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The great tragedy of science- 

the slaying of a beautiful hypothesis by an ugly fact. 

 

Thomas Henry Huxley, 1870, (1825-1895). 
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ABSTRACT 

Injury to the central nervous system (CNS) is frequently associated with significant 

morbidity, in worst case mortality. This in turn leads to considerable disease burden for the 

individual and also for society. The spectrum of conditions that cause damage to the CNS is 

wide and highly diverse, ranging from acute trauma to degenerative diseases that progress 

over decades. But in spite of the heterogeneity, there exist common aspects. For instance, 

there is often interplay between the immune and nervous systems in one stage or another of 

disease. Also, the genetic background of the individual influences both susceptibility to and 

severity of the disease. This thesis focuses on the early immune reactions that occur after 

CNS injury in rodents, based on the hypothesis that early immune reactions affect 

important downstream events, not least nerve cell death. 

In study I a large rat experimental cross F2(DAxPVG) was created from the 

inbred strains DA and PVG. The global transcriptome in the spinal cord was screened using 

microarrays five days after ventral root avulsion (VRA), a reproducible nerve injury model. 

In parallel, whole genome mapping was performed. The expression and genetic data was 

co-analyzed to identify gene regions regulating components of the complement system, in 

turn associated with loss of synapses. Lastly, we identified a link between the cholinergic 

and complement systems, which was confirmed in vitro. 

In study II, data from the F2(DAxPVG) cross was used to analyze 

regulation of complement receptors following injury. We found a strong cis-regulatory 

influence acting on the expression of complement receptor 2 (CR2), a receptor mostly 

associated with B cell functions, but with unknown role in the adult CNS. CR2 was up 

regulated on astrocytes and protected from injury induced synapse loss in rodents. Levels 

of CR2 were increased in the cerebrospinal fluid (CSF) of rats following injury, but also in 

the CSF of patients with multiple sclerosis as compared to controls, implicating a possible 

role for CR2 also in context of human disease. 

Traumatic brain injury (TBI) is one of the leading causes of death in the 

young population. Secondary events following initial injury contribute to the damage, but 

are not fully understood. In study III TBI was performed on DA and PVG rats and the 

ensuing injury processes analyzed at both the molecular and cellular levels using 

microarrays and flow cytometry. Large strain differences in complement activation and the 

size and composition of multiple immune cell populations were found. Complement was 

also found to label axons of injured neurons and the degree of complement expression 

correlated with the levels of neurofilament-light in CSF, a marker of axonal injury. 

C-type lectins (CLECs) are a group of immune molecules structurally similar 

to members of the complement family. Study I demonstrated several loci co-regulating the 

expression of complement and CLEC transcripts, thus providing a link between the two 

families. In study IV we examined the properties of a congenic rat strain, Aplec, which 

onto DA background has a very small genomic insert from PVG consisting of 7 CLEC 

genes. The Aplec rat displayed improved survival of motor neurons following VRA 

compared to DA, which in turn was associated with increased infiltration of T cells. This 

demonstrates that CLECs convey neuroprotection after nerve root injury, potentially 

through T cell pathways. 

These results provide insights into the molecular pathways regulating 

inflammation after mechanical nerve injuries, in turn of relevance for nerve injury-induced 

synaptic remodeling and neurodegeneration. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
 
Skador på centrala nervsystemet (CNS), d.v.s. hjärna och ryggmärg, leder ofta till 

allvarliga och bestående handikapp, med långtgående konsekvenser både för individen 

och dennes omgivning. Traumatiska hjärnskador är den ledande orsaken till död hos 

unga i många länder. Samtidigt har medicinska landvinningar inom andra områden lett 

till att folk lever allt längre och en växande andel av befolkningen utgörs av äldre. I och 

med en ökande andel äldre i befolkningen ökar också förekomsten av  

neurodegenerativa sjukdomar, såsom Alzheimers sjukdom, med stor inverkan på  

individ, anhöriga och samhälle.  

 

Även om orsakerna till skador på och sjukdom i CNS skiljer sig mycket åt finns det ett 

antal gemensamma nämnare, t.ex. att graden av nervcellsdöd korrelerar till funktionell 

nedsättning och handikapp oavsett sjukdom, liksom att det finns tecken till aktivering 

av immunsystemet, antingen som en direkt orsak till sjukdom, eller till följd av skadan. 

Likaså har individer olika känslighet för att utveckla neurologiska sjukdomar. 

Dessutom skiljer sig förloppet hos de som drabbas och hur väl man svarar på 

behandling. Allt detta påverkas i hög grad av individens genetiska uppsättning. 

 

I denna avhandling tillämpas olika skademodeller på genetiskt modifierade råttor och 

möss i syfte att identifiera faktorer som påverkar den aktivering av immunsystemet som 

följer av en traumatisk nervskada, liksom hur denna aktivering påverkar utfallet av 

skadan. Vissa av de identifierade faktorerna, d.v.s. generna, har föranlett vidare studier 

av motsvarande genprodukt, d.v.s. protein, hos patienter som drabbats av multipel 

skleros, MS, en sjukdom där immunförsvaret angriper och skadar det egna 

nervsystemet. Eftersom en gen kodar för ett protein som sedermera är inblandat i 

skadeförloppet utgör identifierade gener potentiella måltavlor för riktade terapier. 
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1 AIMS OF THIS THESIS 

 

General aims 

 

The global aim of this thesis was to identify new immunological pathways and 

understand the relevance of the immune activation that occurs early after injury to the 

CNS. A genetic approach was chosen, and the most important tool was genetically 

modified rodents. The rationale for this is as follows: since, hypothetically, in the 

optimally controlled experimental setting only the genes vary between the genetically 

modified animals, any observed difference in outcome after injury can be attributed the 

genetic variation.  

 

 

Specific aims of the individual studies 

 

Study I: To identify pathways that underlie the activation of the complement system 

that occurs in the spinal cord following traumatic nerve root injury, ventral root 

avulsion (VRA). A further aim was to assess the functional outcome of the complement 

activation. 

 

Study II: In this study we identified a strong and unexpected up regulation of 

complement receptor 2, CR2, in the rat spinal cord following VRA. As CR2 is not well 

characterized in the CNS the aim of this study was to establish the relevance of CR2 in 

neuroinflammation in rats, mice and humans.  

 

Study III: The events occurring after traumatic brain injury (TBI) are complex and 

severe. The aim of this study was to thoroughly assess and characterize the local TBI 

response at both expressional and cellular level using global transcriptional profiling 

and flow cytometry.  

 

Study IV: In study I we found that several components of the complement system were 

co-regulated with C-type lectins (CLECs). In this study we aimed to explore the role of 

CLECs following traumatically induced spinal cord inflammation. 
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2 THE CENTRAL NERVOUS SYSTEM IN HEALTH AND 

DISEASE 

 

2.1 THE HEALTHY CENTRAL NERVOUS SYSTEM 

The central nervous system (CNS) is perhaps the most complex organ system in the 

human body. Macroscopically the CNS consists of the brain, cerebellum and spinal 

cord, all of which in turn can be divided into grey and white matter. Simplified, the 

grey matter is nerve cell dense and the white matter is made up of myelin, a fatty-

protein mix that surrounds the axons and optimizes neural transmission. The nerve 

cells, or rather the cells populating the CNS, are a mixed population which can be 

grossly divided into neurons and glia. The glial cells consist mainly of astrocytes, 

microglia and oligodendrocytes, which will be briefly described below, but also a 

number of other, smaller populations such as vascular endothelial smooth muscle cells, 

perivascular macrophages and ependymal cells. The glial-neuron ratio is a topic filled 

with myths and beliefs, and it is often stated that there are 10 times more glia than 

neurons (1, 2). However, this statement is not fully supported by later scientific 

evidence, as a number of studies in higher mammals, including humans, have suggested 

that the ratio is closer to 1:1 (3, 4). A compromise is to say that half the cellular volume 

of the CNS consists of neurons and the other of glia (4). An ambitious study found that 

in the neocortex of the human brain i.e. the frontal, parietal, temporal and occipital 

lobes, there were in average 21.4 and 26.3 billion neurons in females and males 

respectively and 27.9 and 38.9 billion glial cells in females and males respectively 

giving a neuron:glia ratio of 1.2 (5). Oligodendrocytes were the most numerous glia 

cell type, 28.8 billion (75.6%), astrocytes the second largest population, 7.8 billion 

(17.3%), and microglia the smallest, 2.0 billion (5.2%). This was in middle aged men 

without neurological disease but the numbers and proportions for matched females 

were similar (5). The size of the glia populations is also something that changes with 

age, as in the young human brain oligodendrocytes constitute the largest glia 

population, but while they decrease in number with time the astrocyte population 

remains stable (5). The neuron:glia proportion in the spinal cord is also a subject of 

much debate; another extensive study performed in a 8 different species of primates 

found that about 10% of the cells in the spinal cord were neurons (6). This study also 

pointed out that the larger the animal (and the longer the spinal cord), the fewer the 

neurons, as the non-neuronal cells expanded faster than the neurons as the cord grew. In 

summary- it is still not settled the exact ratio between neurons and glia, but there are 

likely more than 1 glia but less than 10 glia cells per neuron in the human CNS. 

 

However, it is important to state that there are large differences in the composition of 

the CNS between species, and interestingly; the more complex the species, the larger 

number of glia, especially astrocytes (7), relative to neurons exist, which may sound 

counterintuitive at first. Whereas humans have more than 1 astrocyte/neuron the rats 

have only 0.4 and the mice even less (3, 7). This may reflect the many and 

indispensable functions of the astrocytes which, in summary, aim to provide support 

(metabolic, structural, signaling etc.) and homeostasis for the neurons (7). However, 

increasing interest is also directed towards the immunologic role of astrocytes (8). 
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Microglia constitute 5-20% glia population (5)  and are the main CNS resident 

immune-, phagocytic- and antigen-presenting cells (9, 10). There has since long been a 

discussion regarding the embryologic origin of microglia, whether they are of neural or 

myeloid origin, but the current opinion is that they are of myeloid lineage, i.e. stem 

from primitive macrophages in the yolk sac during embryogenesis and infiltrate and 

populate the CNS during development (11, 12). However in the inflamed adult brain 

there is an influx of monocyte-derived macrophages, and there is evidence, from 

rodents, that these can differentiate to microglia (12). The last major glia population are 

the oligodendrocytes, whose most acknowledged role is to produce the myelin sheaths 

that surround the axons and improve neuronal signaling (13). But also the 

oligodendrocytes can likely participate to some degree in immune responses (14).   
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2.2 THE DAMAGED CENTRAL NERVOUS SYSTEM 

Severe injury to the CNS often causes lifelong morbidity or even mortality. The 

functional deficit depends both on the extent of neuronal death and the loss of axonal 

and synaptic connections. The region of the brain/spinal cord that is affected is also of 

importance, as for instance a cervical spinal cord transection leads to significantly 

increased morbidity compared to a distal lumbar transection. Unlike glial cells, adult 

neurons in the CNS largely lack regenerative capability. This is one of the major 

differences between the peripheral nervous system (PNS), i.e. the nervous tissue 

outside of the brain, cerebellum and spinal cord, which, contrary to the CNS has a 

significant regenerative capability (15). This fundamental difference depends on 

multiple factors, where perhaps the most obvious one is that in the PNS there are 

Schwann cells rather than oligodendrocytes that support the axons, and these provide 

better trophic support than the glia cells in the non-growth permissive CNS milieu (15). 

However, there are also intrinsic differences between the neurons in the CNS and PNS 

(16). Another factor that hinders regeneration in the CNS is the formation of a glial and 

fibrotic scar at the site of injury, which prevents the regrowth of axons, which for 

anatomic reasons is of special importance in the spinal cord (17). In spite of the lack of, 

or at least very limited, regeneration of nerve cells in the CNS some recovery of 

function may still be possibly after injury. This is possible due to the process of 

synaptic plasticity, which means that synapses can be removed and reformed to create 

new neural circuits, that by-pass the non-functional parts of the CNS. Synaptic 

plasticity can occur both in the brain and spinal cord (18, 19), but is not always of good, 

as it may also lead to harm and malfunction exemplified by neuropathic pain (20) and 

epilepsy (21). It has been demonstrated that the spinal cord is more vulnerable and 

sensitive to trauma than the brain with a more pronounced inflammatory response (22, 

23) which may in part explain why the capacity to recover after injury is less in the 

spinal cord than the brain. Another reason for this is likely the relatively small size and 

tube shape of the spinal cord. A comparatively small injury can consequently damage a 

large proportion of the cord and thereby transect a large number of axons and neural 

tracts that for many of the above described reasons will not be able to connect again. 

 

2.2.1 A brief overview of archetypal CNS injuries  

CNS diseases can like most pathological conditions be classified as acute or chronic. In 

practice though, this is not always helpful, as many of the acute CNS diseases, like 

trauma and ischemia often lead to chronic disability and the disease processes 

frequently continue and cause secondary damage over long time after initial onset (24, 

25). Also, some of the chronic diseases can manifest in acute or sub-acute ways, like 

for instance the first bout of Multiple Sclerosis (MS). In common for most CNS 

diseases is that they often have severe consequences for the individual, and cause a 

significant burden of disease to society (26). The sections below aim to provide an 

overview of the different clinical scenarios which cause CNS disease. However detailed 

disease pathomechanisms will not be explained here, neither will infectious CNS 

diseases be discussed, as the focus of this thesis is on the inherent responses of the CNS 

rather than on those triggered by exogenous pathogens.  
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2.2.2  Acute CNS disease 

Trauma and vascular pathology are both common causes of acute CNS injuries.  

Whereas traumatic brain and spinal cord injuries often affect the younger population, 

vascular injuries like ischemic or hemorrhagic stroke more commonly affect older 

people. 

 

2.2.2.1 Traumatic Brain Injury 

TBI is one of the leading causes of neurological disability and death among younger 

individuals worldwide. Trauma to the brain results in a primary mechanical damage 

characterized by disruption of the brain parenchyma and blood vessels, which initiates 

a complex cascade of molecular events and physiological processes. Some of these 

processes may lead to further injury on nerve cells and axons, i.e. secondary brain 

damage, that takes place in hours and days after the primary insult. The TBI panorama 

displays a high degree of variability, and ranges from mild injuries, such as commotio, 

without any obvious macroscopic signs of injury, to widespread tissue damage, that can 

lead to death or severe neurologic impairment. Also, the location of the lesion can have 

very different impact on the individual’s neurologic performance. This heterogeneity 

could in part explain the somewhat disparate, and disappointing results from different 

pharmacological treatment studies (27).  

Initial neurosurgical and intensive care is lifesaving and the basis of treating TBI (28, 

29), but there remain major challenges in reducing subsequent injury. Antioxidants are 

being evaluated and have shown promising neuroprotective results after traumatic brain 

injuries in preclinical experiments, but these have not as convincingly been reproduced 

in the clinical setting (30). An interesting observation is that people exposed to TBI 

suffer an increased risk of developing both Parkinson’s (PD) and Alzheimer’s (AD) 

diseases later in life illustrating that the processes triggered by TBI (31, 32) can affect 

disease susceptibility even many decades after the initial injury. 

 

 

2.2.2.2 Spinal cord injury 

The term spinal cord injury (SCI) most often refers to traumatic injury, but the spinal 

cord can also be injured secondary to ischemia (33), further described below. As for 

TBI, initial fast neurosurgical and intensive care is lifesaving and the basis of limiting 

post-injury complications (28, 29). 

For complete spinal cord lesions, i.e. with no motor and no sensory function distal of 

the lesion (34), there is most often little or no recovery, and if there is recovery this 

usually occurs within the first months (35), and seldom after 18 months. Incomplete 

SCI have a more unpredictable prognosis, and 20-50% of those who present with a 

complete motor injury, but have a retained sensory function can display recovery of 

motor functions (35). 

The treatment options, and results, for severe SCI have since long been very limited 

and restricted to corticosteroids, a treatment with moderate evidence based support. 

However, a recent meta-analysis demonstrated that high-dose steroids is the only 

clinically used pharmacological treatment that has shown positive effect and improve 

neurologic outcome after acute SCI (36), which demonstrates the urgent need for more 

randomized trials for the development of new medical treatments after SCI. As for TBI, 
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antioxidants have been tested, mostly experimentally, but may turn out useful (30). 

Also stem cells have shown promising results experimentally (37) and trials in humans 

have recently started (38, 39), which gives hope to this group with otherwise poor 

prognosis. Lastly, intense rehabilitation and training can improve spinal circuits and 

reflexes in spite of lacking supraspinal input and thus constitutes an extremely 

important part of post-injury treatment (40). 

 

 

2.2.2.3 Vascular brain and spinal cord injuries 

The most common type of brain injury caused by vasculopathy are the ischemic 

lesions, in turn caused by arterial embolization due to atrial fibrillation or plaque 

rupture as a consequence of atherosclerosis (41). Brain damage can also be caused by 

rupture of intracerebral arteries, which causes secondary ischemic injury (42). There is 

a wide range of other conditions that also can cause ischemic damage to the brain, for 

instance dissection of the aorta (43), the carotid or the vertebral arteries respectively 

(44). Ischemic brain damage can also be iatrogenic, as a consequence of complex aortic 

arch (45) or carotid artery surgery (46).  

The most common cause of ischemic SCI is aortic disease, that can be either dissecting 

or aneurysmal (33), but also surgery, open as well as endovascular, on the 

thoracoabdominal aorta is associated with considerable risk of developing spinal cord 

ischemia (47, 48). What can be said about ischemic SCI in general, is that compared to 

ischemic brain injuries, the capacity for return of function is even less (49). 

Treatment in vascular pathology is directed towards addressing the underlying cause 

and preventing new insults. This includes treating atrial fibrillation, often with anti-

coagulants, surgical treatment of significant carotid stenosis, anti-platelet therapy after 

ischemic events, and also managing other cardiovascular risk factors, like cessation of 

smoking, dietary control and treatment of hypertension and hypercholesterolemia as 

well as to strive for optimal blood glucose control for patients with diabetes etc. (50). 

As for the traumatic lesions fast and extensive rehabilitation following the insult is of 

outmost importance. 

Another area where several global brain injury occurs is after cardiac arrests; almost 

70% of the deaths in patients that are resuscitated after out-of hospital cardiac arrest are 

a consequence of severe brain injury (51). However, new frontline research in pigs has 

demonstrated remarkable results, where salvage of a brain with restoration of almost 

normal neurological function, in spite of normothermic, global cerebral ischemia for 30 

minutes is possible (52). This was accomplished through surgically assisted controlled 

reperfusion of the ischemic brain, using extra-corporeal circulation, leukocyte filtration 

and anti-oxidative treatment (53, 54). Although a lot of work likely remains before this 

method can be taken into clinical practice the results can be described as a paradigm 

shift in the view of ischemic brain lesions (55).  

 

2.2.3 Chronic CNS disease 

Examples of chronic CNS diseases are MS, AD, PD and Amyotrophic Lateral Sclerosis 

(ALS). Chronic CNS diseases constitute a heterogeneous group and there has 

classically been a distinction between neuroinflammatory (e.g. MS) and 

neurodegenerative diseases (e.g. AD). However, this concept is becoming revisited as 

the neurodegenerative aspects in MS are pronounced, and ultimately, the degree of 
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neuronal loss best correlates with clinical disability. Also, the inflammatory events in 

for instance AD have received more and more attention, with inflammatory genes being 

linked to disease (56, 57). 

 

2.2.3.1 Multiple Sclerosis 

MS illustrates the classic neuroinflammatory disease where a yet unidentified trigger 

causes an autoimmune reaction directed against the myelin surrounding the axons in 

the CNS. There are typically focal lesions in the white matter of subcortical or 

periventricular areas, the optic nerve or in brainstem and spinal cord. In the lesions 

infiltration of both CD8 and CD4 T cells as well as macrophages, monocytes and 

microglia together with soluble immune system components like complement and 

immunoglobulins can be seen (58). But apart from the white matter inflammation there 

with time also occurs a significant degeneration of grey matter and neuronal loss (59, 

60). As for most autoimmune diseases there is a clear gender bias with increased 

susceptibility among women (61). Disease is driven by immune activation and is in its 

most typical form characterized by bouts and disease-free periods i.e. relapsing-

remitting MS (RRMS). As disease progresses it takes on a more chronic degenerative 

form (58, 61, 62), secondary progressive MS (SPMS). There also exists a form of MS 

with a constant progressive development from start; primary progressive MS (PPMS). 

In most MS patients disease starts out as RRMS, whereas 10-15% will suffer from 

PPMS from the beginning (63), and the higher the age at onset, the more likely it is that 

the disease will have a primary progressive course. Unlike for the traumatic injuries, 

there has been a rapid advance in the MS treatments (64, 65), but these treatments in 

general target lymphocytes and affect the relapsing-remitting phase, whereas effective 

treatments are still is lacking for the progressive forms, perhaps illustrating the poorer 

understanding of the mechanisms active in this disease phase. 

 

2.2.3.2 Alzheimer’s disease and other dementias; global brain degeneration 

AD is the most known and common form of dementia, estimated to further increase in 

prevalence (66). The disease is characterized by progressive and general loss of grey 

substance, neurons, and thus illustrates an example of global brain degeneration. 

Histopathologically in the AD brain there are intracellular neurofibrillary tangles 

composed of abnormally phosphorylated Tau protein and extracellular formation of 

senile plaques consisting of misfolded amyloid-beta (67). The pathophysiology in AD 

consists of a complex interplay between multiple processes. One hypothesis is that an 

unknown trigger induces a low-degree local and systemic inflammation and stress (62) 

to the by age more susceptible neurons that gradually lose function (67) which leads to 

neuronal disconnection (68) and metabolic disturbances with subsequent accumulation 

plaques and tangles. There is a strong genetic component contributing to the risk of 

developing sporadic AD, with the strongest effect conveyed  by the apolipoprotein E4 

(ApoE4) allele (69), but also a number of other genes have been uncovered by genome-

wide association studies (GWAS) (70), several of them implicating involvement of the 

immune system (56). Also genetic variants in butyrylcholinesterase (BChE), an enzyme 

that hydrolyzes acetylcholine (ACh), have been linked to more severe AD development 

(71). There exist multiple other types of dementia, all of which are more common with 

increasing age, however, the normal ageing process should not lead to dementia, but 

should rather be seen as the strongest risk factor (67). 
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Treatments for AD are directed at inhibiting the activity of the cholinesterase’s 

(acetylcholinesterase; AChE and BChE) and aim to increase the levels of ACh (72), a 

neurotransmitter important for most cognitive processes but also increasingly 

recognized for its anti-inflammatory properties (73). The treatments are to some degree 

able to slow down cognitive deterioration (71).  

 

2.2.3.3 Amyotrophic lateral sclerosis and Parkinson’s disease; loss of specific 

neuronal populations 

ALS is characterized by a gradual loss of motor neurons in the spinal cord, brain stem 

and motor cortex, which leads to progressive muscle weakness and ultimately to 

respiratory failure and death. Disease pathology in ALS is unknown, but analysis of 

familial cases identified mutations in the SOD1 (Superoxide dismutase) gene, involved 

in detoxifying oxygen radicals, which suggests the involvement of oxidative pathways 

in the disease (74). However 90-95% of ALS cases are sporadic, i.e. without known 

familial/genetic predisposition, which implies that there are multiple disease pathways 

active in ALS, where also inflammatory activation of microglia and astrocytes is 

known occur. Contrary to most other diseases, extensive physical activity and 

slenderness are independent risk factors for developing ALS (75). To date there is no 

causative treatment for ALS.  

 

PD is the second most common neurodegenerative disease after AD (76) and is like 

ALS also caused by loss of specific neuronal population, the dopaminergic neurons in 

the substantia nigra, which leads to the characteristic motoric disturbances with tremor, 

ataxia and difficulty to initiate movements. But later in the disease course the PD 

patients also often tend to suffer from dementia and psychiatric diseases. 

Histopathologically neuronal loss is seen, together with formation of intraneuronal 

Lewy bodies that are aggregates of an abnormal form of α-synuclein protein. The 

causes behind PD development are still not well known, but as for AD the major risk 

factor is age, although exposure to certain pesticides has been suggested to increase the 

risk, whereas smoking has been linked to decreased risk of developing PD (76).  As for 

ALS, the genetic influence is not so strong as 90-95% of the cases are sporadic (77). 

Recent advances in genetic technology has led to the identification of multiple new 

disease-associated genes that are involved in oxidative stress, mitochondrial and 

lysosomal dysfunctions (77) which tell us more about disease pathophysiology. 

Although there is no curative treatment, symptomatic treatment of motoric symptoms 

can be achieved quite well pharmacologically or neurosurgically (78). Since more than 

30 years there has been a vision to replace the lost dopaminergic neurons with new 

neurons or stem-cells, however, results have been somewhat disappointing (79).  

 

2.2.4 Neurological injury and disease- summary  

Medical improvements have increased the survival from all kinds of acute injuries as 

well as the overall life expectancy in general in most countries. But with more TBI 

survivors and a growing number of older aged the incidence of neurodegenerative 

diseases, like PD, ALS and AD as well as of stroke will also increases, meaning that 

disease burden for affected individuals, families and society will escalate. Neurologic 
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diseases are therefore something that concern us all, both as medical professionals and 

private persons- and we still have a lot to learn. 

 

Clearly, there are large differences in pathophysiology between acute insults and slower 

progressing diseases, but there are still some basic principles that hold true for most 

CNS pathology:  

 

 The degree of neuronal loss is what correlates best with extent of disability.  

 Genetic variability in the population can partly explain both susceptibility and 

the heterogeneity of disease course in affected individuals. 

 Even though direct genetic influence is not always strongly linked to disease 

development the identification of genes has taught us a lot about disease 

pathogenesis and involved pathways. 

 Immune reactions occur at some point in the disease process- either as a direct 

cause of disease, or as a consequence of the insult, but are in both settings of 

relevance to disease progression.  

 

 

As a last interesting link between the nervous and immune systems, a well-studied 

phenomena is the fact that CNS injury, either severe brain (80, 81) or spinal cord  (82) 

injury also influences the immune system, instead of only in the opposite direction, 

leading to a state of immune suppression. The role of this is not clear, as infections are 

one of the leading causes of death following severe neurological injury; but it is 

speculated that the immunodepression could be beneficial for the harnessed CNS, as an 

excessive inflammation could exaggerate the injury (80). 
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3 THE IMMUNE SYSTEM- WITH FOCUS ON ITS ROLE 

IN THE CNS 

Immune reactions are, as mentioned, implicated in most CNS disease states. However, 

the immune system is too complex and diverse to describe in detail, and the following 

section will therefore give a brief and simplified overview, focused on the role of the 

immune system in the CNS. 

 

It was long believed that CNS was an immunoprivileged organ, separated from the rest 

of the body by the blood-brain barrier (BBB). This is not the case, although the immune 

system in the CNS is somewhat different, as large molecules, like acute-phase proteins, 

complement and antibodies do not readily cross the BBB, at least not in the healthy 

state. There are in general less immune cells in the CNS as compared to the periphery, 

as for instance T cells are only rarely encountered in the intact CNS (83, 84). However, 

in different disease states, the BBB becomes leaky, or even ruptured, which exposes the 

CNS to factors from the general circulation, but it also exposes the general circulation 

to substances from the CNS (85). The role of the immune system in the CNS is to 

protect from infection but also to maintain homeostasis and prevent development of 

autoimmunity by clearing debris (86, 87). 

 

The immune system is classically divided into the innate and the adaptive arm, where 

the innate is constitutive and acts rapidly but stereotypically after insults, whereas the 

adaptive system requires a series of triggers to function effectively. Both systems can in 

turn be further subdivided into the cellular compartment, i.e. the different immune cell 

types, and the humoral compartment, i.e. soluble proteins and substances, which 

participate in immune responses. In most immune responses there is however a 

constant interplay between the innate and adaptive arms, where the bottleneck and 

bridge between the two is the process of antigen presentation.  

 

3.1.1 Antigen presentation, MHC molecules and HLA haplotypes 

The process of antigen presentation constitutes both the interface and the dividing line 

between innate and adaptive immunity, and also explains the mechanistic background 

to development of autoimmune disease. Adaptive immune responses are initiated by 

antigen presenting cells (APCs). There are a few types of cells that can act as APCs, the 

most acknowledged are: dendritic cells (DCs), macrophages, microglia and B cells, all 

which will be further described below. An antigen is any substance recognized by a T 

cell receptor (TCR) or an antibody, for instance part of a bacterial cell wall or a 

fragmented viral surface receptor. Antigens can also be derived from the organism 

itself, but the immune system is supposed not to react to these as this would cause a 

pathological and potentially harmful autoimmune response (88). There are several 

variants of the antigen presentation process, the most classic form starts when a foreign 

agent, for instance a bacterium is phagocytized by an APC. The bacterium is 

enzymatically digested in the phago-lysosomes into, amongst other things, small 

peptide fragments. In the lysosome the peptide fragments come into contact with a 

special group of immune molecules, the major histocompatibility complex class II 

molecules (MHCII), localized on the inner membrane of the lysosome. The MHCII 
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molecules have a unique three-dimensional structure where a cleft is formed in a part of 

the molecule into which a specific peptide fragment, i.e. the antigen, can bind like a key 

in a keyhole. The antigen binding part of the MHC molecule is assembled from 

randomized blocks of DNA sequences from within the MHC locus, meaning that all 

APC clones carry a unique set of MHCII molecules (88). The technical assembly 

process is highly complex and out of the scope of this thesis to describe in detail. But in 

practice, there are nearly an unlimited number of possible combinations into which the 

DNA segments can be arranged, which means that among the APCs in the body there 

should be those with an MHCII molecule that can bind the antigens present in the 

lysosomes. Only antigens that specifically fit the cleft of the MHCII molecule will 

attach to the MHCII molecule in the lysosome, with one peptide per MHCII (Figure 2). 

 

 

 
 

The antigen-MHCII complex is next recirculated to the external cell membrane of the 

APC and exposed to the environment outside the cell, where the complex (antigen-

MHCII molecule) can come into contact with T helper cells (Th), also called CD4 cells. 

The Th cells have a TCR with a physical configuration that is supposed to match the 

three-dimensional shape of the antigen-MHCII complex (89) (Figure 2). If this 

happens, subsequent activation of the Th cell occurs with propagation of the adaptive 

immune response. The above process describes presentation of exogenous antigens 

(Figure 3) which is a task exclusively performed by the professional APCs. 

 

Another form of antigen presentation occurs when endogenous antigens, i.e. antigens 

that derive from inside the cell, are presented to T cells. This process can, in contrast to 
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the presentation of exogenous antigens, occur in most cell types. In all cells there is a 

constant turn-over of proteins, which are degraded into peptides that are put back 

together into new proteins. This degradation occurs in the proteasome (90). In analogy 

to what happens with exogenous antigens in the lysosome, endogenous antigens come 

in contact with MHC molecules, but in this case MHCI molecules, in the proteasome 

(90). A complex is formed between a matching peptide and MHCI molecule, and the 

complex is transported to the cell surface and then exposed to the outside world, where 

the MHCI-antigen complex can interact with the TCR on a T cell (Figure 3). However, 

MHCI molecules do not interact with Th cells but with cytotoxic T cells (Tc), also 

called CD8 cells, further described below.  

 

 
 

In humans the MHC molecules are instead called human leukocyte antigens (HLA), 

class I and II respectively. The terminology and genetics in classifying HLA genotype 

would render a long explanatory section and is therefore left out. Within the HLA II 

region there are several genes that code for different HLA proteins, for instance HLA- 

DR, HLA-DP and HLA-DQ. These genes are inherited en bloc, and the combination of 

these genes is called haplotype. Importantly, the strongest genetic linkage to multiple 

autoimmune diseases, like Type 1 Diabetes, Coeliac Disease, Psoriasis, Inflammatory 

Bowel Disease, Multiple Sclerosis and Rheumatoid Arthritis, has been demonstrated 

towards certain HLA haplotypes (91). This is logical as CD4 cells play an instrumental 

role in these diseases and the HLA II molecules interact with the T cells. There is often 

large variation in HLA haplotypes between different population groups and ethnicities, 
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whereas within specific ethnic groups the variation can be quite small. This partially 

explains why some ethnic groups are more disposed to certain autoimmune diseases 

than others. It is believed that this is a result of evolutionary selection, as some HLA 

haplotypes can mount more efficient antimicrobial responses than others (92), but with 

the price of being more prone to autoimmunity. Knowledge of the HLA haplotype is 

also of outmost importance in transplantation immunology, as severe mismatch in HLA 

haplotype between donor and recipient will lead to development of antibodies and an 

immune response that in worst case causes rejection of solid organs (93), or a severe 

immune reaction towards the host, in case of bone-marrow transplantation.  

 

3.1.2 Innate immune cells in the CNS 

In the healthy CNS there are, apart from the microglia, few immune cells in the tissue. 

However, after acute injuries innate immune cells infiltrate the CNS. Neutrophils, the 

largest granulocyte population, strongly implicated in the defense against bacterial 

infections, are among the first cells to infiltrate the CNS (94), as early as within hours 

after injury (95). Neutrophils can contribute to tissue injury through multiple 

mechanisms and have mostly been linked to unfavorable consequences following CNS 

injury (95, 96). 

The other main type of innate immune cells that infiltrate the CNS after injury are the 

monocyte derived macrophages (94, 97), often simplified into one population. 

Monocytes/macrophages constitute a heterogeneous cell population with multiple 

functions, and can act as both APCs and phagocytes that clear the environment of both 

tissue debris and pathogens. Macrophages are therefore important in both initiating, 

shaping and perhaps also dampening inflammatory responses, which they achieve 

through production of different cytokines. The panel of secreted cytokines are in turn 

dependent on the bi-directional macrophage/T cell interactions (98). Given the diversity 

and plasticity of macrophages it is not surprising that they have been assigned dual 

roles also after CNS injury. There is compelling evidence for the negative role that 

blood- and bone marrow derived macrophages have following CNS injury, for instance 

by inflicting additional axonal injury (99), contributing to inflammation and inhibiting 

axonal sprouting (100) that worsens motor function. However the opposite effect, 

where blood-derived macrophages improve motor outcome after spinal cord injury has 

also been demonstrated (101). This diversity suggests that there could exist subtypes of 

macrophages, which is the case, as at least two different subsets of macrophages, M1 

and M2, have been identified, which convey protection from (M2) and exaggeration of 

(M1) injury respectively (102). 

 

In the healthy state, microglia are considered to be in a resting condition and 

morphologically display a highly ramified shape in order to scan the CNS 

microenvironment and detect changes that may require action. In the case of a trigger 

the microglia become activated and undergo morphological changes, from the dendritic 

to a more round shape (103). The microglia are, like the macrophages, highly versatile, 

and can perform a number of tasks, like phagocytosis, antigen presentation and further 

immune propagation (103). And in analogy with the macrophages, there likely exists 

heterogeneous subpopulations of microglia. 

Microglia constitute the main APC of the CNS (9), and are therefore important for 

eliciting subsequent immune responses, which includes recruitment of immune cells 
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both from the innate and adaptive compartment. As microglia are constantly present in 

the CNS it is not surprising that they are involved in all aspects of neurodegenerative 

disease, from beginning to end. And given their multi-faceted function it is easiest to 

conclude that microglia as a group probably contribute both with factors that are 

beneficial for the injured CNS as well with those that further propagate disease (104). 

 

Astrocytes, are generally not considered immune cells, however they are increasingly 

recognized as an important part of CNS immunity (8, 105) as they can produce a 

number of cytokines that influence inflammatory responses. There is also data 

suggesting that astrocytes can act as APCs (106), although they are generally 

considered poor at this. Instead, the most acknowledged role of astrocytes in 

neuroinflammatory states is perhaps regulatory, even though their tendency to form 

glial scars often is seen as something negative following injury. 

 

Natural killer cells (NK cells) are of lymphocyte origin, and alike the T and B cells they 

have to be educated during development in order not to be self-reactive and provoke 

autoimmunity (107). However, in one way NK cells can be said to have a function 

opposite to that of T cells; whereas T cells interact with MHC molecules in order to 

become activated, NK cells do the opposite- they kill cells that do not present MHCI on 

the surface. This is quite common in for instance virus infected or tumor cells (108), 

which often down regulate MHCI to avoid having their antigens presented on the 

surface and risk being killed by Tc’s. However, there are also other signals which can 

override and activate the NK cell in spite of MHCI presence on the cell surface (108). 

NK cells have received an increasing amount of attention and been attributed with both 

protective and detrimental properties in the setting of neuroinflammation. For instance, 

a recent publication demonstrated an interesting role of NK cells in experimental 

autoimmune encephalomyelitis (EAE), the animal model for MS, where NK cells 

depleted auto-reactive and harmful microglia and thus contributed to neuroprotection 

(109). Also in MS there are signs that NK cells could be protective, as reduced numbers 

of NK cells correlated with increased number of relapses (110). However, as for many 

of the above described cell types, the roles and function of NK cells in CNS disorders 

are highly conflicting, as also multiple detrimental effects of NK cells has been 

demonstrated, recently reviewed by Poli et al. (111). 

 

DCs are the most efficient APC of all cells, and as such key players in shaping immune 

responses. In the healthy CNS, DCs constitute a very small population, even though 

they can increase in number in pathological conditions (112). They are most commonly 

found in the perivascular spaces at the BBB, where they most efficiently can monitor 

the microenvironment. DCs are probably mostly of interest in triggering adaptive 

immune responses and of lesser interest in acute injuries. However there may be a role 

for DCs even in acute injury, as injection of DCs immunized with whole spinal cord 

homogenate improved outcome after SCI in both mice (113) and higher mammals 

(114). 

 

3.1.3 Adaptive immune cells in the CNS 

The cells from the adaptive immune system, i.e. the T and B lymphocytes, have been 

shown to confer both protective and deleterious effects following CNS injuries (87, 
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115, 116). This is perhaps not surprising as there, especially among the T cells, exist 

multiple different subtypes, and likely, all are not yet fully characterized. A simplified 

presentation of the lymphocytes follows below. 

 

T lymphocytes are a highly diverse population, primarily divided into Th/CD4 and 

Tc/CD8 cells. All T cells carry the surface antigen CD3, which is a co-receptor to the 

TCR. The TCR is the molecular signature of the individual T cell and all T cells in the 

body thus carry different TCRs. This is not really true in practice, as activation of a 

specific T cell causes clonal expansion of this cell that leads to a large number T cells 

with this specific TCR. The TCR consists of several chains, which in turn are translated 

from genes that are assembled randomly from DNA segments from within a specific 

locus during T cell development (88) (Figure 4). The highly complex process of 

assembling the different genes of the TCR chains is somewhat similar to the assembly 

of the MHC genes. This is also one of the keys to why adaptive immune responses are 

exactly that- adaptive- and able to respond to almost all kinds of pathogens.  

 

 
 

CD4 cells interact with professional APCs that present exogenous antigens on MHCII 

complexes, as above. It is only when the CD4-APC interaction occurs that the CD4 cell 

becomes activated, and develops to a functional Th that next can continue to activate 

both Tc’s and B cells, as well as macrophages and other cells from the innate immune 

compartment. Depending on the additional stimulations the CD4 cell receives, i.e. 
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cytokines and other molecular signals from the environment, the Th can be primed to 

different profiles, lineages. Examples of Th subclasses are the pro-inflammatory Th1 

and Th17 cells, and the Th2 cells which instead promote B cell stimulation and 

antibody responses (117). The CD4 cells can also differentiate into regulatory T cells 

(Treg’s) that are important for regulating and terminating adaptive immune responses. 

The plasticity of the Th cells enables adaptation of the immune response to optimally 

target the pathogen in question, but is also one of the reasons why immune responses 

can become misdirected and in worst case lead to autoimmunity (117). 

 

The CD8 cells mediate action more directly than the CD4 cells, namely by killing of 

cells through cellular lysis. The CD8 cells monitor the body and scan for infected, and 

perhaps also tumor cells, by examining the antigens presented on MHCI molecules. 

They thus interact with most cell types, as MHCI receptors are present on almost all 

enucleated cells. If the CD8 cell recognizes an antigen that is not supposed to be found 

within the cell, for instance a virus antigen, this cell will be killed. For this to occur the 

CD8 cell needs to be equipped with a TCR that matches the MHCI-antigen complex. 

When this occurs the CD8 cell will become activated, kill the potentially infected cell 

and go through clonal expansion so that more Tc’s with this specificity emerge and can 

help the body clear the infection. However, as the Tc’s are potentially very harmful and 

can cause tissue damage an extra step needs to occur before the Tc is fully activated. 

This is mediated through Th cell signaling (88), even though exceptions from this Th 

mediated activation exists.  

 

The B cells have dual roles- they partly produce antibodies, but they are also MHCII 

positive and can act as APCs and activate CD4 cells. However, in order to itself 

become a fully mature, antibody producing B cell, the B cell itself needs to be activated 

by a Th cell. The B cells carry a B cell receptor (BCR), which is specific for each B cell 

clone, in analogy with the TCR for T cells. The BCR is in practice an antibody 

anchored to the surface of the B cell and binds an antigen specific for that clone. BCRs 

are assembled similarly to the TCRs. The immature B cell circulates in the body to the 

secondary lymphoid organs, i.e. lymph nodes and the spleen, and when the BCR binds 

an antigen the antibody-antigen complex is internalized, processed and presented on the 

MHCII to a CD4 cell. The CD4 cell then becomes activated and amplifies the immune 

response, including activation of the B cell (88). The activated B cell undergoes clonal 

expansion and develops into a plasma cell, its final maturation stage. The plasma cell 

produces large quantities of antibodies that have the same specificity as the initial BCR, 

i.e. towards the antigen that started the immune reaction (88) (Figure 5). 
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3.1.4 Cytokines and immune signaling 

Cytokines are a diverse group of proteins essential for the intercellular signaling that 

occurs in all immune reactions; as such they cannot be classified as being a part of the 

innate or the adaptive immune system. In general, there exists pro- and anti-

inflammatory cytokines that either amplify or attenuate immune responses. Examples 

of pro- inflammatory cytokines, like interleukin 1 beta (IL-1β) and tumor necrosis 

factor-alpha (TNF-α) are secreted by activated macrophages at sites of inflammation 

and trigger and exaggerate immune responses (98). IL-4 and IL-10 are examples of 

anti-inflammatory cytokines, which can be secreted by the anti-inflammatory type 2 

macrophages. But many cytokines can in different settings or combinations with other 

cytokines act either pro- or anti-inflammatory. A good example of this is transforming 

growth factor beta (TGF-β), which drives both pro-inflammatory Th17 and anti-

inflammatory Treg development (118). Also IL-6 has dual roles, it is not only is one of 

the main pro-inflammatory cytokines, but also has well-established neurotrophic effects 

giving it a complex role following CNS injury (119).  

 

A concrete example demonstrating the importance of the cytokines is seen in modern 

medical therapies, as some of the most potent drugs available for treating autoimmune 

diseases target cytokines. For instance biological compounds/monoclonal antibodies 
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that target TNF-α are highly efficient in treating multiple forms of arthritis, psoriasis as 

well as inflammatory bowel diseases (120). One of the major drawbacks of these 

powerful treatments, apart from that they are very expensive, is that they can lead to 

increased susceptibility to infections, and also reactivate dormant tuberculosis (121), 

which again demonstrates the significance of the cytokines. And, paradoxically anti-

TNF treatments have been shown to lead to demyelination, both aggravating disease in 

patients with MS, as well as triggering demyelination in patients treated for other 

disease (122). 

 

3.1.5 The humoral immune system 

The term humoral immune system mostly refers to antibodies, although also the 

complement system often is seen as a part of the humoral immune system.  

 

3.1.5.1 Antibodies 

Antibodies, also called immunoglobulins (Ig), form an integral part of immunity and 

are one of the most refined end products of a successfully activated immune response. 

The antibodies are in practice slightly modified BCRs. The process of antibody 

production is complex, but will be briefly described below. All B cell clones carry a 

BCR, a membrane anchored antibody from the beginning of its development from the 

hematopoetic stem cell in the bone marrow. The part of the antibody anchored to the 

cell is the invariant part and does not vary largely in configuration between different 

clones, so that when the antibody is secreted, this side can be bound by Fc-gamma 

receptors (Fcgr) that are expressed on a variety of cells like macrophages and NK cells. 

The other end of the antibody is the antigen binding part; this is what varies between 

clones enabling the binding of the plethora of different antigens available. In simple, 

the antibodies can be considered Y-shaped, with the forked part the antigen binding end 

and the straight end the invariant end that binds Fcgr.  

The antibodies are powerful effectors of the immune response and convey an array of 

actions, including direct binding and neutralization of microbes and toxins, enhancing 

phagozytosis of microbes/toxins, contributing to antibody mediated cellular lysis via 

NK cells and also to phagozytosis and cellular lysis via activation of complement (88). 

An additional strength of antibodies is that they are able to bind carbohydrates, lipids 

and more compound substances, as opposed to TCRs that only recognize peptides. The 

initial secreted antibodies belong to the IgM class, but there will also be a class switch 

towards IgG and IgA. The different classes of Ig’s have different properties regarding 

solubility and function, but will not be discussed further here. As immunoglobulins are 

found in the serum of a patient that has been exposed to, or vaccinated towards, a 

certain pathogen they can be measured and detected as an immunological “scar”, this is 

part of the immunological memory, and as there is a class switch during the response, 

from IgM to IgG, it is also possible to conclude the actuality of the exposure. 

 

The role of antibodies in CNS disease is interesting, as normally, there should be very 

few B cells in the CNS, and also, the healthy BBB is not permeable for large proteins, 

like antibodies. The presence of antibodies in the CSF, seen as oligoclonal bands in 

electrophoresis assays of CSF, is indicative of B cell/plasma cell activity within the 

CNS and is present in 95% of MS patients (123). Even though systemic depletion of B 

cells has a good effect in reducing disease burden (123) in MS the specificity of the 
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antibodies in the CSF and not least their function in relation to disease has yet to be 

proven. A related observation is that following experimental brain injury in rats, 

antibodies directed against both neuronal and glial epitopes in the brain can be detected 

in serum (124). But, again, the significance of these antibodies could not clearly be 

shown, even though they could be considered a threat for developing further secondary 

brain pathology (124).  

 

3.1.5.2 The complement system 

The other major part of the humoral immune system is the complement system, an 

intricate biological system composed of numerous different proteins that act together in 

various conformations which can lead to an array of actions. This provides basis for 

flexibility, but also complex regulation (125). Many complement components are 

present at high levels in serum, and produced mainly in the liver, although synthesis is 

widespread also within the CNS (126, 127). The complement system is extensively 

studied in the current thesis and will therefore be further described in chapter 5. 
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4 GENES- THE BACKBONE OF PHYSIOLOGY 

 

4.1 GENES, PROTEINS AND DISEASE 

The central dogma of biology is that DNA is transcribed to RNA which is translated to 

proteins that in turn carry out the functions in the organism, including DNA replication, 

thus closing the circle (128). In this way genetic information can be safely and stably 

stored as DNA that is passed along over generations. The information stored in the 

DNA can after the right signal be made accessible and transcribed into the unstable, 

short-lived RNA at the time-point needed. The RNA is then translated into the desired 

effector protein that hopefully will correspond/respond to the signal that induced the 

DNA transcription, and the RNA will be rapidly broken down, so that the signal will 

terminate. Proteins are also steadily degraded, in the proteasome, in a little more 

complex process, not described further here, into amino acids that are recycled and put 

together into new proteins. The flow of genetic information is evidently not always this 

stream-lined. For instance, new knowledge has rapidly accumulated regarding 

mechanisms, such as modifications of histones and the structures surrounding the DNA 

that can have durative effect on gene expression, without changing the DNA sequence, 

a concept known as epigenetics (129). These signals are often believed to be 

environmentally triggered, making this an exciting interface between gene-environment 

interactions. But basically, by identifying a gene that is linked to a disease it also often 

means identifying a protein that is involved somewhere in the process of that disease. 

Pin-pointing this gene may therefore contribute to increased understanding of disease 

pathophysiology. Furthermore, as the gene codes for a protein and proteins are what 

perform the actions in the organism, the detection of a target gene associated with a 

disease can be the first step towards developing a directed pharmacological treatment. 

 

4.1.1 Complex diseases 

Most common diseases are what we call complex diseases, which means that the 

etiology is a combination of genetic predisposition and environmental influence. Thus, 

the genetic constitution of some individuals will make them more susceptible than 

others to develop disease, however there often needs to be a trigger (environment) for 

disease to develop. This partly holds true also for cancer, even though loss of control of 

cell proliferation is due to new mutations, some of the DNA changes in the cancer cells 

could be attributable to underlying genetic susceptibility to develop mutations, a 

phenomena well-known in several of the strongly hereditary cancer forms (130). 

However mutations are also caused by non-genetic, i.e. environmental factors, like for 

instance viral infections, toxins or radiation. The ever present role of genetics could in a 

more radical view perhaps be argued to be relevant even in trauma as hypothetically, 

some individuals are more prone to be exposed to trauma due to behavioral changes 

influenced by genetic predisposition.  

 

The genetic heterogeneity within a population not only explains susceptibility to 

disease, but also some of the differences in the pathophysiological processes that occur 

during disease course. The impact of genetic variability manifests clearly in patients 

affected by TBI or MS, which are highly heterogeneous disease states, both with 
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respect to natural disease progression and also regarding the responses to medical 

treatments (131, 132).  

 

 

4.2 GENETICS AS A TOOL TO DECIPHER DISEASE MECHANSIMS 

Although the genetic heterogeneity makes diseases difficult to understand, the 

differences can also be exploited. For instance, we know that the severity of traumatic 

injury to the brain will differ between individuals in part due to genetic variability 

(131). If we start from two animal strains that are genetically different, and expose 

them to a standardized injury in an environment where we hypothetically can control 

all parameters, the genes are the only entity that varies and will thus be what govern 

outcome. If it were possible to identify the underlying genes, it would also mean a step 

forward in deciphering disease pathology. 

 

A simple example of this is transgenic technology, where one gene is knocked out, and 

physiological differences between the knock-out (KO) and wild-type (WT) can be 

attributed to the missing gene. This is sometimes referred to as backward genetics. 

However, this may not be the most physiological way to study genetic influence, as in 

practice, genes are rarely knocked out, but rather mutated or slightly altered, i.e. they 

differ in their DNA sequence or expression dosage between individuals. 

 

Another genetic tool commonly applied is the use of inbred strains. An inbred strain is 

created by consecutive brother to sister mating for at least 20 generations, with all 

offspring derived from a single breeding pair. After 20 generations all offspring are 

considered genetically identical (133). The inbred strains are genetically stable as they 

do not respond to selection and the DNA cannot change more, as long as continued 

brother-sister mating is performed, as they in theory are homozygous at every position. 

The inbred strains are also more uniform in their responses to for instance injury than 

outbred strains, meaning that smaller number of groups can be considered to achieve 

statistical significance (133). The main strength with inbred strains is however that the 

phenotypic differences observed between strains can be exploited. Two inbred strains 

that differ in outcome (phenotype) after injury, for instance nerve cell death after TBI, 

can then be bred, with mother from one strain and father from the other, to create an F1 

(Table 1 and Figure 6). The first generation, F1, will all be genetically identical, at least 

the nuclear DNA sequence, and heterozygotes in every locus, as one chromosome is 

inherited from each parent/strain (Figure 6). An F2 generation is created by breeding F1 

animals with each other. Due to the random recombination of DNA from one 

chromosome to the other during meiosis all individuals in the F2 generation will be 

unique, with randomly sized and placed segments of DNA from the original strains 

(Figure 6). In each locus 25% of the animals will be homozygous for strain A, 25% 

homozygous for strain B and 50% heterozygotes, on average. By genotyping the 

animals in the F2 generation, and linking genotypic and phenotypic variation with each 

other, gene regions can be identified that regulate phenotype, for instance motor neuron 

death after nerve injury (134). This is the principle of Quantitative Trait Loci (QTL) 

mapping and is sometimes called forward genetics. The advantage of this approach is 

that it is unbiased, as opposed to hypothesize driven research, and enables the discovery 

of new pathways, which could otherwise have been overlooked, if one instead chose to 
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knock-out a specific gene and then study effect. The disadvantage is that is very work 

intensive, due to large-scale breeding and tedious genotyping. However, there may be 

additional influence from for instance mitochondrial DNA, which is inherited from the 

maternal side, and also from which parent each chromosome is inherited due to genetic 

mechanisms such as imprinting, which has to be taken into account when creating the 

F2 cross, so that equal numbers of the four possible groups of F2 are bred (Table 1). To 

study mechanisms such as imprinting and parent-of-origin effects, backcrosses can be 

created, instead of the F2, where the F1 offspring instead are bred with one of the 

parental strains (Figure 6). 

 

 

 
 

Another weakness with the F2 crosses is that since only 1-2 recombinations occur on 

each chromosome during meiosis the genetic fragments in each chromosome from 

respective strain are large, meaning that the genetic resolution is poor. Continued 

intercrossing by controlled random mating of the F2 individuals with each other can 

circumvent this problem and create Advanced Intercross Lines (AIL). By breeding two 

F2s with each other a G3 generation is created and by breeding G3 with G3 a G4 is 

created and so on. The F changes to G after F2 as before the F2 generation, siblings are 

mated, but from the F2 and forward, care is made not to mate siblings with another to 

ensure that the maximum number of recombinations occur. G3 is thus the first non-

sibling cross (Guidelines for Nomenclature of Mouse and Rat Strains, Rat genome 

Database, http://rgd.mcw.edu). For each generation more and more recombination’s 

occur and the genetic fragments from each parental strain will become smaller and 

smaller, giving an increased genetic resolution (135), but also the need for denser 

genotyping when performing QTL mapping. 

 

A further development of the inbred strategy is to use congenic strains, where a 

genomic segment from one strain is bred onto the background of another strain, by 

repeatedly back-crossing one strain to another (Figure 6). This needs to be continued 

for at least 10 generations in order to decrease the amount of DNA from the original 

strain to a minimum and only have the desired gene fragment from that strain on the 

“pure” background of the recipient strain. On average, only half the background DNA 

will be transferred on each generation, this means that after 10 generations (0.5
10 

<0.001) 99.9% of the background DNA will be of the desired strain. After each 

generation, it is necessary to genotype the offspring to see that the desired DNA 

http://rgd.mcw.edu/
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fragment is still there. The use of congenic strains is a powerful method, likely more 

physiological than knocking one gene out, as it enables to study the function of genetic 

variation, as often is the case in the real life, rather than total lack of a specific gene. 

However, this is a labor intense method and it is very difficult to create a one-gene 

congenic, since one is dependent on the stochastic meiotic recombination to occur 

exactly at the congenic fragment. And in practice, most congenics carry gene fragments 

that contain multiple genes, and it can thus be hard to exactly prove which gene is 

responsible for the effect. 

 

An interesting phenomenon commonly seen in congenics is epistasis, which implies 

that there are gene-gene interactions between the genes in the congenic fragment and 

the genes residing in the background genome where the fragment is integrated. This 

could give rise to unexpected effects, such as higher or lower expression of certain 

genes than in either of the parental strains (136, 137). Since the genes come from 

different strains, one can imagine that the unique interactions created in the congenic 

cause the balance to somehow become a little altered. This illustrates the complexity of 

gene interactions, and perhaps also suggests the imbalance that could potentially be 

expected to be created in a knock-out animal. 
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5 DISEASE SPECIFIC MECHANISMS 

Resting microglia or inactivated T cells do not readily cause disease. Instead, excessive 

tissue injury stems from misdirected actions that the cells perform. These actions are in 

turn the result of complex signaling pathways turned on at the right (or wrong!) time 

after a specific trigger, like trauma. And at every turning point in the long chain of 

events the genetic disposition of the individual controls, or at least fine-tunes the 

outcome. The following chapter will in more detail explain mechanisms and pathways 

explored or touched upon in the studies of this thesis. 

 

5.1 THE COMPLEMENT SYSTEM IN DISEASE 

The complement system is an important part of the innate immune system, composed 

of around 60 different proteins. The most acknowledged effector function of 

complement activation is the downstream assembly of the membrane attack complex 

(MAC). The MAC is a protein aggregate composed of the complement components 

C5b-C6-C7-C8 and C9 that together form a pore in the membrane of the target cell 

which ultimately leads to lysis of the cell (125, 138). However, many of the 

complement components do not only contribute to the formation of MAC, but also 

have discrete signaling functions and can bridge innate and adaptive immune responses 

(138-140). Especially C3, the key protein of the complement cascade has a wide array 

of functions with many active cleavage products/subcomponents (Figure 7) (141). 

  

Complement activation can occur in three principally different ways, the classical 

pathway where C1q is activated by clusters of antibodies (IgG or IgM) bound to a 

surface, for instance a bacterial cell wall. The proteases C1s and C1r bind to C1q which 

starts a cascade that leads to cleavage of C4 and C2 to form C4b2b, which is a C3 

convertase. The C3 convertase in turn cleaves C3, into C3a which is chemotactic, and 

C3b, which propagates the cascade towards MAC activation (Figure 7) (141, 142). The 

lectin pathway is activated by mannose binding lectin (MBL), a C-type lectin 

structurally similar to C1q, which binds to carbohydrates, abundant in for instance the 

capsule of many bacteria. To MBL binds a number of proteases (MASPs) which in turn 

cleave C4 and C2 to generate the C4b2b, the C3 convertase, that next activates C3, as 

above (Figure 7) (142, 143). The last pathway, the alternative pathway can in simple be 

said to be activated naturally, by the constant, slow spontaneous hydrolization of C3 

that occurs in the body. This leads to the deposition of C3b fragments on cell surfaces, 

to which factor B, a plasma protein, binds which generates C3bBb, which also is a C3 

convertase that cleaves C3 and propagates the cascade as above. However, whereas 

healthy cells protect themselves from complement activation by expressing 

complement inhibitors (125, 142), sick, dying or infected cells stop doing this and are 

thus targeted for removal (144). In this ingenious way homeostasis is kept and “bad” 

cells are removed, which perhaps also protects from autoimmunity (145).  

 

The complement components in turn exert their actions via complement receptors 

(CR), some of the most common are CR1, CR2, CR3, CR4, C1qR and C3aR. The 

effect the complement component has upon binding its receptor depends on the cell 

type which expresses the receptor. For instance CR1 expressed on a B cell contributes 

to cell activation, whereas CR1 expressed on a macrophage will instead mediate 
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phagocytosis (146). Also, some of the receptors exist in both membrane bound and 

soluble forms; this constitutes a regulatory mechanism, as for instance soluble CR1 can 

bind and neutralize complement thus acting as a complement inhibitor (147). 

 

 
 

Complement activation is implicated in a wide range of CNS diseases including acute 

conditions like TBI (148), SCI (147) and after stroke (149), as well as in states of 

chronic disease like AD (150), PD (150) and MS (151, 152). It has also been suggested 
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that complement is involved in the elimination of synaptic terminals, an important 

process during development, as an excess of synapses are formed in the immature brain 

(153), but this process can also occur in disease (154, 155). Especially C1q has been 

shown to increase the phagocytic capacity microglia leading to removal of apoptotic 

cells and debris (156). 

 

But the role of complement in these disparate conditions is likely different. Following 

TBI there occurs both influx of complement from the systemic circulation secondary to 

the BBB defect caused by the injury, as well as local activation of complement in the 

brain (148, 157-159). This sudden increase in complement could overwhelm the MAC 

sensitive neurons (160) and possibly contribute to secondary injury. But is still not clear 

why local complement activation occurs, both after TBI as well as in the chronic CNS 

disease, nor the exact mechanisms by which complement exerts its function in the 

CNS. Perhaps the purpose of the local complement activation is to clear the 

microenvironment of dysfunctional cells and waste material in order to maintain a 

trimmed and functional CNS. But this balance is somehow lost in for instance 

progressive MS and AD, as well as in the secondary events after TBI, which leads to 

more degradation than initially intended and neurodegeneration as a consequence.  

 

 

5.2 OXIDATIVE STRESS 

Oxidative stress is a term frequently encountered in pathology, and means that the 

organism cannot detoxify the free oxidative radicals created after a certain event, which 

can be both endogenous (see below) or exogenous, like for instance UV-radiation 

(161). The free radicals constitute imbalanced molecules, with an unpaired electron, 

and are therefore highly reactive with almost any type of molecule in the cell including 

sugars, amino acids, lipids and nucleotides. The free radicals start chain reactions, as 

the unbound electron will continue to react until it is detoxified (161). Reactive oxygen 

species (ROS) constitute the largest and perhaps most known family of free radicals, 

although also reactive nitrogen species (RNS), like nitric oxide (NO) exist. Emergence 

of ROS or RNS does not naturally have to be pathologic, as ROS are created 

physiologically in the mitochondria as a part of the electron transport chain and energy 

metabolism and NO has a wide range of important physiological effects (162). The 

ROS family includes a number of derivatives of oxygen, including superoxide anion 

(•O2
−), hydrogen peroxide (H2O2), hydroxyl radical (•OH) and several more (161). 

However, both ROS and RNS have been linked to a plethora of disease states, from 

cancer to neurodegeneration (163), not surprisingly as the radicals cause both 

immediate damage, like cell death, and also have long-term effects as they can affect 

the DNA, in turn of relevance for cancer development. 

 

To protect the organism from the harm of radicals there exist a wide-array of anti-

oxidants (161). One of the most potent anti-oxidants that exists in most cell types of the 

body is glutathione (GSH), which is capable of scavenging a number of both ROS and 

RNS (164). The glutathione-S-transferases (Gst) are a group of enzymes that conjugate 

toxic products to GSH (165). Notably, we found significant inherent differences in 

expression of Glutathione-S-transferase-alpha 4 (Gsta4) after both experimental nerve 

and brain injury (166, 167), where increased expression of Gsta4 was neuroprotective. 
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This demonstrates the important role of a functional response to oxidative injury 

triggered by insults to the CNS. Also, we saw that Gsta4 was expressed almost 

exclusively in the neurons whereas 4-HNE, a toxic aldehyde resulting from increased 

oxidative stress, which is effectively conjugated by Gsta4 to GSH, was abundant in 

both neurons and glia. This suggests that oxidative stress following CNS injury arises 

in both glia and neurons, but the neurons are equipped with an extra potent anti-

oxidative defense.  

 

 

5.3 T CELLS IN CNS PATHOLOGY 

T cells are only rarely encountered in the intact CNS and infiltration is a tightly 

regulated process depending on  recruitment/signaling events occurring in the tissue 

(83, 84). But, for example after a peripheral nerve injury, it is well established that T 

cells are recruited to the axotomized motor neuron pools (168), even though the 

molecular pathways behind this are not entirely understood. Distinct proof of the 

beneficial role of T cells after axonal motor neuron injury was elegantly demonstrated 

by using Scid mice, which lack an adaptive immune system, where replenishment of T 

cells increased motor neuron survival after injury (169). Experimental evidence also 

suggests that that T cells can mediate neuroprotective effects in models of chronic 

neurodegeneration (170). 

 

There are many possible mechanisms by which T cells could confer neuroprotection, 

for instance that the T cells alter microglia phenotype towards a more protective M2 

phenotype (171) or to a more DC-like profile (170). A more speculative mechanism 

could be that Tc’s deplete auto-reactive/harmful microglia, as NK cells have been 

shown to do (109). A support for the protective role of Tc’s was recently demonstrated 

when transfer of MOG-specific CD8 cells suppressed encephalitogenic CD4 cells and 

attenuated EAE (172). On the other hand it is important to acknowledge the well-

established detrimental effect T cells can have for nerve cells in neuroinflammatory 

conditions like EAE (173). Also in MS, T cells are pivotal in driving the inflammation, 

at least in its relapsing-remitting form, which ultimately leads to myelin loss and 

subsequent axonal damage and nerve injury (61). An interesting twist to this was 

observed in rats exposed to spinal cord injury, where concomitant EAE was induced, 

which paradoxically led to increased survival of axotomized cells, associated with the 

infiltration of large numbers non-encephalitogenic T and NK cells found to express 

neurotrophic factors (174).  

 

In summary- it is hard to give an unambiguous answer as to what the role of T cells are 

in different settings of CNS disease. This, as an array of both protective and detrimental 

effects has been demonstrated, and arguments for both sides can be found. Lastly, it 

should be emphasized the T cells are a very heterogeneous population, which should be 

taken into account when interpreting T cell data. 

 

 

5.4 CHOLINERGIC SIGNALING 

ACh is the most classic neurotransmitter and is fundamental in the CNS, PNS and 

autonomic nervous system (ANS), and has been an object for the Nobel Prize in 
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Physiology or Medicine when Henry Hallett Dale and Otto Loewi shared the prize in 

1936 for their discoveries. ACh can be found in most living organisms, from algae and 

bacteria to humans (175), demonstrating that it also exists outside of the nervous 

systems. The action of ACh is mediated through nicotinic (nAChR) or muscarinic 

acetylcholine receptors (mAChR) and the effect ACh exerts differs depending on 

receptor type and cellular distribution. For example, ACh secretion at the 

neuromuscular junction from the motor neuron to the nAChRs on the muscle side starts 

a signaling cascade which leads to muscle activation (176). Whereas ACh release from 

autonomic nerve fibers regulates glandular secretion, sweating, blood-pressure and 

heart rate through binding mAChRs (177). Due to the potency of ACh to mediate 

signals it is a prerequisite to be able to terminate the action and regulate the activity of 

ACh. There is therefore a need for an efficient machinery to remove ACh from the 

synapses. Rapid hydrolysis of ACh is performed by AChE and also by BChE, two 

highly efficient enzymes present in high levels (178, 179) in both the blood and the 

CNS. ACh is thus very short-lived and has for long provided the neurobiological 

society with difficulties in assessing its exact localization and quantities (178). To 

restore the levels of ACh in the synaptic terminals and enable new signaling events, 

ACh is (re-) synthetized by acetylation of choline by the enzyme choline-

acetyltransferase (ChAT) (178). There thus exists a fine balance between the 

cholinesterases (ChE) and ChAT. 

 

But apart from its role as neurotransmitter, it has been known for some time that ACh 

also has immunomodulatory properties. These actions are mediated by ACh binding to 

a subclass of nAChRs, the alpha-7-nAChR (180), which apart from being expressed in 

the CNS also is expressed on multiple types of immune cells, endothelia and epithelia 

(181). By binding the alpha-7-nAChR ACh starts an intracellular signaling cascade that 

leads to modulation of TNF-α levels which in turn leads to reduced inflammatory 

activity (73). This is known as the neuroimmune reflex and is a topic of active research 

and an interesting bridge between the nervous and immune systems (182). 
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6 MATERIALS AND METHODS 

 

6.1 ANIMAL MODELS  

6.1.1 The rationale for using animals 

In this thesis we have studied the perhaps two most sophisticated biological systems in 

life, the CNS and the immune system. Since complex disease arise and develop as a 

consequence from the interaction between multiple genes, each with a small impact, in 

concert with environmental factors it is necessary to be able control for as much as 

possible in the experimental setting. Because of this complexity it is also essential to be 

able to reproduce the experiments so as to obtain reliable and understandable results. 

Experimental animals living in a controlled environment allow us to control for a 

number of factors. The use of inbred strains reduces the impact of genetic 

heterogeneity, which further improves reproducibility and also facilitates genetic 

mapping efforts. 

 

All animal experiments were approved by the regional ethical committee under the 

following ethical permit numbers (VRA; N42/06, N32/09 and N122/11, SNT; N343/10 

and 225/08, TBI; N122/11 and N365/08, EAE; N298/11 and N478/12). All 

experiments were performed under deep isoflurane anesthesia, with subcutaneous 

injections of Temgesic 3 days post-operatively as analgesia, as requested by the 

university veterinaries. The animals were at the end of the experiment euthanized by 

CO2 and perfused with either PBS or a fixative depending on subsequent experiments. 

Details can be found in respective study (I-IV). 

 

6.1.1.1 VRA- Ventral Root Avulsion  

Through a skin incision and dorsal laminectomy at the levels of L3-L5 the left ventral 

roots of L3, L4 and L5 are severed from the surface of the spinal cord, at interface 

between the peripheral and central nervous systems (Figure 8). This reproducible 

axotomy specifically targets the pool of motor neurons in the ventral horn of the cord 

(183, 184) and leads to motor neuron death in this pool. VRA also induces a localized 

inflammation in the spinal cord, characterized mainly by microglia and astrocyte 

activation but also limited lymphocyte infiltration. There are multiple advantages with 

the model, not least a high degree of reproducibility for a CNS lesion model. A 

disadvantage is that it is technically rather challenging and cannot be performed in 

mice. Nerve avulsion injuries occur in the clinical setting, most often in the brachial 

plexus, and can be a result of traumatic delivery at birth (185) or following high energy 

trauma in the adult setting (186).  
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6.1.1.2 SNT- Sciatic Nerve Transection  

SNT is a lesion of the peripheral nervous system, where the sciatic nerve is transected 

below the obturator tendon on the thigh of the animal. This also induces a localized 

reaction in the spinal cord at levels L3/4-L6. As the sciatic nerve contains both efferent 

and afferent nerve fibres, the injury creates a response in both the ventral and dorsal 

part of the spinal cord. Activation of both microglia and astrocytes occur, and although 

the motor neurons are axotomized there is limited loss of motor neurons compared to 

VRA (187-189). SNT is easily performed in both rats and mice. 

 

6.1.1.3 TBI- Traumatic Brain Injury 

A contusion injury was performed using a weight drop injury model, as described 

previously (190, 191). In brief, the rats were placed in a stereotaxic frame and after skin 

incision the skull bone was removed 3 mm behind and 2.3 mm lateral to the bregma. A 

standardized brain contusion was performed by the releasing a weight (24 gram) from a 

fixed height (7cm) that slides in a tube and hits a piston (1,8mm in diameter) resting 

against the dura. The piston compresses the brain, with the dura intact, to a maximum 

depth of 3 mm. The animals show limited clinical symptoms after the injury. 

 

6.1.1.4 EAE- Experimental Autoimmune Encephalomyelitis 

EAE is an animal model widely used to study inflammatory demyelinating disease, i.e. 

MS. Animals are immunized using a CNS antigen, most often one of the following; 

purified myelin proteins such as myelin basic protein (MBP) or myelin oligodendrocyte 

glycoprotein (MOG) or peptides from these, even though whole spinal cord 

homogenate is also sometimes used. This is the to-date best, or at least most used 

experimental model of MS (192). However, it can be rightfully argued that there are 

considerable differences between MS and EAE especially regarding the time-phase of 

onset and the cellular subsets and humoral factors involved (193) as well as severity, as 

many of the animals die in the acute phase of EAE. Instead, EAE may perhaps be more 
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similar to acute disseminated encephalomyelitis (ADEM). Induction of EAE was used 

in study III, but only as a model of immune activation, to study T cells in lymph nodes.  

 

6.2 CLINICAL DATA AND SAMPLING 

In study II CSF and clinical data is analyzed. Both are obtained from patients attending 

the Neurology Clinic, Karolinska University Hospital, Solna, Stockholm. Written 

informed consent was obtained from all patients and the study was approved by the 

regional ethical committee. Clinical examinations were performed by a board certified 

specialist in neurology, and all patients diagnosed with MS fulfilled the McDonald 

criteria (194). An Expanded Disability Status Scale (EDSS) score (195) was 

determined at time of sampling by a certified rater. A control group consisting of 

patients with other non-inflammatory neurological/psychiatric conditions (OND) was 

also included. The patients in the OND group had normal MRI scans and no signs of 

inflammatory activity in CSF in terms of pleocytosis or intrathecal IgG production. In 

the MS group there were patients with RRMS, in both relapse and remission and 

SPMS. CSF was drawn at the time of initial examination and diagnosis, centrifuged, 

aliquoted and stored in our local biobank until further analysis. 

 

6.3 EXPERIMENTAL METHODS AND METHODOLOGICAL 

CONSIDERATIONS 

 

6.3.1 RT-PCR- reverse transcriptase polymerase chain reaction 

RT-PCR, also called quantitative real-time PCR (qPCR), is a standard method used to 

quantify levels of mRNA and thereby transcriptional activity within the studied tissue. 

Detailed protocols and primer sequences can be found in the publications and 

manuscripts. The method is used in all the manuscripts and has the advantage that it is 

very sensitive and also very flexible, as primers for most targets can be designed. In 

general, mRNA levels correlate well with those of the corresponding protein (196, 197) 

however, the levels of the protein should preferably also be measured in the sample for 

exactness. A drawback with the method is that it does not provide information about 

the cellular localization of the expression.  

 

Another drawback is that it is difficult to determine absolute mRNA copy numbers. 

Here, and in most other settings, relative levels of mRNA have been determined. This 

is done by comparing the target of interest with one or more housekeeping genes 

(HKG), i.e. transcripts that ideally are expressed at relatively constant levels in the 

tissue with low degree of regulation. Unfortunately, there is no perfect HKG since also 

expression of HKG’s can be influenced by the intervention intended to study, and basal 

HKG transcription can also vary between strains. Therefore several different 

housekeeping transcripts may be used to increase the reliability of the assay. We have 

used at least two HKG in our experiments, hypoxanthine guanine phosphoribosyl 

transferase (HPRT), an enzyme involved in the metabolism of nucleotides and 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) an enzyme involved in the 

glycolysis, i.e. metabolism of carbohydrates. Another commonly used HKG is beta-

actin, which codes for a cytoskeletal protein involved in cell structure and also motility; 
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but as there is a high degree of cell migration and also damage to the cytoskeleton of 

the neurons in the models applied we chose not to use beta-actin. 

 

6.3.2 IHC- Immunohistochemistry 

Antibodies directed towards a specific epitope within a target protein structure that are 

equipped with a suitable detection system have revolutionized the way protein 

distribution within tissue can be assessed. The simplest technique is to use antibodies 

that are labeled with a fluorophore, which then can be directly visualized in a 

microscope. However, this technique is not very sensitive and a commonly applied 

method used to amplify the signal is to first use a primary antibody directed towards the 

target of interest, made in one species, and next a secondary antibody labeled with a 

fluorophore directed towards the antibodies from the first species. In this way the signal 

is amplified as several secondary antibodies can bind to the end of one of the primary 

antibodies. There are also more refined techniques, for instance the use of antibodies 

labeled with biotin. One molecule of biotin is covalently bound by multiple molecules 

avidin or streptavidin and each molecule of avidin/streptavidin can in turn be linked to 

different enzymatic systems which can amplify the signal many times.  

 

A range of antibodies are used in this thesis and the details are described in the studies. 

In study I and II specialized software has been used to quantify synaptic density, after 

labeling a synaptic protein with an antibody. Immunohistochemistry (IHC) is otherwise 

rather a poor method for quantification and is preferably used for qualitative purposes. 

IHC provides a good mean of visualizing the spatial relationship between structures in 

tissue, and also for demonstrating the presence of a certain target. However, it is 

extremely important to include both positive and negative controls, as the absence of a 

presumed target in a tissue may indicate that the antibody/detection method is not 

sensitive enough, and equally to include negative controls as a positive signal from the 

tissue could instead implicate that the antibody, or detection system labels structures 

unspecifically. 

 

6.3.3 FC- Flow cytometry 

Cells in solution are labeled with antibodies, usually directed towards surface antigens, 

even though staining of intracellular antigens is possible. The labeled cells are then 

passed through a flow cytometer where laser technology is used to count, and 

sometimes also sort, the labeled cells. This is a routine method in immunology and 

hematology, since it is easily performed in cells not firmly attached in a tissue, which 

unfortunately is the case for CNS cells. It is therefore more difficult to extract cells 

from CNS tissue and there is also often disturbances from sticky myelin debris, 

although techniques are emerging to improve this (25). This method is used in studies 

III and IV and protocols are described therein. It is the gold standard to quantify cell 

numbers, but can also detect cell sizes and, depending on the labeling protocol, the 

technique has ever expanding applications. There are some disadvantages with the 

method, as for instance it is not always possible to have completely specific markers for 

the cell (sub-)population intended to study, as cells rarely demonstrate a “one or zero” 

expression pattern of surface receptors but more often display a sliding scale. This 

means that within the cell population intended to study there could hide other cell 

populations, for instance macrophages among the cells sorted as dendritic cells. 
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However, this can often be controlled for by adding additional markers, enabling gating 

of populations to smaller subgroups. Lastly, it is also rather an expensive method, at 

least the acquisition of the flow cytometer.    

 

6.3.4 ISH- In situ hybridization 

Labeled ribo- or oligonucleotide probes are hybridized with mRNA in tissues. The 

ribonucleotide probes (riboprobes) are more similar to the mRNA, as they are based on 

the correct sugar moiety, compared to the oligonucleotide probes (oligoprobes) that 

instead are DNA based, and the riboprobes therefore give a stronger binding. 

Riboprobes are however more unstable in themselves than oligoprobes and also more 

complex to construct and we have therefore used oligoprobes of between 40-48 bases 

in our studies. It is important to make the probe highly specific, both in order to make it 

sensitive enough to bind, and also to make it specific and avoid picking up other 

targets. The method can be used both to localize and quantify, based on signal intensity, 

mRNA in tissue. It is thus a good complement to RT-PCR. To detect the probes, they 

are coupled to either fluorophores or radioactive isotopes. The radioactive method has 

obvious disadvantages with radiation; however it is in general more sensitive than 

fluorescent methods. Although relatively simple in theory, it can be quite a difficult 

method in practice, in part because the relative instability of the mRNA makes it 

difficult to get the probes to hybridize in the tissue. The sensitivity is therefore 

significantly inferior to RT-PCR. The method is used in study I. 

 

6.3.5 Elisa- Enzyme-linked immunosorbent assay 

Also a standard method in molecular biology that uses antibody-based technology to 

quantify protein levels in solutions. The reliability and specificity of the assay thus 

depends on the antibodies used. The sensitivity is in general very good, as the signal 

can be amplified many times by coupling the antibodies to different substances. The 

method is a good complement to RT-PCR, as it enables quantitation also at protein 

level. The method is used in studies I, II and III. 

 

6.3.6 Nerve cell counts 

Motor neurons in the ventral horn are due to their morphology easily recognized and 

have in our studies been manually counted in tissue sections by a person blinded for 

strain or intervention. This method to quantify motor neurons is less sensitive than 

more modern stereologically based methods. Although stereology is more stringent, it 

also very resource demanding and time-consuming. Manual nerve cell counts were 

used in study IV, however, importantly in a recent study we performed (166) both 

methods were used and correlated very well, although variability was less when using 

stereology. 

 

6.3.7 Western blot 

This method is performed in study II and was carried out by our collaborators Kerstin 

Sandholm (Linnæus University, Kalmar) and professors Bo Nilsson and Kristina 

Nilsson Ekdahl (Department of Immunology, Genetics and Pathology, Uppsala 

University). The method is used to detect proteins in solutions or tissue homogenate 

using electrophoresis, where the sample is applied to a gel that is strongly reducing so 
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that the proteins remain denatured. Via electrophoresis the proteins in the sample can 

be separated due to their differences in molecular weight and electric charge. 

Subsequently the proteins are blotted from the gel onto a membrane to allow for 

antibodies that are coupled to some kind of reporter system to provide a measure of 

signal intensity, in turn corresponding to protein quantity. The signal intensity is 

normalized to that of a structural or house-keeping protein. Western blot has higher 

specificity than ELISA, since it also provides information about the size of the protein 

(a ladder with several proteins of known sizes is run alongside the sample), and can 

also show for instance multimers of the protein. The technique can however be 

technically demanding. It should also be noted that the proteins are denatured in the gel, 

whereas in staining of tissues the proteins are in their three dimensional shape, which 

can be of relevance when choosing your antibodies. 

 

6.3.8 Genotyping 

The rats in the F2(DAxPVG) intercross were all genotyped. This was performed by 

extracting genomic DNA from the tail tips and analyzing simple sequence length 

polymorphisms (SSLP) using microsatellite markers, a method previously used also in 

human genetics (198). Microsatellites are simple sequence repeats of 2-6 nucleotides 

repeated up to 50 times that occur in the genome, often in non-coding regions (199). By 

PCR the fragment is amplified and the size of the product analyzed with gel 

electrophoresis, and as the microsatellites are highly polymorphic in length between 

individuals (and rat strains) they can be used to determine from which individual/strain 

the genomic fragment is inherited. But new methods have emerged for genotyping, 

more often using Single Nucleotide Polymorphisms (SNPs), which occur much denser 

in the genome (1 per 900bp) (200) than microsatellites (1 per 16000bp) (201) and in 

humans, this method has replaced the use of microsatellites. But there have not been 

sufficiently dense SNP maps in the rat so far to allow for this method to be used here. 

Thus, in order to genotype the F2 intercross a panel of polymorphic microsatellite 

markers was selected from the Rat Genome Database (http://rgd.mcw.edu) and the 

Ensembl database (www.ensembl.org) and spaced evenly throughout the genome with 

an average distance of 20cM based on previous knowledge of optimum spacing in an 

F2 intercross (202). Since only 1-2 recombinations occur per chromosome the spacing 

in the initial screen does not have to be denser. In an AIL however, the genotyping has 

to be very dense, and the higher the generation of the cross the denser the genotyping, 

as there are more recombinations. The F2 intercross was genotyped with 113 

microsatellite markers. In the initial part of the studies we used a radioactive based 

manual gel electrophoresis methodology but at later stages a more modern fluorescent 

based method was applied. The genotyping data was used in studies I, II and IV. 

 

6.3.9 Microarray and bioinformatics  

Global expressional gene profiling using microarrays is a powerful method that enables 

analysis of the global transcriptome. mRNA from the tissue of interest is prepared, 

reverse transcribed, amplified and labeled to cRNA and then hybridized to special gene 

chips covered with oligonucleotide probes complementary to the cRNA. The 

abundance of mRNA of a special target is correlated with the signal intensity, and the 

stronger the signal from a specific probe, the more RNA. The chips covered 27000 

genes, and thus enabled to assess the expression of most known genes. The technique 

http://rgd.mcw.edu/
http://www.ensembl.org/
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therefore offers a good approach when trying to understand complex diseases as 

identification of gene activation patterns and networks is made possible. However, 

analysis of microarray data is complex due to the vast amount of generated information. 

Interpretation of the data is in turn complicated by possible/probable 

interconnectivity/dependency between genes. This type of global expression scanning 

consequently needs to be paired with good expertise in bioinformatics and often also by 

the use of specialized software. But the methodology has provided valuable 

information regarding complex disease regulation and patophysiology (203, 204). We 

have used the technique in all four studies included in this thesis. 

 

6.3.10 eQTL mapping 

Gene expression is considered a phenotype, which can be linked with the genotype 

acquired from genotyping all individuals/animals in the studied cohort- this is an 

application of classical Quantative Trait Loci (QTL) mapping. In this way a genetic 

region that regulates expression of the studied gene can be identified, an expression 

QTL (eQTL). This is fairly easy when studying expression of one or several genes. 

However, when this is done using microarrays, all 27000 transcripts can be linked with 

all the genetic markers in the cross (in our case 113 microsatellite markers), of all the 

animals (in our case 144 animals) which creates an enormous three dimensional data 

bank. To analyse this requires solid expertise in bioinformatics and powerful hardware. 

These analyses were performed in collaboration with Dr Matthias Heinig and professor 

Norbert Hübner (Max-Delbrück Center for Molecular Medicine, Berlin). The method 

thus makes it theoretically possible to identify gene regions that regulate expression of 

every single one of the 27000 transcripts. By further advanced bioinformatical analysis 

using custom made programming (for details see study I and II) and simpler analysis 

using softwares like Partek Express® (Partek Inc., St. Louis, MO, USA) and Ingenuity 

Pathway Analysis software (IPA 9.0, http://www.ingenuity.com), a web-based 

software, it is possible to identify pathways and clusters of co-regulated genes. This 

methodology is unbiased, and acts like a screening, and thus enables the identification 

of new pathways that may not have been found in pure hypothesis drive research. The 

drawback is of course that it is technically demanding and also expensive. eQTL 

mapping is applied in studies I, II and IV. 

http://www.ingenuity.com/
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7 RESULTS AND DISCUSSION 

7.1 EQTL MAPPING FOLLOWING VRA 

The DA and PVG strains have previously been shown to differ in neuronal survival 

following both VRA (205, 206) and TBI (167). However, in these studies nerve cell 

death was explored at later time points following injury (21 and 18 days respectively), 

and it is likely that events occurring early after injury will effect downstream events, 

like death of neurons. We therefore performed a large-scale attempt in characterizing 

the global spinal cord response 5 days after VRA. Five days was chosen as time-point 

since there is an intense, localized inflammation in the spinal cord around the harnessed 

neurons, but the neurons have not yet died. An F2(DAxPVG) intercross that consisted 

of genetically heterogeneous animals which all carry randomly distributed DA or PVG 

DNA at every locus (see chapter 4) was created. The F2 rats were operated with VRA 

and 5 days after injury the injured ventral quadrant of the spinal cord taken for global 

expression profiling analysis using microarrays. The animals were also genotyped and 

eQTL mapping performed. Almost 3500 eQTLs at p<0.01 for genome-wide 

significance level, out of which around 800 regulated in cis and the remaining in trans, 

were identified. This enormous data set constitutes the fundament of studies I, II and 

IV, and the methodology and experience drawn from this are also applied in study III. 

 

7.2 STUDY I- SPECIAL FOCUS ON THE COMPLEMENT SYSTEM  

Prior work in the group had identified C1q and C3 to be among the most differentially 

regulated genes between DA and PVG using a simpler form of microarrays, and 

expression of C1q correlated with loss of nerve cells (207). There is also clinical data 

suggesting that complement is involved in neurodegenerative processes. Thus, the 

gradual neurologic worsening that occurs in progressive MS, in relative absence of 

relapses and radiological signs of inflammation, in combination with the lack of 

response to immunomodulatory treatment, suggests that other disease mechanisms than 

a T cell driven immune response become more important (208-210). Components of 

the complement system are strong candidates for these mechanisms, as they have been 

linked to multiple neurodegenerative disease (150). There is also an increasing body of 

evidence indicating the complement system to be dysregulated in MS (211). We 

therefore focused on the regulation of complement expression following VRA in the 

F2s, with the aim of identifying new pathways explaining the activation and role of 

complement following injury. 

 

While no genetic linkage could be detected for expression of most complement 

components, expression of C1qa, C1qb, C3 and C9 all displayed regulation from 

distinct gene regions. Expression of C1qa, C1qb and C9 were all trans-regulated from 

distinct eQTLs that all contained different cis-regulated C-type lectins (CLECs), but 

without clear inter-connectivity expression patterns of the transcripts within the gene 

clusters. On the contrary C3 expression was co-regulated with 47 other genes out of 

which a majority of the transcripts were interconnected. None of the genes in the 

cluster were CLECs. An expression network identified a link between C3 and BChE 

expresssion. BChE has multiple functions in the CNS, not least degradation of ACh 

(179). BChE seemed a highly interesting candidate for further studies as altered BChE 
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activity has been associated with both AD (212) and MS (213) and ACh can regulate 

inflammation. 

 

The link between ACh-inflammation-C3 was further explored in vitro where glial cells 

from rat and mice were exposed to TNF-α stimulation and found to up regulate C3 

expression, which in turn was abrogated by concomitant ACh stimulation. 

 

We also explored if the link between C3 and BChE could be relevant in the clinical 

setting and therefore analyzed C3 and BChE levels in the CSF of MS patients. We 

correlated these levels with degree of clinical disability and levels of Neurofilament-

light (NFL), an established marker of neurodegeneration in MS (64, 214) in a well-

defined cohort of MS patients and controls. Interestingly, C3 levels correlated strongly 

with those of BChE, and also with NFL when including controls in the analysis, as well 

as to clinical disability. Also, C3 levels were highest in patients with progressive 

disease. The clinical data will be summarized in a separate manuscript, currently under 

preparation (Aeinehband et al). 

 

In summary, the results demonstrated two major findings- partly a link between the 

complement system and the CLECs, and also a connection between C3 and the 

cholinergic system, via BChE. The identified pathways could also be involved in 

regulating complement in MS, especially in the progressive/degenerative phase. 

 

 

7.3 STUDY II- A NOVEL ROLE FOR COMPLEMENT RECEPTOR 2 IN THE 

CNS 

Since complement proteins mediate their actions via receptors a natural continuation 

from the first study was to explore the role of complement receptors following nerve 

injury. We therefore studied four of the most common complement receptors, Cr1-4, in 

the eQTL material and found an exceptionally strong genetic regulation acting on Cr2 

expression, p-value <10
-6

, with PVG alleles driving higher expression. This motivated 

further studies of Cr2, a gene otherwise most studied in the context of B cell 

immunobiology and with poorly known function in the CNS. 

 

First, the cis-regulation identified in the F2 intercross was confirmed in a 

G12(DAxPVG) AIL, pin-pointing the differential regulation of gene expression to the 

gene itself, located at the end of rat chromosome 13. Secondly, a kinetic study of Cr2 

expression following VRA was performed demonstrating that Cr2 is not expressed in 

the unperturbed spinal cord, only after injury, with peak expression occurring 7 days 

post-injury and the highest levels in PVG.  B cells are very rare after VRA, and Cd19 

expression was not measurable after VRA, arguing against B cell influx/activation as a 

source of Cr2. To confirm that Cr2 expression was of general interest in nerve 

injury/inflammation we also exposed DA and PVG rats to another type of injury, SNT, 

and also here saw a strong up regulation of Cr2 after injury, especially in PVG rats. The 

PVG rats are protected from nerve cell death as compared to DA following VRA, and 

here we show that the up regulation of Cr2 in PVG is associated with less drastic loss 

of synapses, an early neurodegenerative event, following SNT. As VRA is not 
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technically possible in mice, but VRA and SNT in rats yielded similar results we could 

bridge over and work with the SNT model in mice.  

 

To assess whether Cr2 could confer part of the protection from synapse loss observed 

in the PVG compared to DA rats, Cr2
-/- 

mice were exposed to SNT. The Cr2 knock-out 

(KO) was found to suffer from more pronounced loss of synapses compared to wild-

type (WT). The pattern of Cr2 up regulation resembled the pattern of Gfap expression 

suggesting that astrocytes could be the source of Cr2; this was confirmed in cell 

cultures and via IHC. But since Cr2 is known to exist in a soluble form, and the IHC 

stainings were a diffuse in character we assessed the potential presence of soluble Cr2 

(sCR2) in the CSF. Indeed, this turned out to be the case, with clearly induced levels 

after VRA in rats. The finding of sCr2 in the CSF of rats prompted us to investigate 

whether this could be the case also in human disease; sCR2 was therefore measured in 

a cohort of MS patients and controls, which revealed increased levels of sCR2 in the 

patients as compared to non-inflammatory controls. 

 

There are a number of new findings in this study- not only that CR2 exists/can be up 

regulated in the adult CNS but also plays an important role as it protects from loss of 

synapses following spinal inflammation in rodents. Also, CR2 is shown to exist in a 

soluble form in CSF and is increased following injury in rats and in patients with MS, 

thus possibly adding to the bank of biomarkers reflecting neuroinflammation. The most 

established role of CR2 is to bind different fragments of C3. This has been functionally 

exploited in experimental therapies used to treat complement related pathology, which 

have greatly enhanced efficacy when linked to CR2 (215, 216). It is thus tempting to 

believe that elevated levels of sCR2 can balance the increased complement activation 

occurring after injury/inflammation, in analogy with sCR1 treatment which is 

protective after SCI (147). However, further studies, for example using in vivo cell type 

specific knock-down, are needed to demonstrate more in detail the role of locally 

expressed CR2 in the CNS. 

 

 

7.4 STUDY III- IMMUNE CELL INFLUX AND COMPLEMENT ACTIVATION 

FOLLOWING TRAUMATIC BRAIN INJURY 

TBI is a serious condition. The term TBI is however rather unspecific as traumatic 

brain injuries display large differences in severity. Furthermore, the processes that 

occur after a TBI are complex and dynamic and many continue for long time after 

initial injury. However, inflammation is increasingly recognized as an important 

component of the TBI response, with many different cell types being involved. Based 

on this, we were prompted to undertake a broad study that aimed at screening both the 

expressional machinery and also the cell types involved in the TBI response. As in the 

previous studies, we worked with the rat strains DA and PVG, that we previously 

demonstrated to differ in both  neuronal survival (167) and T cell responses (217) after 

TBI.  

 

We first performed a microarray expressional screening of the injured area of the brains 

from DA and PVG rats exposed to a standardized experimental brain injury model, as 

well as from healthy control brains from both strains. TBI induced large changes in 
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expression between injured and control animals, but there was also considerable 

influence of the strain where approximately 34% of the variability was affected by 

strain or strain in combination with injury and 60% by injury (and 6% noise). Pathway 

analysis of the data revealed that the inflammatory response was one of the most 

differentially regulated pathways between DA and PVG, both in naïve animals and 

after injury. Since inflammation is a wide concept, further analysis of which 

inflammatory pathways were the most important, or at least most strongly regulated, 

revealed that the complement system not only was the most differentially regulated 

pathway between DA and PVG rats both in naïve and after TBI, but also one of the 

most regulated pathways when comparing healthy to injured animals in both strains. 

When analysing the pathways that were the most differentially regulated between 

injured and naïve animals in general, i.e. from both strains, multiple processes linked to 

immune cell trafficking were identified. This first screen thus pointed to immune cell 

trafficking and complement activation as highly relevant to explore more in depth.  

 

We established a new protocol for flow cytometry of cells from rat brains, which 

enabled a robust characterization of most cell populations, as well as to discriminate 

between macrophages and microglia, which is very difficult using IHC. We found, not 

surprisingly that microglia were the largest immune cell population, but it was 

interesting to see that the microglia outnumber the macrophages almost 10 times, and at 

later time-points almost 20-fold. We also found quite a large number of NK cells, with 

considerable strain differences in numbers and composition of different NK cell 

subsets, with more NK cells in DA, especially those that were CD161(bright), as 

compared to CD161(dim). This is interesting as the CD161(dim) have been 

demonstrated to have anti-inflammatory properties that are lost in the CD161(bright) 

(218), which perhaps contributes to the increased inflammatory milieu in the DA. 

 

We also performed a detailed analysis of complement activity, regarding kinetics of 

expression and localization, at both mRNA and protein level, which revealed up 

regulation of complement, mostly in microglia, during the days following TBI. This 

could contribute to accentuated secondary nerve cell loss, since the neurons are in a 

susceptible state after injury. This was supported by the findings that both C3 and MAC 

labeled both neuronal cell bodies and axons. Also, the degree of complement activation 

correlated with increased levels of NFL in the CSF. 

 

  

7.5 STUDY IV- THE ROLE OF C-TYPE LECTINS AFTER INJURY 

INDUCED SPINAL CORD INFLAMMATION 

In study I we identified a genetic link between the complement system and different 

CLECs. As we previously have found an association between complement expression 

and survival of axotomized motor neurons following VRA (207) we were prompted to 

explore the role of C-type lectins after VRA further. Also, in the F2(DAxPVG) 

intercross one of the strongest regulated eQTLs in the whole data set, comprising more 

than 27000 transcripts, was the eQTL regulating expression of Clec4a3, also called 

Dendritic Cell Immunoreceptor 3 (Dcir3). Clec4a3 is localized on chromosome 4, in a 

segment that contains a cluster of C-type lectin genes. Fortunately, we had access to a 

congenic rat strain, Aplec, which has a small PVG segment containing only seven 
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genes, all CLECs and including Clec4a3, onto DA background. A comparison of motor 

neuron survival in Aplec and DA following VRA revealed significantly improved 

survival in Aplec. To assess the mechanisms behind this, global expression profiling of 

spinal cords in naïve and injured Aplec and DA rats was performed. This revealed that 

around 230 genes (p<0.01) were differentially expressed in the injured Aplec compared 

to DA. These genes were grouped into clusters using bioinformatical software which, 

apart from differential expression of CLECs, suggested involvement of T cells. Flow 

cytometry of injured spinal cords from Aplec, and the parental strains DA and PVG 

was performed, which revealed that the Aplec strain had significantly more infiltrating 

T cells than the other strains. In summary this study demonstrated that genetic 

variability in C-type lectins can have large impact on survival of nerve cells following 

injury, and also that T cells could be involved in this process. The CLECs are expressed 

by microglia, which suggests that the microglia in the strains (DA compared to Aplec), 

could be different from each other regarding their reactivity and signaling following 

nerve injury, which subsequently affects the recruitment of T cells to the site of injury 

that in turn affects the injured motor neurons. 
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7.5.1 T cell depletion studies in Aplec 

To further explore the role of T cells in Aplec we performed an additional set of 

experiments where we attempted to deplete T cells using a monoclonal antibody 

directed towards the TCR. Aplec rats were treated either with R73 mouse hybridoma 

IgG1 antibody (Mabtech, Stockholm, Sweden) directed against the alpha-beta T cell 

receptor, TCRαβ, by intraperitoneal injection 1 day before surgery and with an 

additional injection at 3 days after surgery (5 days survival) or 4 days and 11 days after 

surgery (21 days survival). Control animals were injected with an IgG1 isotype control 

antibody, Ly128 (Mabtech), towards an irrelevant bacterial antigen (219). Motor 

neuron survival assessed at 21 days after VRA revealed that the animals that had 

received active treatment with R73 had worse survival of motor neurons compared to 

controls (Figure 9).  

 

 

 
 

However the animals that received the TCR antibody also lost more weight at 5 days 

after injury and had gained less weight at 21 days after injury which suggested that they 

in general were worse off. Therefore we could not conclude that the T cell depletion by 

this treatment directly affected the neurons, but that the worse neuronal survival could 

be a consequence of systemic effects. 
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To confirm that T cell depletion actually occurred following the antibody treatment, 

both in the systemic circulation and the spinal cord, we assessed this using flow 

cytometry, RT-PCR and IHC. 

 

 

 
 

 

The treatment with the R73 antibody unexpectedly depleted only CD8 T cells, whereas 

the CD4 population remained unaffected (Figure 10), as assessed with flow cytometry 

of spleens 5 days after VRA. This was verified also in the spinal cord as assessed using 

RT-PCR and IHC (Figure 11). 
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In summary, the T cell depletion experiments reduced the number of T cells, although 

far from completely and mainly affected the CD8 T cell pool. Also, the treatment had 

systemic effects as the animals treated with R73 compared to the controls lost more 

weight initially after injury and failed to regain as much weight as the controls at the 

end of the experiment. We could therefore not draw a firm conclusion as to the role of 

T cells in the spinal cord, but nevertheless the findings lend some support for the notion 

that T cells contribute to improved neuronal survival in the Aplec rats following VRA. 
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8 CONCLUSIONS AND FUTURE DIRECTIONS 

8.1 THE LINK BETWEEN THE CHOLINERGIC AND THE COMPLEMENT 

SYSTEMS- AN IMPORTANT NEUROIMMUNE AXIS? 

The acknowledged link between cholinergic signaling and immune regulation has 

definitely furthered understanding of how the CNS and immune system interact. This 

interplay perhaps also constitutes a key to explaining some of the mechanisms behind 

development of CNS disease. In a recent publication a correlation between levels of 

several complement components and ChAT was identified in in the CSF patients with 

MS (220) and in a related study the levels of multiple complement proteins correlated 

with activity of BChE in patients with AD (221). Together with our findings this 

suggests that an imbalanced cholinergic system could affect the complement system, or 

possibly vice-versa, and this in turn contributes to the progressive neurodegeneration 

that occurs in both AD and MS. I think this is a very interesting lead to follow up on, as 

MS lacks an effective treatment in its progressive forms, contrary to its relapsing-

remitting phase. Also, curative treatments for AD are still lacking, and the best 

currently available target the cholinergic system. A plausible scenario that could occur 

in the progressive neurodegenerative diseases is the following; an altered balance with 

relatively less ACh, which could result from increased AChE/BChE or decreased 

ChAT activity emerges. This leads to insufficient inhibition of the low-grade 

complement expression that occurs constantly in the CNS as a way of maintaining 

homeostasis, i.e. preserving functional synapses and healthy cells while removing 

excess tissue and debris. When the chronic background complement activity is 

insufficiently inhibited a gradual increase in complement deposition occurs, first on 

areas distal from the neuronal soma, like synapses, and then on axons, which become 

degraded. This leads to slow but progressive impairment of neurological function but it 

is only late in the process that the neurons start to die, in accordance with findings 

which have demonstrated that synaptic degeneration often precedes nerve cell death 

(222, 223). However, even if this very simplified hypothesis would hold true, it does 

not explain how the process starts, or whether this is an intrinsic fault in the neurons or 

the result of an external signal.  

 

Further data implicating that signaling through cholinergic pathways could mediate 

neuroprotection has been found in epidemiological studies, which identified smoking, 

as a protective factor against developing PD (76). These results suggested that nicotine, 

a nAChR agonist, could be involved in conveying the protective effects, which was 

confirmed in animal models (224). Nicotine can stimulate several of the nAChRs, but 

given the aforementioned anti-inflammatory effect of signaling through alpha-7-

nAChR it would be interesting to study the role of agonists specific to this receptor in 

neurodegenerative diseases. Perhaps this treatment should be extended also to acute 

CNS diseases like trauma and ischemia? 

 

8.1.1 Systemic inflammation and neurodegeneration 

Also after cardiovascular surgery neurological injuries are among the most feared 

complications. Severe injuries like stroke occur in around 3% of the coronary artery by- 

pass grafting (CABG) operations (225) and are most often caused by emboli, due to 
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manipulation of the heart and major vessels. This is quite easy to understand from 

pathophysiologic point-of-view, however, the post-operative confusion without focal 

neurologic impairment, which occurs in up to 50% of the patients undergoing heart 

surgery, is less well understood (226). The confusion can cause significant morbidity as 

it sometimes can be long-lasting; in up to 25% of all the patients the impairment can 

remain even 6 months after surgery (226). Although some of the cases can be 

accounted for by silent emboli as detected on MRI (226), this does not explain 

everything, and often, no pathology can be detected radiologically, suggesting that the 

injury could be at microscopic level, perhaps even at synaptic. However, it is not only 

cardiovascular surgery that is complicated by neurological insults, as also other types of 

major, non-cardiac surgeries are associated with around 30% post-operative confusion 

rates, even in young patients (227). Perhaps the general state of inflammation caused 

by tissue damage from the surgery contributes to the cognitive effects. 

 

A related, well-known phenomenon is that systemic inflammation aggravates 

neurodegeneration, for instance in MS, where bouts can be triggered by non-CNS 

infections (228). This was also demonstrated experimentally by challenging rats that 

were in the remission phase of EAE with systematically delivered endotoxin. The 

systemic inflammation caused the rats to worsen in neurological function as a 

consequence of up regulation of inflammatory cytokines in the CNS (229). The 

systemic increase in pro-inflammatory cytokines stimulated microglia to switch 

phenotype which mediated the CNS tissue damage, including axonal injury (229). But 

this being said, it is not certain that anti-inflammatory medications after major surgery 

or systemic disease is the best way to go, as this inflammation perhaps serves its 

purpose in the periphery to defend against pathogens. Ideally, one should perhaps target 

the inflammatory response in the CNS specifically; again, nAChR agonists would be an 

interesting therapy. 

 

 

 

8.2 THE IMPORTANCE OF GENETIC BACKGROUND, WITH SPECIAL 

RELEVANCE FOR T CELLS 

I also believe that the findings in study IV, where genetic variability in C-type lectins 

was shown to affect neuronal survival after injury, presumably through T cell related 

pathways, are of importance. One of the main implications of this study is that the 

genetic background of the experimental strain has large impact, which perhaps is not 

always accounted for. This could possibly contribute to explaining why there are so 

many contradictive results regarding T cells and 

neuroinflammation/degeneration/protection. Antigen presentation and subsequent T 

cell activation are highly complex processes, dependent not only on the stochastic 

assembly of DNA that forms the MHC and TCR molecules, but also on an array of co-

stimulatory molecules, ligands and receptors, of which most I have not mentioned. If 

one takes into account that all of the above processes can be influenced by genetic 

variability then it is possible that T cells could behave differently in different strains. It 

is therefore not surprising that we still do not fully understand the role of T cells 

following CNS injury.  
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8.3 ESTABLISHMENT OF A REPRODUCIBLE FLOW CYTOMETRY 

PROTOCOL FOR TBI TISSUE 

Working with CNS tissue in flow cytometry is often complicated by the stickiness of 

myelin, the relatively sensitive cells and the rather long sorting and separation 

processes that need to be performed as compared to for instance working with blood, 

lymphatic or spleen tissue. I therefore believe that establishing a reproducible and 

robust protocol for flow cytometry of brain tissue contributed to important and novel 

knowledge regarding the sizes and relative proportions of the different cellular 

populations involved in the brain injury response. Especially as it by for instance IHC 

is difficult to distinguish macrophages from microglia, and many studies therefore 

cluster these populations into one. Our current study convincingly demonstrated that 

the microglia outnumbered the macrophages almost 20-fold and I think that this is 

important to bear in mind when discussing the differential, and potential roles of 

macrophages and microglia following CNS injury (97). 

 

 

8.4 A UNBIASED APPROACH REVEALS A NOVEL ROLE FOR CR2 IN 

THE CNS 

The unbiased approach using linkage analysis in intercrosses has already been praised. 

However, I still want to emphasize the strength of this methodology, as this lead to the 

discovery of CR2, which probably was the last of the complement receptors we would 

have thought to study in the CNS. Instead, CR2 emerged as the strongest candidate, 

which we probably would have missed had we instead chosen a strict hypothesis driven 

approach. We would likely have focused on CD11b/CR3 instead, as this is the perhaps 

most established and studied complement receptor, readily expressed on microglia. 

 

The CR2 study (study II) is the most extensive study in the thesis and is still not 

completely finished. A lot of work has been done, from characterization of CR2 

expression kinetics, to cellular localization and also functional outcome of knocking 

CR2 out. Our first hypothesis was that the inflammation that occurs following VRA, 

and also in MS, leads to the shedding of the ectodomain of CR2, sCR2, into the CSF 

where it neutralizes complement released both after VRA and in MS. But it is also 

possible that sCR2 instead works in an indirect fashion, as a signaling molecule to 

down regulate or reprogram microglia, as sCD21 has been shown to do with monocytes 

(230). It is interesting that the shedding of the ectodomain of CR2 is a consequence of 

oxidative stress (231), which again links two systems together- oxidative stress and the 

complement system. The last experiments have aimed at deciphering the mechanisms 

by which sCR2 works although we are not quite there yet. 

 

 

 

 

 



 

  55 

8.5 LAST WORDS 

Personally, I will continue with research, but slightly change direction and instead 

focus on translational research at the intersection between the circulation and the 

nervous system. The unresolved questions regarding postoperative confusion after 

cardiovascular surgery are certainly interesting and warrant further exploration, 

especially if it were possibly to develop methods of examining synaptic pathology. 

Perhaps all these patients should be treated with nicotine patches to stimulate the alpha-

7-nAChRs in an attempt to dampen the cerebral inflammation, down regulate local 

complement activation, stimulate cognition and in the end spare the synapses? Lastly, I 

am especially fascinated by the findings of Allen and Buckberg (52-54), who presented 

the remarkable result of next to complete neurological recovery following 30 minutes 

of global cerebral ischemia given a strict reperfusion protocol. But I believe that there 

still are some questions to answer before the cardiothoracic surgeons become the next 

generation neurologists! 
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