3 days post-SCI (83). Hence, although not found at mRNA levels, 

previous findings together with our results, suggest that the infiltrated leukocytes and resident 

microglia assume a more pro-regenerative and activate a more phagocytotic phenotype when the 

XPro1595 concentrations are at its highest within the injured spinal cord (3 post-SCI). This then 

promotes an earlier wound healing and a more anti-inflammatory environment in the injured spinal 

cord, which subsequent decreased the microglial/macrophage phagocytosis in XPro1595-treated mice 

prior, compared to saline-treated mice.  

Furthermore, XPro1595 treatment might also enhance the remyelination following SCI, as inefficient 

clearance of myelin debris is known to impair the remyelination process (84) and observation by 

Novrup et al. showed XPro1595 treatment to enhance the myelin integrity, measured by decreased 

lesion volume and increased myelin basic protein expression in XPro1595-treated mice following 

SCI (28). However, we were not able to detect any differences in spared and/or regenerating CST 

axons in XPro1595- and saline-treated mice, as a result of enhanced remyelination.  

 

Conclusion 

This study shows that topical administration of XPro1595, for 3 consecutive days, is an efficient 

approach to inhibit solTNF following SCI, and we verify previously findings, demonstrating 

inhibition of solTNF to be protective and improve the functional recovery following SCI. XPro1595 

appears to enhance the remyelination process following SCI by promoting a more anti-inflammatory 

environment in the early stages following SCI, reducing macrophage and granulocyte infiltration 14 

days following SCI, and to modulate the phagocytic properties of microglia/macrophages following 

SCI. Overall, these results represent XPro1595 to have promising therapeutic properties following 

SCI. 
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 Supplemental Material 

 

Supplemental Table 1. Urine content and weight for mice treated with saline or XPro1505 following 

SCI. Multiple unpaired t-test, for days 1-21 n=25/group, for days 28-35, n=12/group. 

 Saline XPro1595 Multiple t-test, p-value 

Urine content (g) 

    1d post-SCI 

    3d post-SCI 

    7d post-SCI 

    14d post-SCI 

    21d post-SCI 

    28d post-SCI 

    35d post-SCI 

 

0.43 ± 0.03 

0.31 ± 0.03 

0.23 ± 0.05 

0.18 ± 0.04 

0.14 ± 0.05 

0.15 ± 0.07 

0.21 ± 0.10 

 

0.42 ± 0.04 

0.37 ± 0.04 

0.30 ± 0.06 

0.14 ± 0.05 

0.14 ± 0.05 

0.08 ± 0.06 

0.20 ± 0.10 

 

t48=0.16, p=0.87 

t48=1.08, p=0.29 

t48=0.84, p=0.40 

t48=0.53, p=0.60 

t48=0.00, p>0.99 

t22=0.74, p=0.47 

t22=0.06, p=0.95 

Weight (g) 

    Baseline 

    1d post-SCI 

    3d post-SCI 

    7d post-SCI 

    14d post-SCI 

    21d post-SCI 

    28d post-SCI 

    35d post-SCI 

 

21.08 ± 0.37 

19.48 ± 0.34 

18.41 ± 0.37 

19.88 ± 0.34 

21.10 ± 0.33 

21.47 ± 0.34 

22.32 ± 0.49 

22.38 ± 0.59 

 

20.92 ± 0.37 

19.84 ± 0.34 

18.69 ± 0.36 

20.12 ± 0.38 

21.67 ± 0.41 

21.98 ± 0.36 

22.86 ± 0.36 

23.01 ± 0.46 

 

t48=0.29, p=0.77 

t48=0.76, p=0.46 

t48=0.55, p=0.58 

t48=0.48, p=0.64 

t48=1.08, p=0.29 

t48=1.02, p=0.31 

t22=0.89, p=0.39 

t22=0.83, p=0.41 

 

 

Supplemental Table 2. Cytokine and TNF receptor protein levels in sham mice. TNFR1 (Time: 

F1,16=32.21, p<0.0001, Treatment: F1,16=0.29, p=0.60, Interaction: F1,16=0.79, p=0.39, n=5/group). TNFR2 

(Time: F1,16=11.32, p<0.004. Treatment: F1.16=0.08. p=0.79. Interaction: F1.16=0.71. p=0.41. n=5/group). IL-

beta (Time: F1,14=17.56, p<0.0009, Treatment: F1,14=0.47, p=0.50, Interaction: F114=0.35, p=0.56, n=5/group). 

IL-6 (Time: F1,16=15.41, p<0.001, Treatment: F1,16=0.006, p=0.94, Interaction: F1,16=0.002, p=0.96, 

n=5/group). IL-10 (Time: F1,15=0.01, p=0.90, Treatment: F1,15=0.40, p=0.54, Interaction: F1,15=0,16, p=0,70, 

n=5/group). CXCL1 (Time: F1,16=29,03, p<0,0001, Treatment: F1,16=0,11, p=0,74, Interaction: F1,16=0,08, 

p=0,78, n=5/group). Multiple unpaired t-test and data are presented as meanSEM, n=5/group.  

Protein 1-hour post-sham surgery 24-hours post-sham surgery 

 Saline XPro1595 Saline XPro1595 

TNF (pg/mg) 0.94  0.14 0.94  0.26 0.70  0.14 1.0  0.20 

TNFR1 (pg/mg) 126.83  34.07 118.80  20.35 237.81  68.70 270.92  66.72 

TNFR2 (pg/mg) 90.83  38.18 79.77  19.95 139.82  57.60 161.58  48.84 

IL-1 (pg/mg) 0.11  0.03 0.14  0.07 1.39  0.89 1.84  1.08 

IL-6 (pg/mg) 10.87  6.48 11.88  6.35 146.97  144.18 151.23  61.20 

IL-10 (pg/mg) 0.27  0.18 0.21  0.07 0.24  0.14 0.22  0.15 

CXCL1 (pg/mg) 1.55  0.25 1.73  0.92 30.77  14.93 23.10  7.74 
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Supplementary Figure 2. Flow cytometric analysis of peri-lesion areas in SCI mice after topical 

XPro1595 treatment. a-b. Total number of microglia (CD11b+CD45dim) at day 1, 3, 7 and 21 days post-SCI 

(a, Interaction: F3,32=1.58, p=0.21; Time: F3,32=3.79, p=0.02; Treatment: F1,32=0.74, p=0.40) and on day 14 

post-SCI (b, t8=3.11, p=0.01), c-d. total number infiltrating leukocytes (CD11b+CD45high) at day 1, 3, 7 and 21 

days post-SCI (c, Interaction: F3,32=0.94, p=0.043; Time: F3,32=1.43, p=0.25; Treatment: F2,32=3.69, p=0.06) 

and 14 days post-SCI (d, t8=0.22, p=0.83. e-f. Total number of macrophages (Ly6C+Ly6G-) at day 1, 3, 7 and 

21 days post-SCI (g, Interaction: F3,32=1.20, p=0.32; Time: F3,32=2.26, p=0.10; Treatment: F1,32=5.86, p=0.02) 

and at day 14 post-SCI (h, t8=1.64, p=0.14), and g-h. granulocytes (Ly6C+Ly6G+) at day 1, 3, 7 and 21 days 

post-SCI  (g, Interaction: F3,32=1.20, p=0.33; Time: F3,32=2.97, p=0.05; Treatment: F1,32=1.52, p=0.23) and on 

day 14 post-SCI (h, t8=0.82, p=0.44). i. Total number of T-cells of CD45+ cells at day 1-, 3-, 7- and 21-days 

post-SCI (Interaction: F3,32=0.22, p=0.88; Time: F3,32=21.30, p<0.0001; Treatment: F1,32=0.27, p=0.61) and j. 

total numbers of lymphocytes (CD45+CD11b-) at day 14 post-SCI (t8=1.11, p=0.30). Two-way ANOVA and 

multiple unpaired t-test, n=5/group/time point. Data are presented as meanSEM. *p<0.05. 
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Supplementary Figure 3. MFI for CD45 and CD11b in lesion area. (a,b) MFI for CD45 on microglia 1-, 

3-, 7-, and 21- days post-SCI (a, Interaction: F3,32=0.16, p=0.92; Time: F3,32=0.12, p=0.95; Treatment: 

F1,32=0.07, p=0.79) and 14 days post-SCI (b, t8=0.8, p=0.45). (c,d) MFI for CD11b on microglia 1-, 3-, 7-, and 

21-days post-SCI (c, Interaction: F3,32=0.04, p=0.99; Time: F3,32=166.9, p<0.0001; Treatment: F1,32=0.04, 

p=0.85) and 14 days post-SCI (d, t8=0.4, p=0.7). (e,f) MFI for CD45 on macrophages 1-, 3-, 7-, and 21-days 

post-SCI (e, Interaction: F3,32=0.63, p=0.6; Time: F3,32=20.49, p<0.0001; Treatment: F1,32=2.54, p=0.12) and 

14 days post-SCI (f, t8=0.03, p=0.98). MFI for CD11b on macrophages 1-, 3-, 7-, and 21-days post-SCI (g, 

Interaction: F3,32=0.54, p=0.66; Time: F3,32=14.25, p<0.0001; Treatment: F1,32=0.01, p=0.92) and 14 days post-
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SCI (h, t8=2.92, p=0.02). (i,j) MFI for CD45 on granulocytes 1-, 3-, 7-, and 21-days post-SCI (i, Interaction: 

F3,32=0.33, p=0.81; Time: F3,32=166.8, p<0.0001; Treatment: F1,32=0.1, p=0.75) and 14 days post-SCI (j, 

t8=0.41, p=0.7). (k,l) MFI for CD11b on granulocytes 1-, 3-, 7-, and 21-days post-SCI (k, Interaction: 

F3,32=0.61, p=0.61; Time: F3,32=5.42, p=0.004; Treatment: F1,32=0.15, p=0.70) and 14 days post-SCI (l, t8=0.43, 

p=0.7). (m) MFI for CD45 on T cells 1-, 3-, 7-, and 21-days post-SCI (Interaction: F3,32=0.34, p=0.8; Time: 

F3,32=117.0, p<0.0001; Treatment: F1,32=0.12, p=0.73). (n) MFI for CD45 on CD45+CD11b- cells 14 days post-

SCI (b, t8=0.94, p=0.37). Two-way ANOVA and multiple unpaired t-test, n=5/group/time point. Data are 

presented as meanSEM. *p<0.05. 
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Supplementary Figure 4. MFI for CD45 and CD11b in peri-lesion area. (a,b) MFI for CD45 on microglia 

1-, 3-, 7-, and 21- days post-SCI (a, Interaction: F3,32=1.27, p=0.30; Time: F3,32=11.7, p<0.0001; Treatment: 

F1,32=10.08, p=0.003) and 14 days post-SCI (b, t8=1.41, p=0.19). (c,d) MFI for CD11b on microglia 1-, 3-, 7-

, and 21-days post-SCI (c, Interaction: F3,32=0.66, p=0.58; Time: F3,32=320.2, p<0.0001; Treatment: F1,32=0.31, 

p=0.58) and 14 days post-SCI (d, t8=0.69, p=0.51). (e,f) MFI for CD45 on macrophages 1-, 3-, 7-, and 21-days 

post-SCI (e, Interaction: F3,32=0.51, p=0.68; Time: F3,32=6.96, p=0.001; Treatment: F1,32=0.02, p=0.89) and 14 

days post-SCI (f, t8=0.19, p=0.86). MFI for CD11b on macrophages 1-, 3-, 7-, and 21-days post-SCI (g, 

Interaction: F3,32=0.22, p=0.88; Time: F3,32=24.51, p<0.0001; Treatment: F1,32=0.13, p=0.72) and 14 days post-
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SCI (h, t8=0.27, p=0.79). (i,j) MFI for CD45 on granulocytes 1-, 3-, 7-, and 21-days post-SCI (i, Interaction: 

F3,32=0.19, p=0.90; Time: F3,32=40.31, p<0.0001; Treatment: F1,32=0.40, p=0.53) and 14 days post-SCI (j, 

t8=0.12, p=0.91). (k,l) MFI for CD11b on granulocytes 1-, 3-, 7-, and 21-days post-SCI (k, Interaction: 

F3,32=0.20, p=0.90; Time: F3,32=34.03, p<0.0001; Treatment: F1,32=0.88, p=0.35) and 14 days post-SCI (l, 

t8=1.08, p=0.31). (m) MFI for CD45 on T cells 1-, 3-, 7-, and 21-days post-SCI (Interaction: F3,32=1.25, p=0.31; 

Time: F3,32=25.92, p<0.0001; Treatment: F1,32=0.58, p=0.45). (n) MFI for CD45 on CD45+CD11b- cells 14 

days post-SCI (b, t8=1.41, p=0.19). Two-way ANOVA and multiple unpaired t-test, n=5/group/time point. 

Data are presented as meanSEM. *p<0.05. 

 

Supplementary Table 3. Percentage of cell populations from CD45+ cells in the lesion area post-SCI. 

*p<0.05, **p<0.01; multiple unpaired t-test, n=5/group/time point. Data are presented as meanSEM. 

 Saline XPro1595 Multiple t-test, p-value 

Microglia (%) 

    1d post-SCI 

    3d post-SCI 

    7d post-SCI 

    14d post-SCI 

    21d post-SCI 

 

32.15 ± 6.93 

21.75 ± 1.76 

36.47 ± 4.32 

48.77 ± 8.72 

49.82 ± 1.03 

 

29.22 ± 2.37 

20.41 ± 2.32 

38.45 ± 3.81 

68.03 ± 3.30 

49.73 ± 4.06 

 

t8=0.40, p=0.70 

t8=0.46, p=0.66 

t8=0.34, p=0.74 

t8=2.07, p=0.07 

t8=0.02, p=0.98 

Leukocytes (%) 

    1d post-SCI 

    3d post-SCI 

    7d post-SCI 

    14d post-SCI 

    21d post-SCI 

 

50.56 ± 7.64 

52.82 ± 2.37 

38.30 ± 4.38 

15.36 ± 2.71 

20.03 ± 0.96 

 

52.93 ± 1.54 

52.72 ± 2.93 

30.15 ± 1.86 

7.664 ± 0.90 

20.95 ± 2.26 

 

t8=0.30, p=0.77 

t8=0.03, p=0.98 

t8=1.72, p=0.12 

t8=2.70, p=0.03 

t8=0.37, p=0.72 

Macrophages (%) 

    1d post-SCI 

    3d post-SCI 

    7d post-SCI 

    14d post-SCI 

    21d post-SCI 

4.56 ± 0.66 

4.43 ± 0.53 

3.39 ± 0.26 

2.80 ± 0.54 

1.58 ± 0.14 

4.36 ± 0.29 

4.09 ± 0.40 

2.31 ± 0.09 

1.92 ± 0.28 

1.79 ± 0.29 

 

t8=0.28, p=0.78 

t8=0.51, p=0.62 

t8=3.89, p=0.005 

t8=1.46, p=0.18 

t8=0.64, p=0.54 

Granulocytes (%) 

    1d post-SCI 

    3d post-SCI 

    7d post-SCI 

    14d post-SCI 

    21d post-SCI 

 

22.44 ± 3.90 

17.50 ± 1.87 

21.08 ± 3.26 

9.55 ± 1.53 

9.85 ± 1.39 

 

23.49 ± 1.18 

21.02 ±1.94 

13.86 ± 3.22 

3.83 ± 0.60 

10.63 ± 1.90 

 

t8=0.26, p=0.80 

t8=1.30, p=0.23 

t8=1.58, p=0.15 

t8=3.89, p=0.008 

t8=0.33, p=0.75 

T cells (%) 

    1d post-SCI 

    3d post-SCI 

    7d post-SCI 

    21d post-SCI 

 

0.95 ± 

1.34 ± 

4.95 ± 

5.66 ± 

 

1.02 ± 

1.38 ± 

6.56 ± 

3.91 ± 

 

t8=0.24, p=0.82 

t8=0.18, p=0.86 

t8=1.87, p=0.10 

t8=2.79, p=0.02 

CD45highCD11b- cells (%) 

    14d post-SCI 

 

8.60 ± 1.62 

 

3.90 ± 0.71 

 

t8=2.65, p=0.03 
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Supplementary Table 4. Percentage of cell populations from CD45+ cells in the peri-lesion area post-

SCI. *p<0.05, **p<0.01; multiple unpaired t-test, n=5/group/time point. Data are presented as meanSEM. 

 Saline XPro1595 Multiple t-test, p-value 

Microglia (%) 

    1d post-SCI 

    3d post-SCI 

    7d post-SCI 

    14d post-SCI  

    21d post-SCI 

 

43.12 ± 5.67 

55.78 ± 1.79 

36.65 ± 5.17 

53.98 ± 4.06 

38.91 ± 6.51 

 

44.35 ± 4.85 

52.16 ± 5.02 

45.89 ± 5.77 

68.78 ± 3.23 

52.46 ± 5.93 

 

t8=0.17, p=0.87 

t8=0.68, p=0.52 

t8=1.19, p=0.27 

t8=2.85, p=0.02 

t8=1.54, p=0.16 

Leukocytes (%) 

    1d post-SCI 

    3d post-SCI 

    7d post-SCI 

    14d post-SCI 

    21d post-SCI 

 

28.63 ± 1.85 

22.51 ± 2.61 

41.84 ± 4.99 

14.02 ± 1.51 

32.16 ± 3.87 

 

31.28 ± 6.16 

27.07 ± 5.18 

31.13 ± 2.80 

10.71 ± 2.13 

23.22 ± 3.97 

 

t8=0.41, p=0.69 

t8=0.79, p=0.45 

t8=1.87, p=0.10 

t8=1.27, p=0.24 

t8=1.61, p=0.15 

Macrophages (%) 

    1d post-SCI 

    3d post-SCI 

    7d post-SCI 

    14d post-SCI 

    21d post-SCI 

3.58 ± 0.54 

1.59 ± 0.39 

4.26 ± 0.73 

1.87 ± 0.31 

2.98 ± 0.47 

3.38 ± 0.26 

1.98 ± 0.39 

2.35 ± 0.35 

2.81 ± 0.56 

1.92 ± 0.33 

 

t8=0.33, p=0.75 

t8=0.69, p=0.51 

t8=2.37, p<0.05 

t8=1.48, p=0.18 

t8=1.83, p=0.10 

Granulocytes (%) 

    1d post-SCI 

    3d post-SCI 

    7d post-SCI 

    14d post-SCI 

    21d post-SCI 

 

9.50 ± 1.36 

10.25 ± 1.51 

28.22 ± 3.62 

9.02 ± 1.91 

19.85 ± 3.25 

 

13.02 ± 4.68 

12.95 ± 3.49 

21.65 ± 2.09 

6.14 ± 1.47 

14.29 ± 3.12 

 

t8=0.72, p=0.49 

t8=0.71, p=0.50 

t8=1.57, p=0.15 

t8=1.20, p=0.27 

t8=1.24, p=0.25 

T cells (%) 

    1d post-SCI 

    3d post-SCI 

    7d post-SCI 

    21d post-SCI 

 

0.96 ± 0.24 

0.95 ± 0.22 

4.75 ± 0.70 

3.27 ± 0.54 

 

1.05 ± 0.18 

0.55 ± 0.06 

6.20 ± 1.88 

3.72 ± 0.51 

 

t8=0.30, p=0.77 

t8=1.71, p=0.13 

t8=0.72, p=0.49 

t8=0.61, p=0.56 

CD45highCD11b- cells (%) 

    14d post-SCI 

 

10.61 ± 2.09 

 

4.96 ± 1.01 

 

t8=2.44, p=0.04 
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General discussion 

Spinal cord injury is a life-changing neurological condition and extensive research has been 

performed to unravel the underlying cellular and molecular mechanisms following SCI to improve 

the treatment options for SCI patients (9). The work performed in this thesis aimed to investigate the 

temporal and cellular expression of TNF and its two receptors and to gain further knowledge of the 

dichotomy of function for microglial versus leukocyte-derived TNF, and the function of solTNF 

versus tmTNF following SCI. We found TNF to play a role in the acute as well as in the delayed 

phase of the neuroinflammation following SCI, we saw TNF derived from peripheral myeloid cells 

was detrimental following SCI, and that solTNF seems to promote a more proinflammatory 

environment after SCI, which inhibit the repairment following traumatic SCI in mice. The following 

section will provide a discussion of the main findings obtained in this thesis.     

 

TNF following spinal cord injury 

TNF is an important regulator of inflammation and this does also apply to neuroinflammation 

following SCI (204). Based on the results from Manuscripts I, it was clear that TNF responded rapidly 

following SCI, as both its mRNA and protein levels increased within minutes to hours post-SCI, and 

this was followed by a secondary increase of Tnf mRNA levels from day 14 post-SCI (46, 136, 147, 

205-207). According to the studies included in the systematic review, the highest expression 

measured for TNF varied from hours to days. This can be explained by the diversity of animal models, 

SCI models, and methodologies used and further highlights the heterogeneous function of TNF 

expression, as it is known to be affected by age and severity of SCI (58, 207). Investigation of TNF 

expression in C57BL/6J mice with a thoracic moderate SCI, performed in Manuscript II, 

demonstrated that TNF expression was detected to increase rapidly following SCI, and the gene 

expression of Tnf was further found to have a secondary increase 7 days following SCI. Together 

with an increased protein expression 3 and 14 days following SCI, the two timepoints where 

macrophages infiltrate the injured spinal cord (21). The secondary increase is inconsistent with 

previous studies which did not manage to show any significant secondary increase of TNF protein 

expression (208, 209), although the transcript of Tnf has been shown to have a secondary increase 

from day 14 until day 28 post-SCI (46, 210). Together with our findings, this suggests that TNF does 

not only initiate the inflammation in the acute phase following SCI (135), but also plays a role in the 

inflammation during the more delayed phase following SCI, maybe in the recruitment and 
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polarization of peripheral immune cells (21, 59). We were not able to detect increased TNF 

concentrations in CSF samples from patients with subacute (2 weeks - 2 months), early chronic (2 -

12 months), or late chronic SCI (>24 months). TNF concentrations might be too low in the CSF at 

these timepoints to function as a good biomarker following SCI, however, we did detect TNF within 

the spinal of human postmortem tissue, suggesting TNF is produced locally as a respond to the injury. 

Moreover, TNF has been shown to increase in serum following SCI in humans, and this is believed 

to function as an indicator of the severity of SCI and the risk for developing secondary complications 

following SCI (138, 211-213)    

We found the cellular source of Tnf mRNA to be expressed by neuron-like cells in the dorsal horns 

and glial-like cells in the posterior funiculi in the early phase following SCI, with only few Tnf+ 

astrocytes 3 hours following SCI. A previous study has shown the transcript of Tnf to be present in 

neurons, microglia, astrocytes, and oligodendrocytes 1 hour following SCI (46), whereas microglia 

seemed to be the primary source 3-6 hours following SCI (46, 58). The same cell populations were 

reported to be cellular source of the protein expression of TNF (59, 135), and all oligodendrocytes 

which colocalized with TNF showed sign of demyelination (135), indicating TNF to be involved in 

the demyelination and death of oligodendrocytes in the acute phase following SCI (214). In the more 

delayed phase following SCI, TNF has been reported to be expressed by macrophages 15 days 

following SCI (59) and in Manuscript II and IV we found TNF still to be present in CD11b+ 

microglia/macrophages 21-, 28- and 35-days following SCI. In addition, we saw a similar pattern of 

TNF expression in Iba1+ microglia/macrophages and a few CD68+ phagocytes in postmortem spinal 

cord tissue from SCI patients with weeks old SCI, in line with previous studies (137) and highlights 

the translational properties of investigating TNF expression in a mouse model.  

The expression of TNF receptors has mainly been investigated in the acute phase following SCI (140, 

215), possibly due to the early increase found for TNF expression, and both receptors co-localized 

with MAP2+ neurons, RIP+ oligodendrocytes, and GFAP+ astrocytes, but not with OX-42+ resting 

microglia 4 hours following SCI (140). In Manuscript II and IV, we detected TNFR1 and TNFR2 to 

be increased in the delayed phase of SCI, and we found TNFR1 to co-localize on degenerative MAP2+ 

neurons in the peri-lesion 21- and 28-days following SCI, together with CD68+ 

macrophages/microglia. While TNFR2 showed to be present on GFAP+ astrocytes near the glial scar, 

and in some CD68+ macrophages/microglia within the lesion core 21- and 28-days following SCI. 

We suggested that TNFR1 positive microglia/macrophages and neurons might contribute to the 

chronic inflammation (216), demyelination, and neurodegeneration following SCI (217, 218). 
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Whereas, TNFR2 might be involved in the remyelination mediated by astrocytes following SCI (219, 

220) and TNFR2 expression on microglia might counteract to some degree the proinflammatory 

environment by facilitating more anti-inflammatory expression and microglial phagocytosis (101, 

221). Similar expression patterns for TNFR1 and TNFR2 were found in postmortem spinal cord tissue 

from SCI patients, and earlier findings have also demonstrated the receptors to be expressed in these 

cell populations under demyelinating conditions in humans (113). Thus, pharmacological modulation 

of TNF receptor signaling could be an important target in humans also. Although not investigated in 

the present study, TNFR1 and TNFR2 is also expressed and involved in the faith of oligodendrocytes 

in chronic neuroinflammation (102, 113, 222). Hence, expression of TNFR1 and TNFR2 might also 

be expressed by oligodendrocytes in the delayed phase following SCI, as seen in the acute phase 

(140), and are involved in the demyelination and remyelination processes following SCI (140).  

 

The neuroinflammatory response following SCI 

In both Manuscript II and IV, we found pro-inflammatory cytokines IL-1β and IL-6 to increase 

rapidly following SCI, and to have a secondary increase in the delayed phase, whereas the anti-

inflammatory cytokine IL-10 showed only to have an acute response after SCI. This suggest that the 

protective mechanism of IL-10 in suppressing the production of pro-inflammatory cytokines and to 

promote a more anti-inflammatory environment (42), disappears in the delayed phase of SCI and 

might induce chronic activated microglia (216). This is consistent with former studies demonstrating 

the anti-inflammatory environment to be short-lived following SCI (223).  

Following SCI, we show that microglia are the first to become activated and to infiltrate to the lesion, 

and macrophages follow, in line with previous studies (21). Microglia and macrophages are highly 

plastic cells which can shift their polarization depending on the environment (54). We saw that Arg1 

was the first gene to become increased 1-day post-SCI, Arg1 is a marker for a more anti-inflammatory 

phenotype of microglia/macrophages (63), and was already decreased 7 days post-SCI, whereas 

Itgam and Cx3Cr1 (202, 224), markers for activated microglia/macrophages continued until end of 

experiment. The P2ry12 gene was upregulated from day 3 post-SCI, thus, it might be macrophages 

which are more proinflammatory activated and microglia starts to be more homeostatic at this 

timepoint (54). In support of this, observations has shown microglia to start surveilling and 

contributing to the formation of the glial scar a week after SCI (22, 225) and as P2RY12 are involved 

in the regulation of microglial ramification and surveillance (225, 226), the results could disclose this 
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function. In addition, previous findings shows that although microglia are the first to clear damaged 

axons, they become outpaced by infiltrating macrophages 7 days post-SCI and shift into a more 

homeostatic appearance (227). The study demonstrating that infiltrated blood-derived myeloid cells 

are confined within the center of the lesion by surrounded microglia (22), together with our results 

showing Iba1+ microglia/macrophages to co-express Gal3, CD68, and CD11b expression in the core 

of the lesion in the delayed phase of SCI, while only a subpopulation of Iba1+ microglia/macrophages 

co-expressed Gal3, CD68, or CD11b; suggest that macrophages within the lesion are more activated 

compared to microglia at the peri-lesion. Furthermore, we also showed that Iba1+ 

microglia/macrophages co-expressed CD68 in human postmortem spinal cord tissue, supporting 

previous results showing that targeting infiltrating immune cells and alter microglia activation in 

human SCI could be a promising therapeutic approach following SCI (228).  

 

Myeloid versus microglia-derived TNF following spinal cord injury 

Previous studies have demonstrated that microglial-derived TNF, but not macrophage-derived TNF 

is neuroprotective following focal cerebral ischemia (97), and this appears to be mediated by tmTNF 

(148). Furthermore, monocyte/macrophage-derived TNFR2 drives the inflammation in an 

experimental multiple sclerosis model, EAE, whereas microglial-derived TNFR2 is protective in the 

early stages of EAE (101). This imply that the function of TNF dependent on the cellular expression 

of TNF during pathological conditions within CNS. Following SCI, eliminating monocyte-derived 

macrophages or reducing their recruitment to the injured spinal cord have shown to improve the injury 

outcome (229-232), and depletion of microglia showed to impair the recovery following SCI (22). 

This suggest that monocyte-derived macrophages are pathogenic following SCI, whereas microglia 

mediate neuroprotection.  

Here, we show that the pathogenic function of macrophages might be mediated through TNF 

signaling following SCI, whereas microglial-derived TNF does not seem to affect the recovery 

following SCI (Manuscript III). We showed that conventional deletion of TNF did not affect 

functional recovery following SCI, which could imply opposing effects of central and peripheral 

myeloid TNF following SCI. In support of this, opposing function of microglial and macrophage-

derived TNF has been shown in experimental stroke model (97, 169), and inhibiting solTNF possibly 

via microglia in a demyelinating model (cuprizone model) showed to enhance remyelination (133). 

In addition, microglial TNFR2 activation showed to suppress early inflammation while macrophage 
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TNFR2 seems to drive the neuroinflammation in an EAE model (101). Although, this suggests the 

function of microglial and macrophage-derived TNF and its receptors to differ, we did not detect 

microglial-derived TNF to play a significant role on the functional recovery following SCI.  

Ablation of both myeloid-derived TNF (LysMCreTnffl/fl mice) and microglia-derived TNF 

(Cx3Cr1CreERTnffl/fl mice) decreased TNF expression following SCI compared to their wild type 

littermates. However, this did not change the expression of the cytokines IL-1β, IL-6, and IL-10 and 

chemokines CXCL1, CCL2 and CCL5 in LysMCreTnffl/fl mice 3 days following SCI and in 

Cx3Cr1CreER mice 6 hours following SCI compared to littermates. As TNF is known to modulate 

inflammation (233, 234), it is likely that the expression of these cytokines might be reduced or 

increased at other timepoints. The decreased TNF expression in LysMCreTnffl/fl mice and 

Cx3Cr1CreERTnffl/fl mice did also not change leukocyte or microglial populations within the injured 

spinal cord compared to their wild type littermates, at the investigated time points following SCI. 

However, as the environment within the injured spinal cord seems to favor the pro-inflammatory 

phenotype of macrophages (223) and TNF contributes to this polarization (59). Decreased TNF level 

might have shifted the phenotypic appearance of the macrophages without affecting their infiltration 

to the injured spinal cord enhancing the recovery following SCI (59). Furthermore, the reduced TNF 

expression might be more prolonged in LysMCreTnffl/fl mice compared to Cx3Cr1CreERTnffl/fl mice, as 

TNF expression from microglia in the acute phase following SCI might be replaced with TNF 

expression from infiltrating macrophages (59). Thus, the decreased TNF expression might only be 

efficient in LysMCreTnffl/fl mice to promote a more regenerative environment leading to reduced injury 

volume and improved functional recovery found in LysMCreTnffl/fl mice.  

The protective effect of myeloid-derived TNF ablation showed to be mediated, among others, by 

decreased JNK activation and increased active Akt, which subsequently reduced the suppression of 

the anti-apoptotic protein Bcl-XL normally detected following SCI (235, 236). We found Bcl-XL to 

be increased in neurons and counted less apoptotic cells 3 days post-SCI in LysMCreTnffl/fl mice. This 

could also be due to the reduced TNF expression found in LysMCreTnffl/fl mice, as increased TNF 

following SCI causes apoptotic death of neurons and oligodendrocytes (237). The ablation of myeloid 

TNF did furthermore increase the expression of IL-5, which has shown to be anti-apoptotic (238) and 

the STAT5a,b from microglia. STAT5a,b can increase the Bcl-XL expression through erythropoietin 

(EPO) (239), however, we did not detect any change in EPO expression 6 hours post-SCI. Thus, the 

neuroprotective effect of myeloid-derived TNF might be mediated through a mechanism which 

awaits to be resolved. 
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tmTNF versus solTNF following spinal cord injury 

We have previously shown inhibition of solTNF with XPro1595 to be neuroprotective following SCI 

(34), which are supported by other studies demonstrating the detrimental effect of solTNF in 

neurodegenerative conditions (113, 115, 133, 148). We extended our previous results to study the 

neuroprotective effect of XPro1595 and verified XPro159 treatment to improved functional recovery 

and show that topical delivery of XPro1595 is an efficient route to deliver XPro1595 in therapeutic 

concentrations within the injured spinal cord.  

We found the expression of TNFR1 and TNFR2 to be comparable between treatment groups, and this 

might also be essential to achieve neuroprotection when inhibiting solTNF/TNFR1 signaling. TNFR1 

is associated with neurodegeneration (34, 218), however TNFR1 KO mice display more apoptosis 

following SCI, which resulted in worse functional recovery compared to their wildtype littermates 

(240). Thus, the neurodegeneration mediated by TNFR1 after SCI might be induced by solTNF, but 

TNFR1 is necessary for the neuroprotection following SCI. In support of this, genetic ablation of 

solTNF did not affect the recovery or injury volume following SCI, yet, these mice also displayed a 

reduced expression of both TNFR1 and TNFR2 following SCI (144). Together with the findings 

showing lack of TNFR1 to enhance degeneration in ischemic and excitotoxic brain injury (241),  

TNFR2 to be critical for remyelination in experimental multiple sclerosis model (56) and XPro1595 

treatment to increase (34) or sustain (Manuscript IV) the expression of TNFR2, suggest that continued 

expression of both TNFR1 and TNFR2 are essential to achieve the neuroprotection from tmTNF, 

when inhibiting solTNF following SCI.  

Intriguingly, we saw XPro1595 treatment to shift the inflammation towards a more anti-inflammatory 

environment, with decreased expression of the proinflammatory IL-1β and IL-6 1-day post-SCI and 

increased expression of the anti-inflammatory cytokine IL-10 3-days post-SCI. Supported by 

previous studies, the temporal suppression of IL-1β and IL-6 seems to favor a more neuroprotective 

milieu following SCI (87, 91, 242) with increased IL-10 expression, which reduces inflammation and 

injury progression after SCI (69, 71, 94). TNF has also been shown to mediate microglial autocrine 

activation through TNFR1 (216), however this activation is, among others, suppressed by microglial-

derived IL-10. We found that IL-10 did not increase in the delayed phase of SCI although TNF did 

(Manuscript II), suggesting an imbalance in the regulation of microglia activity in the delayed phase 

following SCI. The increased IL-10 expression at day 3 post-SCI in XPro1595-treated mice might 

therefore have restored this balance in microglia activation. Furthermore, the reduced expression of 
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IL-1β and IL-6, and increased IL-10 expression might also have favored more phagocytotic 

polarization of the microglia in the early phase following SCI, as observations also have shown these 

cytokines to be involved in the polarization of microglia/macrophages (68, 88, 91).  

Evidence suggests that microglia are the first phagocytotic cells to remove damaged material 

following SCI which is important for injury progression (243). However, as macrophages start to 

infiltrate into the injured spinal cord from day 3 post-SCI, they start to overtake this phagocytotic 

function (54). Moreover, when macrophages are highest in number, around day 7 post-SCI, microglia 

start be in a more homeostatic stage and to maintain the glial scar (22), leaving the phagocytosis to 

the macrophages (54, 227). Although, macrophages seems to be more efficient phagocytes compared 

to microglia (244), they are found to be less capable of processing the phagocytic material which 

leaves them more vulnerable to apoptosis and necroptosis (227), which can promote more 

inflammation (245). We found XPro1595 treatment to increase the phagocytosis of primary 

microglia, and together with the finding of reduced expression of the proinflammatory cytokines IL-

1β and IL-6, and increased IL-10, it could imply that XPro1595 also increase the microglial 

phagocytosis in vivo within the first days following SCI. This subsequently could have induced less 

activated pro-inflammatory macrophages within the injured spinal cord, resulting in an reduced 

secondary infiltration of macrophages and granulocytes 14 days post-SCI (21). Together with a 

reduced activation of microglia/macrophages, seen with decreased CD11b MFI value 14 days post-

SCI and decreased cell size of Iba1+ cells 21 days post-SCI. However, we did not detect any change 

in the gene expression of phenotypic markers for microglia/macrophage. Except for a reduced mRNA 

level of the phagocytic marker Cd68 in XPro1595-treated mice 7 days post-SCI and its protein 

expression reduced 21 days post-SCI. This shows that the early enhanced phagocytosis of microglia 

could have promoted less phagocytosis, most possibly by macrophages, in the more delayed phase of 

SCI which resulted in less inflammation due to fewer apoptotic and necroptotic macrophages. We 

furthermore showed that the phagocytosis of microglia is mediated, among other, by the 

tmTNF/TNFR2 signaling, as blocking of both tmTNF and solTNF with etanercept treatment 

decreased the phagocytosis of primary microglia but only blocking solTNF increased the 

phagocytosis, supported by previous finding (101, 133).  

TNF has been shown to suppress the myelin phagocytosis and to promote more pro-inflammatory 

macrophages (59), moreover, the suppression of the myelin phagocytosis increases the inflammation 

and reduces the remyelination after SCI (54, 59, 223, 246). Enhanced phagocytosis following solTNF 

inhibition, seen in our study, might therefore have promoted earlier remyelination following SCI, 
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which then decreased the injury volume found by Novrup et al. (34). In support of this, the increased 

IL-1β expression found 35 days post-SCI does likewise indicate enhanced remyelination in 

XPro1595-treated mice (89) and inhibition of solTNF has also shown to increase the remyelination 

in a cuprizone demyelination model (133). 

Thus, our results suggests that solTNF released in the early phase following SCI suppresses microglial 

phagocytosis, which contributes to the initiation of the chronic inflammation following SCI, thereby 

reducing the repairment and remyelination of the injured spinal cord. However, findings from 

Manuscript III imply that the detrimental release of solTNF is not microglia-derived, even though 

microglia seem to be one of primary sources of TNF in the acute phase following SCI (46, 135). We 

found a small number of astrocytes to express TNF in the acute phase of SCI (135) (Manuscript II) 

and the pathologic function of TNF through TNFR1 on oligodendrocytes precursors have shown to 

be promoted by astrocytes (214). Thus, the detrimental release of solTNF might, among others, be 

mediated by astrocytes, and XPro1595 treatment could appear to also decrease the death of 

oligodendrocytes precursor following SCI, however this needs to be verified. In Manuscript III, we 

found myeloid-derived TNF to be pathogenic following SCI, implying that release of solTNF from 

macrophages most possibly also is detrimental following SCI. In light of the results from Manuscript 

IV, the peripheral myeloid cells inability to express TNF in LysMCreTnffl/fl mice might have shifted 

their polarization. Thus, when macrophages start to infiltrate the injured spinal cord and overtake 

microglial phagocytosis within the injured spinal cord under normal conditions (54, 227), they might 

not be as proinflammatory in LysMCreTnffl/fl mice compared to their wildtype littermates (59). 

Furthermore, microglia, in LysMCreTnffl/fl mice, did also have impaired TNF expression following SCI 

(Manuscript III) and in inflammatory conditions (169), which could have increased the 

microglial/macrophage phagocytosis following SCI (59). Considering the results from Manuscript 

IV, it would have been of a great interest to investigate the polarization of the macrophages and 

microglia in LysMCreTnffl/fl mice following SCI, and whether this could have contributed to the 

increased cell survival, decreased injury volume, and improved functional recovery following SCI.  

 

The translational potential  

It is important to consider that the majority of our current knowledge on the pathophysiology 

following SCI is derived from animal studies, and only a fraction comes from human studies (9, 18). 

This can challenge the translation of promising therapeutic interventions from the laboratory to 
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human trials, and unfortunately many fails to demonstrate the same therapeutic effect in the clinic as 

seen experimental models (9, 18).   

In the present thesis, we show similar expression patterns of TNF, TNFR1, and TNFR2 with cell 

specific markers in our mouse model as in postmortem spinal cord of patients affected by SCI. 

Although, this is not sufficient to guarantee TNF’s role to be the same in humans as in rodents, it does 

suggest that modulation of TNFR signaling might be an important target in affecting the outcome 

following SCI also in humans.  

We represent XPro1595 as a promising therapeutic approach to enhance remyelination and to 

improve functional recovery following SCI. XPro1595 has also shown promising results in other 

neurodegenerative disease models (113, 115, 133) and has reached phase Ib clinical trial, for 

treatment of mild to moderate Alzheimer’s disease (134), which could suggest XPro1595 to have 

translational potential following human SCI.  
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Conclusion and future perspectives 

In conclusion, this thesis present evidence that TNF play an important role in the acute as well as in 

the delayed phase following SCI, that its detrimental function after SCI is mediated by peripheral 

myeloid cells and inhibiting solTNF instantly after SCI is therapeutic following traumatic SCI. We 

show that solTNF is involved in the polarization of microglia and suppressing solTNF signaling, 

mostly through TNFR1, acutely following SCI altered the neuroinflammation following SCI and 

enhanced the repairment, resulting in improved functional recovery after SCI. We showed that TNF 

and TNFR have similar expression pattern in spinal cord following human SCI, which could suggest 

selective TNF inhibition to represent as a promising therapeutic approach following human SCI.   

 

Future perspectives 

Considering the results from Manuscript IV, showing solTNF to be involved in the phagocytic 

activity of microglia, thereby enhancing the recovery following SCI, and supported by evidence 

showing TNF to be involved in the polarization of macrophages and microglia (59). It would have 

been of most interest to have studied the polarization of microglia and macrophages following SCI 

in mice lacking myeloid TNF (Manuscript III). Furthermore, this would have been interesting to 

investigate by cell maker expression with flow cytometry in order to determine their actual 

appearance with in the injured spinal cord. This should also be considered in Manuscript IV, to verify 

the hypothesis that microglia might enhance their phagocytosis in the early stages of SCI in vivo. In 

addition to this, XPro1595 treatment has been shown to decrease the infiltration of cytotoxic CD4+ T 

cells (127), and TNFR2 is known to be involved in the regulation of T-cells (247). Thus, also T-cell 

phenotypic markers would have been interesting to have investigated at protein levels in Manuscripts 

IV.  

In regard to the increased phagocytosis found in primary cultured microglia found in Manuscript IV. 

It would have been most interesting to elucidate whether this would have increased their phagocytosis 

in general or have created a preference for engulfing myelin or apoptotic cells and to verify this in 

vitro and/or in vivo.    

Finally, it would be most interesting to investigate inhibition of solTNF on oligodendrocytes and their 

precursors, as observations shows that TNF promote oligodendrocyte apoptosis after SCI (248) and 
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the faith of oligodendrocyte precursor cells, which are required for remyelination after demyelination 

(249), might be mediated through astrocytic TNFR1 (214).  
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