
 

The role of the alpha 7 nicotinic 
acetylcholine receptor in 

inflammation and brain injury 
Maria Hammarlund 

 

 

 

Department of Physiology 

Institute of Neuroscience and Physiology 

Sahlgrenska Academy, University of Gothenburg 

 

 

 

 

 

 

Gothenburg 2022 



 

 

Cover illustration: “Micromanaging” by Maria Hammarlund. The illustration is 
based on an IHC staining of microglia (Iba-1) 7 days after HI injury in cerebral tissue 
from Paper III. The front of the cover shows a majority of activated microglia with 
intermediate to amoeboid morphology in substantia nigra, while resident, ramified 
microglia in the adjacent cortex structure are displayed on the cover back. 

 

 

 

 

 

 

 

 

The alpha 7 nicotinic acetylcholine receptor in inflammation and brain injury 

© Maria Hammarlund 2022 

maria.hammarlund@gu.se 
maria.e.hammarlund@gmail.com 

 

ISBN 978-91-8009-616-4 (PRINT)  
ISBN 978-91-8009-617-1 (PDF) 

 

Printed in Borås, Sweden 2022 

Printed by Stema Specialtryck AB  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Till Andréas 

  

Trycksak
3041 0234

SV
ANENMÄRKET

Trycksak
3041 0234

SV
ANENMÄRKET



 

 

Cover illustration: “Micromanaging” by Maria Hammarlund. The illustration is 
based on an IHC staining of microglia (Iba-1) 7 days after HI injury in cerebral tissue 
from Paper III. The front of the cover shows a majority of activated microglia with 
intermediate to amoeboid morphology in substantia nigra, while resident, ramified 
microglia in the adjacent cortex structure are displayed on the cover back. 

 

 

 

 

 

 

 

 

The alpha 7 nicotinic acetylcholine receptor in inflammation and brain injury 

© Maria Hammarlund 2022 

maria.hammarlund@gu.se 
maria.e.hammarlund@gmail.com 

 

ISBN 978-91-8009-616-4 (PRINT)  
ISBN 978-91-8009-617-1 (PDF) 

 

Printed in Borås, Sweden 2022 

Printed by Stema Specialtryck AB  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Till Andréas 

  



 

 

  
The alpha 7 nicotinic acetylcholine receptor 
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Maria Hammarlund 
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ABSTRACT 

The alpha 7 nicotinic acetylcholine receptors (α7nAChR) are expressed in the 
nervous system as well as on peripheral immune cells where it participates in the 
cholinergic anti-inflammatory pathway. Inflammation is a common component in the 
pathology of many diseases and injuries, including brain damage. Stroke and 
neonatal encephalopathy are common causes of mortality and morbidity worldwide 
in adults and infants, respectively, but lack sufficient treatment strategies. This thesis 
aims to deepen the knowledge of α7nAChR involvement in immune regulation in 
human immune cells, and to investigate the treatment effect of α7nAChR stimulation 
in experimental models of adult and neonatal brain injury. 

In Paper I, expression of the α7nAChR encoding gene CHRNA7 and its partially 
duplicated gene CHRFAM7A were investigated in human peripheral blood 
mononuclear cells (PBMCs) from the healthy Swedish SciLifeLab SCAPIS Wellness 
Profiling (S3WP) cohort, and whether single nucleotide polymorphisms (SNPs) in 
these genes could affect clinical parameters as well as the immune response. Gene 
expression of CHRNA7 and CHRFAM7A was positively correlated, and CHRFAM7A 
expression was four times higher than CHRNA7 expression. Furthermore, one SNP, 
rs34007223, was associated with high sensitivity CRP (hsCRP) levels and nine SNPs 
in CHRNA7 and/or CHRFAM7A were associated with altered PBMC cytokine 
response. In Paper II, the expression of Chrna7 was investigated in different regions 
of the naïve adult mouse brain, and the treatment effect of the α7nAChR agonist AR-
R17779 on stroke-induced injury was investigate using the middle cerebral artery 
occlusion (MCAO) model in mice. Chrna7 was shown to be expressed in all 
investigated brain regions with the highest expression in hippocampus and cortex. 
Although a small effect on white blood cell count was observed, the agonist had no 
effect on injury outcome in the MCAO model. In Paper III, the effect of α7nAChR 
stimulation on neonatal encephalopathy was investigated using a mouse model of 
hypoxia-ischemia, and whether this effect might be sex dependent. No effect was 
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observed on injury outcome seven days after insult. However, cytokines CCL2, 
CCL5 and IL-6 were shown to be decreased in the injured brain hemisphere 24 hours 
after insult in male, but not female, α7nAChR-stimulated mice. 

The findings in this thesis support the role of both CHRNA7 and CHRFAM7A as 
important regulators of the immune system in humans. Although α7nAChR 
stimulation had no effect on outcome in adult or neonatal brain injury models, minor 
effects on immune response were observed by the treatment. Notably, the 
immunomodulatory effect in the neonatal model was sex dependent and suggests that 
inclusion of both male and female subjects is of importance when evaluating 
α7nAChR function.  
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SAMMANFATTNING 
Alfa-7-niktionreceptorn (α7nAChR) är en av de vanligaste nikotinreceptorerna i 
hjärnan och har betydelse för bl. a. minne och cellförnyelse. α7nAChR finns även på 
flera andra celler i kroppen, tex. på vita blodkroppar där den visat sig vara en länk i 
signaleringen mellan nerv- och immunsystemet. α7nAChR kodas av genen CHRNA7. 
Mutationer i CHRNA7 har länkats till flera neurologiska sjukdomar, tex. epilepsi och 
schizofreni, men få studier har undersökt om mutationer i genen har någon betydelse 
för immunförsvaret. I människor är ett segment av CHRNA7-genen duplicerat, och 
ger upphov till en ny gen, CHRFAM7A, men dess exakta funktion är ännu inte 
kartlagd. I Delarbete I visar vi att mutationer kring CHRNA7-genen och dess 
duplikat CHRFAM7A är förknippade med ett förändrat immunsvar i vita 
blodkroppar. Dessutom visade vi att genuttrycket av duplikatet var fyra gånger så 
högt som för CHRNA7 i vita blodkroppar hos friska personer och att det var 
associerat med nivåer av många fler plasmaproteiner än CHRNA7.   

Receptorer är proteiner som är viktiga för kommunikation mellan och inuti våra 
celler. När ett ämne binder till en receptor leder det till någon form av svar, tex. 
uppreglering av en viss gen, eller utsöndring av ett hormon. Inflammation är en 
viktig komponent i många sjukdomar och skador, tex. stroke. Då aktivering av 
α7nAChR både kan hämma inflammation och öka neurogenes har den förslagits som 
ett potentiellt läkemedel vid stroke, som idag saknar tillräcklig behandling. I 
Delarbete II fann vi dock att behandling som aktiverar α7nAChR inte hade någon 
effekt på storleken på hjärnskada i en musmodell av stroke.  

I Delarbete III undersökte vi också om α7nAChR-aktivering kunde minska skada 
och inflammation i en musmodell av neonatal hjärnskada. Vi såg ingen skillnad i 
skada mellan möss som fått behandling och kontrollmössen som fått koksaltlösning. 
Däremot såg vi att behandlingen kunde minska uttrycket av inflammatoriska 
mediatorer i hjärnan hos hanar, men inte hos honor. Detta tyder på att det kan finnas 
könsskillnader i funktionen av α7nAChR. 

Sammantaget visar resultaten i avhandlingen  att  inte bara  CHRNA7, utan också 
dess duplikat, CHRFAM7A, verkar ha en betydande roll i immunreglering. Fortsatta 
studier behövs dock för att förstå hur dessa gener relaterar till varandra,  och andra 
närliggande gener.  Våra resultat visar  också att eventuella könsspecifika effekter 
bör  has i åtanke vid studieupplägg, och   att  tidigare upptäckta effekter i  hanar  inte 
nödvändigtvis är applicerbara på honor.  
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DEFINITIONS IN SHORT 

Agonist A compound that binds to and activates a receptor 

Apoptosis Programmed cell death 

Encephalopathy Disease, malfunction or damage to the brain (Encephalon: 
brain, -pathy: disease, damage, abnormality) 

Excitotoxicity Excessive activation of glutamatergic neurotransmission 

Hypoxia Insufficient oxygen supply to tissue 

In vitro “Within the glass”, research outside the living organism. 
Primarily refers to cell culture experiments. 

In vivo “Within the living”, research inside a whole, living organisms. 
In pre-clinical research, primarily refers to studies in animal 
models. 

Ischemia Insufficient supply of blood to tissue 

Necrosis Uncontrolled cell death 

Neonatal 

 

After time of birth (neo-: new, natal: birth), in human from 
birth to 28 days after birth 

Perinatal 

 

Around time of birth (peri-: around, natal: birth), in human 
from 22 weeks gestational age to 7 days after birth)   

Nomenclature 

Gene symbols for DNA and mRNA are written in italicized roman letters. For human 
genes the gene symbol is written in all uppercase letters (e.g. CHRNA7), while mouse 
genes are written with the first letter upper case and the rest lower case (e.g. Chrna7) 

 

  INTRODUCTION 

1 

 

INTRODUCTION 
Receptors are vital components in the communication between and within the cells of 
the body. The alpha 7 nicotinic acetylcholine receptor (α7nAChR) was first identified 
in the central nervous system (CNS) and have been linked to cognition and 
neuroprotection. Later it has also been shown to be expressed on peripheral immune 
cells where it takes part in the cholinergic anti-inflammatory pathway (CAP). The 
immune system is responsible for defending the body from harmful, intruding 
pathogens, however, activation of the immune system itself can also be harmful to 
the body. Inflammation is a common factor in the pathology of many diseases and 
injuries, such as stroke and neonatal encephalopathy, which is the focus of this thesis. 
Stroke and neonatal encephalopathy are both among the most common causes of 
mortality and morbidity worldwide in adults and infants, respectively. However, 
available treatment options are still limited. This chapter will provide a brief 
background of inflammation, stroke and neonatal encephalopathy. It will also give an 
introduction of the α7nAChR, its involvement in these processes and why it might be 
a suitable target for pharmacological treatment. 

Inflammation 
Inflammation is a major factor in the development and resolution of various diseases. 
It was originally defined in the first century as presence of the four cardinal 
symptoms: calor (heat), dolor (pain), rubor (redness) and tumor (swelling). Later, a 
fifth cardinal was added: function laesa (loss of function). In broad terms, 
inflammation can be described as the response to a stimulus from a pathogen or 
endogenous signal, and the following processes of elimination, repair and 
regeneration. Traditionally, the immune system is categorized into two subgroups: 
the innate and the adaptive immune response (1). The innate immune system is the 
first line of defense towards intruding pathogens and injuries and is characterized by 
a rapid, but unspecific response. The adaptive immune system on the other hand, has 
a later onset but a more precise response. Although the immune system is crucial for 
the defense against pathogens, injuries or tumor development, an excessive activation 
can be detrimental. The immune system can also attack healthy cells of the body, 
mislabeled as triggers, resulting in the development of autoimmune diseases. 
Balancing the defensive and repairing mechanisms of inflammation is key for 
optimal recovery, and the immune system is a common target for pharmacological 
treatment.  
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The immune system comprises both physiological and chemical barriers as well as 
white blood cells (WBCs), also called leukocytes (2). Leukocytes derive from 
hematopoietic stem cells and can be divided into two categories, myeloid cells and 
lymphoid cells (lymphocytes) based on what lineage cells they derive from. Myeloid 
cells, derived from myeloid progenitor cells, and include neutrophils, eosinophils, 
basophils, mast cells and monocytes as well as the monocyte derived macrophages 
and dendritic cells (3). Apart from white blood cells, myeloid progenitor cells also 
differentiate into red blood cells (erythrocytes) and platelets (thrombocytes). 
Lymphocytes are derived from lymphoid progenitor cells and include B-cells, T-
cells, natural killer cells (NK-cells) and lymphoid dendritic cells as well as B-cell 
derived plasma cells (4).  

Innate immune response 
The innate immune system consists of both immune cells and barriers, such as 
endothelial and mucosal layers in the skin, gastro-intestinal tract and airways (5). 
These barriers serve as physical and chemical barriers to prohibit foreign cells and 
proteins to enter tissues and circulation, while innate immune cells patrol tissues and 
circulation, ready to rapidly identify and attack any foreign cells or proteins that do 
penetrate the outer barriers. The immune cells have pattern recognition receptors 
(PRRs) that recognize molecular patterns that are associated with pathogens and 
tissue injuries (6). These molecular patterns can be divided into two groups: pathogen 
associated molecular patterns (PAMPs) and damage associated molecular patterns 
(DAMPs) (7). PAMPs are molecules foreign to the human body, found on different 
pathogens. A common PAMP is lipopolysaccharide (LPS), a molecule found in the 
cellular wall of gram-negative bacteria. DAMPs on the other hand are molecules that 
alert the immune system of tissue injury and consist of molecules endogenous to the 
body, but that are not found in the circulation and intercellular matrixes at a healthy 
state. Some common DAMPs are molecules that are normally located in the nucleus, 
but are released into intercellular matrixes at cell breakdown/cell death when the 
tissue is injured. This includes double stranded DNA, mitochondrial DNA, HMGB1, 
several heat shock proteins among others (7). 

There are several different PRRs (6), such as toll-like receptors (TLRs) (8), c-type 
lectin receptors (CLRs), NOD-line receptors (NLRs) and RIG-I-like receptors 
(RLRs)(6). PRRs are primarily expressed by myeloid cells, but are also found on 
lymphocytes, fibroblasts, epithelial and endothelial cells. Binding to PRRs initiates 
the innate immune response, both by activation of intracellular signaling pathways 
such as NfκB, JAK-STAT and MAP-kinases and by causing cells to release 
inflammatory mediators, such as cytokines, kinins and prostaglandins (6). Cytokines 
are small proteins, including for example interleukins, interferons, chemokines and 
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lymphokines and functions as recruiters of other immune cells to the inflammatory 
site, through both local and systemic signaling (9). Chemokines are cytokines that are 
released locally and provide a chemical gradient to guide chemotactic immune cells, 
such as neutrophils, to the site of inflammation. Cytokines and other inflammatory 
mediators also induce capillary leakage and dilation of the vasculature to allow for 
rapid recruitment and entrance of immune cells to the affected tissues. Different 
types of leukocytes have different roles in the defense and elimination of the threat. 
Neutrophils are the most abundant leukocytes and directly attack pathogens using a 
number of different strategies, such as phagocytosis, degranulation, neutrophil 
extracellular traps (NETs) and respiratory bursts (10). Monocytes are the largest 
leukocyte found in the circulation. During normal conditions they circulate the blood 
stream, ready to respond to any inflammatory signals, but upon inflammation, they 
may migrate into affected tissues, transforming into macrophages and dendritic cells 
(11). Macrophages and dendritic cells are tissue resident phagocytes and, being able 
to display fragments of phagocytosed cells, they are also important for antigen 
presentation. This provides another important feature of the innate immune system, 
the activation of the adaptive immune system.  

Adaptive immune response 

While the innate immune system provides a fast and general response, the adaptive 
immune system has a slower onset, but provides a very specific and effective 
response once activated. The main cells of the adaptive immune system are B-cells 
and T-cells. These cells mainly circulate the lymphatic system, and only a small 
fraction is found within the blood. After maturation in the bone marrow, B-cells 
migrate to secondary lymphoid organs, such as the spleen and lymph nodes (12). 
Antigen enters secondary lymphoid organs through the lymphatic circulation, where 
B cells can bind both soluble and cell bound antigens via its B cell receptor. Upon 
binding of an antigen B cells differentiates into antibody secreting cells. Activated B-
cells may also differentiate into memory cells, residing in the circulation, providing 
an effective defense to future inflammatory activation by the antigen. Developing T-
cells migrate from the bone marrow to the thymus to mature (13). In the thymus, T-
cells mature into different subgroups, the two major ones being helper T-cells (CD4+) 
and killer T-cells (CD8+). CD4+ cells functions by activating B-cells and CD8+ T-
cells, while CD8+ cells are cytotoxic and specifically target and destroys tumor cells 
and virus-infected cells displaying CD8 receptors (MHC I) on their surface.  
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Neuroinflammation 

In the nervous system, inflammation is primarily mediated through microglia and 
astrocytes. Microglia, the macrophage of the CNS, is important for 
immunosurveillance and is also the major phagocytic cell of the CNS. Similar to 
peripheral macrophages, microglia is also of myeloid origin, but derive from a 
population separated at an early developmental stage (14). Microglia are highly 
dynamic cells and can rapidly respond to changes in their environment. During 
normal conditions, microglia has a ramified morphology and has a patrolling 
function, important for immunosurveillance. When activated, microglia shift towards 
an amoeboid, phagocytic phenotype with antigen presentation (14). Although not 
traditionally classified as an immune cell, astrocytes are today considered major 
mediators in development and resolution of neuroinflammation (15). Similar to many 
peripheral immune cells, microglia and astrocytes can participate in both pro-
inflammatory and anti-inflammatory processes (15, 16). Microglia and astrocytes 
express PRRs and respond to DAMPs and PAMPs and shift towards a reactive 
phenotype (17). Pro-inflammatory microglia and astrocytes produce cytokines, 
induce apoptosis, suppress neurogenesis and actively participate in de-myelination. 
Importantly, they will also participate in disruption of the blood brain barrier (BBB), 
to allow circulating immune cells to enter the CNS. Conversely, microglia and 
astrocytes are also responsible for tissue repair and regeneration in the nervous 
system. Participating in anti-inflammatory processes, they may produce anti-
inflammatory cytokines, mediate complement binding to protein aggregates, produce 
neurotrophic factors and promote neurogenesis. Astrocytes participate in formation 
of glial scars to curb entrance of peripheral immune cells to the CNS, while anti-
inflammatory microglia will present antigens and phagocyte cell debris and protein 
aggregates. Apart from glial cells, the CNS also contains perivascular macrophages 
(18) participating in immunosurveillance. For example, antigen-presenting cells 
containing the brain antigen myelin has been found in cervical lymph nodes during 
multiple sclerosis (19, 20).  

Stroke 

Stroke is one of the leading causes of death and disabilities both in developed and 
undeveloped countries, and one in four adults over 25 will have a stroke in their life 
time (21). Every year 15 million people suffer a stroke worldwide and out of these 5 
million dies and another 5 million are left with permanent disabilities. Acute non-
traumatic brain injuries have been recognized for over 2000 years, and was by 
Hippocrates termed “apoplexy” around 400 BC. The medical term “stroke” was later 
introduced by William Cole in 1968. With medical advances the term “transient 
ischemic attack” (TIA) was introduced in the 1950’s to describe temporary vascular-
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related dysfunction of brain dysfunction. The definition of stroke used today by 
World Health Organization (WHO) and the World Stroke Organization (WSO) 
defines stroke as “rapidly developing clinical signs of focal or global disturbance of 
cerebral function, lasting more than 24 hours or leading to death, with no apparent 
cause other than that of vascular origin” (22). The American Heart Association and 
American Stroke Association published an updated, more detailed, definition in 2013 
that incorporates both clinical and tissue criteria (23). However, this definition was 
not accepted by WHO and WSO, which still use the 1970 definition. Given that 
stroke is defined by clinical criteria, the injury can have a number of different causes. 
Strokes can roughly be divided into ischemic and hemorrhagic stroke, where 
ischemic stroke is caused by obstruction of blood flow while hemorrhagic stroke is 
caused by bleeding. Ischemic stroke is the most common cause and accounts for 
approximately 85% of all stroke cases. Obstruction can be caused either by a local 
occlusion of the vessel, a thrombosis, or an emboli, originating from a distant vessel, 
usually an atherosclerotic plaque from the carotid artery or caused by atrial 
fibrillation. Besides atherosclerosis and atrial fibrillation, risk factors for ischemic 
stroke also includes hypertension, smoking, as well as non-modifiable factors such as 
age, sex and family history of cardiovascular disease (24). 

Pathology 

The core ischemic region is defined as regions with <20% of normal blood flow and 
will suffer immediate consequences as neuronal cell death occur within minutes to 
hours (25). The fast breakdown of cellular structures are caused by intracellular ionic 
imbalance, mitochondrial failure, and activation of intracellular enzymes such as 
proteases, lipases and ribonucleases (25). The penumbra, the adjacent area to the core 
ischemic region, will also be affected by decreased blood flow. However, restoration 
of blood flow may prevent extensive neuronal cell death in the region. Still, 
reperfused penumbral region may also suffer exitotoxicity and inflammation from 
excessive release of glutamate due to neuronal cell death and depolarization.  

Oxygen deprivation compose an immediate risk to the nervous tissue in ischemic 
stroke, however, restoration of blood flow also causes injury to the tissue, such as 
oxidative stress, infiltration of leukocytes, mitochondrial dysfuntion and disruption of 
the BBB (26). Current treatment strategies for ischemic stroke is focused on 
occlusion removal to restore blood flow. However, also in patients not receiving 
treatment or surgery, blood flow will eventually be restored in 50-70% of the patients 
(27). Therefore, understanding the mechanisms occurring during and after 
reperfusion is crucial for better treatment of stroke patients.  
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Inflammation 

Tissue injury also results in activation of the immune system (28), e.g. after surgery 
(29), trauma (30) or ischemic reperfusion injury (31, 32). Tissue injury result in 
release of DAMPs from affected cells, which will trigger the innate immune response 
when binding to PRRs, such as TLRs (5). In the nervous system TLRs are expressed 
on microglia, the primary antigen presenting cell, but also by perivascular 
macrophages and astrocytes. Additionally, infiltrating leukocytes is also an important 
contributor to recognition of PAMPs and DAMPs following injury. Following stroke, 
activated microglia in adjacent nervous tissue migrate to the site of injury. Disruption 
of BBB will also lead to endothelial expression of adhesion molecules, e.g. ICAM-1, 
P selectin and E selectin (33), and infiltration of leukocytes to the CNS. This includes 
neutrophils, T-cells and macrophages. These cells can be found in the tissue after 24 
hr, but peaks 7 days following injury (34). 

Ischemic stroke not only causes local inflammation in the CNS, but also affects the 
peripheral immune system. Stroke is followed by increased systemic levels of pro-
inflammatory cytokines. Stroke also increases the risk for infections, such as 
pneumonia. This is thought to be caused by post-stroke immunosuppression (35, 36), 
hypothesized to be an example of injury-induced immune deficiency syndrome, 
regulated by the sympathetic nervous system (37). However, another hypothesis is 
that the acute pro-inflammatory phase after tissue injury is naturally followed by an 
anti-inflammatory phase of cell regeneration and repair (38). 

Treatment 

There are many risk factors associated with stroke and other cardiovascular events, 
eg. atherosclerosis, hypertension, high BMI, smokers, and previous cardiovascular 
events (24). Preventative medicine aims to lower these risk factors, primarily through 
life-style changes when possible, but also through medication. Acute treatment 
strategies, however, is very limited. Today, the only available options for ischemic 
stroke is pharmacological treatment (thrombolysis), or surgical removal of the clot 
(thrombectomy).  However, these procedures needs to be initiated within 4.5 and 6 
hours, respectively, after the first symptoms emerging (39). Given the short time 
frame for treatment a large number of patients cannot receive these treatments. 
Therefore, it is of great importance to find new treatment options. 
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Neonatal encephalopathy 
Brain injury is the leading cause of mortality and morbidity in newborn infants. 
Injury to the perinatal brain mainly occurs in the following four clinical settings: 
neonatal encephalopathy (NE) in term newborns, neonatal stroke, encephalopathy in 
premature newborns and systemic infections. NE affects 3 in 1000 live births and is 
characterized by decreased consciousness, seizures, low motility and altered 
respiratory function (40). The etiology of NE is complex, and though sometimes used 
synonymously with hypoxic ischemic encephalopathy (HIE), NE may stem from a 
number of different causes (41). NE has been associated with several risk factors, 
primarily of antepartum origin, such as maternal hypotension, infertility treatment 
and thyroid dysfunction. However, a minority of NE cases are associated with 
intrapartum and postnatal events (42). Although antepartum factors presents the 
highest risk, prospective studies using MRI have shown most NE occur near time of 
birth (43). NE is associated with many different complications such as motor 
function deficits (cerebral palsy, CP), mental retardation and death (44).  

In recent years, hypothermia has been introduced as a treatment strategy for NE and 
have shown to decrease mortality and severity of injuries (45-47). However, only one 
in eight infants respond to treatment with hypothermia (47) and it is therefore 
important to find new ways to treat neonatal encephalopathy. A complicating factor 
is that hypothermia needs to be initiated within 6 hr of birth. However, NE develops 
over several days (48), and symptoms may not be present at birth, thereby preventing 
therapy in a timely manner. Inflammation has shown to be an important factor in 
both development and resolution of NE injury (49), and immunomodulatory 
substances have been proposed as potential treatment strategies.  

Pathology 
The pathology of neonatal injury is quite different from adult, as neither the CNS or 
the immune system is fully developed at birth (50). The pathology of the insult in 
neonatal encephalopathy is therefore greatly affected by the gestational age (43), and 
the development of different cell populations in the brain. For example, 
oligodendrocytes seem to be more resistant to ischemic insult than pre-
oligodendrocytes and oligodendrocyte progenitor cells (51). This may explain why 
encephalopathy in the preterm brain usually has large involvement of white matter 
injury, while NE in term infants are located in the gray matter (52). There are several 
causes of NE, but this thesis will focus on injury as a result of HI.  
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Neonatal encephalopathy 
Brain injury is the leading cause of mortality and morbidity in newborn infants. 
Injury to the perinatal brain mainly occurs in the following four clinical settings: 
neonatal encephalopathy (NE) in term newborns, neonatal stroke, encephalopathy in 
premature newborns and systemic infections. NE affects 3 in 1000 live births and is 
characterized by decreased consciousness, seizures, low motility and altered 
respiratory function (40). The etiology of NE is complex, and though sometimes used 
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In recent years, hypothermia has been introduced as a treatment strategy for NE and 
have shown to decrease mortality and severity of injuries (45-47). However, only one 
in eight infants respond to treatment with hypothermia (47) and it is therefore 
important to find new ways to treat neonatal encephalopathy. A complicating factor 
is that hypothermia needs to be initiated within 6 hr of birth. However, NE develops 
over several days (48), and symptoms may not be present at birth, thereby preventing 
therapy in a timely manner. Inflammation has shown to be an important factor in 
both development and resolution of NE injury (49), and immunomodulatory 
substances have been proposed as potential treatment strategies.  
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causes of NE, but this thesis will focus on injury as a result of HI.  
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Compared to the adult brain, the neonatal brain is very vulnerable to oxidative stress, 
owing to high concentrations of unsaturated fatty acids, high oxygen consumption, 
low levels of antioxidants and redox-active ions (52, 53). Many factors contribute to 
increased cell death in injury, e.g. inflammation, excitotoxicity and oxidative stress 
(54, 55). The immune system in the newborns also differs from the adult. For 
example, neonates have higher WBCC, including high levels of neutrophils, which 
peak on day 3 after birth. The immune system undergo major changes in the first 
hour after birth and then matures in the following weeks-months. The major 
difference between the innate and adult immune system is the adaptive immune 
system, which is rather undeveloped at birth. For example newborns have low levels 
of MHC II and the T-cell response is skewed towards Th2. 

The events following HI injury can roughly be divided in three phases (56). The 
acute phase, is initiated within minutes of the hypoxic/ischemic as the insufficient 
blood/oxygen supply quickly leads to glucose deprivation and lactate accumulation 
due to anaerobic metabolism. The following hours is marked by excitotoxicity, 
mitochondrial stress and production of ROS  (56, 57), which will initiate recruitment 
of the immune cells (58). The secondary phase follows during the next hours-days 
(59), and is characterized by mitochondrial failure, cell death, and production of 
cytokines and chemokines leading to recruitment of peripheral immune cells. The 
tertiary phase follows during weeks to months after injury. This includes beneficial 
tissue remodeling, repair and regeneration, but also late cell death and chronic 
inflammation (59) due to activated microglia (60), astrocytes (61) and T-cells (62). 

Cell death starts immediately after HI, peaks during the secondary phase, but 
continues for several days-weeks. Early cell death is primarily necrotic, but changes 
towards apoptotic in the following days-weeks. This is referred to as the necrosis-
apoptosis continuum (50). Apoptosis is an important process in normal brain 
development for formation of cellular connections. However, excessive apoptosis can 
cause injury and seem to be a major contributor to injury development in HI. The 
injury may be more or less dependent on apoptosis or necrosis, depending on factors 
such as severity and location of the injury. For example, signaling through cytokine 
death receptors causes NO-mediated necrosis when levels of endogenous apoptosis-
inhibitors are high, but leads apoptosis when absence of these inhibitors. 
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Excitotoxicity is excessive activation of glutamatergic receptors that are damaging to 
the cells, and may result in cell death (63). Excitotoxic cell death is common to many 
cell types in the neonatal brain and might be explained high extracellular glutamate 
levels due to altered glutamate uptake in glial cells (64). This results in increased 
activation of NMDA-receptors and excessive cellular Ca2+ uptake, which leads to 
cell swelling (65). Activation of NMDA-receptors also leads to increased production 
of NO, and excessive NO-levels contribute to production of free radicals. 

Ischemic injury in term neonates primarily affect the deep grey nuclei and the 
periolandic cortex, but cells expressing nitric oxide synthase (NOS) appear to be 
resistant to ischemic injury (66). Cell death in basal ganglia seem to be mediated 
through NOS-expressing neurons, which contribute to death of neighboring cells (67) 
through oxidative stress and excitotoxicity (52, 68). However, the NOS-producing 
neurons themselves appear to be resistant to hypoxic-ischemic and NMDA-mediated 
excitotoxicity (66, 69).  

Treatment 
In recent years, hypothermia has been introduced as a treatment strategy for NE and 
have shown to decrease mortality and severity of injuries (45-47). However, only one 
in eight infants respond to treatment with hypothermia (47) and it is therefore 
important to find new ways to treat neonatal encephalopathy. A complicating factor 
is that hypothermia needs to be initiated within 6 hr of birth. However, NE develops 
over several days, and symptoms may not be present at birth, thereby preventing 
therapy in a timely manner. Inflammation has shown to be an important factor in 
both development and resolution of NE injury (49), and immunomodulatory 
substances have been proposed as potential treatment strategies.  

The alpha 7 nicotinic acetylcholine receptor  
Receptors are proteins essential for communication between and inside the cells in 
the body and are common targets for pharmacological therapies. By finding a 
substance that can bind to, and thereby stimulate or inhibit the receptor function, we 
can change the output from said receptor. Acetylcholine receptors (AChRs) are 
divided into two major groups of receptors: muscarinic and nicotinic receptor. They 
are named from the substance by which they were first identified. Nicotinic AChR 
(nAChR) are pentamers meaning they are constructed of five subunits. To date 17 
different subunits have been identified, including α1-α10, β1-4, as well as γ, δ and ε 
subunits (70). Most nAChRs are heteromeric and consists of two or more types of 
subunits, while the α7nAChR is homomeric and contains five α7 subunits. The 
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nAChRs have 5 orthosteric bindings sites where endogenous ligands can bind to the 
receptor (71). These are located between two subunits, creating 5 identical binding 
sites on the α7nAChR .The nicotinic receptors has historically been classified as 
ionotropic receptors, where binding of acetylcholine results in an influx of Ca2+. 
However, the α7- α7 subunit interface has very low affinity to ACh (72), and has low 
probability of channel opening when binding to ACh in environments with high 
levels of agonists, as this is associated with a desensitized state (73, 74). 
Furthermore, when ACh binds to neuronal α7nAChR, the receptor also displays an 
unusually high calcium permeability and fast and reversible desensitization. The 
calcium:sodium ratio is around 10:1, as a comparison the calcium:sodium ratio in 
nAChR of the rat ganglion neurons is only 0.65:1. Apart from ACh, α7nAChR are 
also selectively activated by the endogenous ligand choline. Interestingly, when 
studying α7nAChR signaling in peripheral immune cells it has been observed that 
ligand binding does not result in calcium influx (75), and that the anti-inflammatory 
effect of α7nAChR in CAP seem to be mediated through metabotropic signaling, 
involving the JAK2/STAT3 pathway. However, weather α7nAChR interacts directly 
with JAK2/STAT3 or via intracellular mediators remains to be investigated.  

The expression of α7nAChR is widespread throughout the human brain, and as 
shown in The Human Protein Atlas the highest gene expression of CHRNA7 are 
found in retina, pons, medulla oblongata and cortex (76). The majority of α7nAChR 
in the nervous system expressed by neurons, but α7nAChR has also been found on 
glial cells. Neuronal α7nAChR are involved in regulation of synaptic plasticity (77) 
and have been linked to processes of cognition and memory (78). Similar to 
α7nAChR on peripheral immune cells, α7nAChR on microglia (79-83) and 
astrocytes (84) also display anti-inflammatory properties when stimulated. How or 
when this signaling pathway would be activated, however, is still elusive. A recent 
study found anti-inflammatory processes in the brain to be independent of 
splenectomy, suggesting these processes are activated through other pathways than 
CAP (85). 

Several neurological diseases such as Schizofrenia, Alzheimer’s disease and 
Parkinson’s disease, have been linked to decreased expression of α7nAChR. 
Correspondingly, decreased α7nAChR expression, eg. in the case of 15q13.3 
microdeletion syndrome, have been associated with neurological disorders (86). 
When it comes to peripheral effects of the α7nAChR, the immune-modulatory effects 
of α7nAChR  stimulation is mainly mediated via its expression on monocytes and 
macrophages (87, 88), where stimulation of the α7nAChR decreased the production 
and release of cytokines (87) as well as phagocytosis (89).  
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CHRNA7 and CHRFAM7A 
The α7 subunits constructing the α7nAChR is encoded by the gene CHRNA7, located 
on the chromosome position 15q13-14 in humans (90). The gene consists of ten 
exons, referred to as exon 1-10. Interestingly, a partial duplication of the gene, 
including exon 5-10 have been found (91), and has been shown to be specific to 
humans. It is fused with a segment containing exon A-D of the ULK4/FAM7 gene to 
form the gene called CHRFAM7A. This gene is located 1.6 MBp from CHRNA7, 
with reversed transcriptional orientation (90), and translates into the protein dupα7 
(92). This protein has been suggested to interfere with the structure and function of 
α7nAChR, but the information about this protein is yet very sparse (92). One reason 
for the lack of information of the functional role of the CHRFAM7A and its protein 
may be that the CHRFAM7A is only expressed in humans, thus, limiting the 
possibilities for study in vivo. 

Interestingly, both gene expression as well as single nucleotide polymorphism 
(SNPs) in the CHRNA7 gene have been linked to different diseases (93-97) as well 
as treatment efficiency  (93, 94). Single nucleotide polymorphisms (SNPs) can 
potentially influence several aspects of gene regulation depending on the location of 
the SNP. This includes for example  mRNA expression, splicing and mRNA 
translation (98), thus making them an interesting target to study.  

α7nAChR in inflammation 

With the knowledge that inflammation can be controlled by the CNS a new area of 
research was established and several studies have targeted CAP as a way of 
decreasing inflammation. Several components of CAP has been suggested as 
potential targets. The vagal nerve has been the main target for bioelectronic 
interventions whereas the α7nAChR has shown a promising receptor target for 
pharmacological treatment strategies. There is an increasing number of studies 
demonstrating the role of the α7nAChR in inflammation (87), including rheumatoid 
arthritis (99-101), atherosclerosis (88, 89, 102), myocardial infarction (103), acute 
lung injury (104) and ileus (105) to mention a few. The partial duplication of the 
CHRNA7 gene, the CHRFAM7A is not expressed in mice and the function of this 
gene and its translated protein dupα7 is limited. Recently, Costantini et al. 
demonstrated, when overexpressing the human CHRFAM7A gene in mice an 
increased inflammatory response, thus, suggesting an important role for the 
CHRFAM7A for immune function in humans (106). 
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AIM 
The aim of this study was investigate the role of the alpha 7 nicotinic acetylcholine 
receptor (α7nAChR) in inflammation and brain injury.  

The specific aims of the constituent studies were: 

Paper I 

• To investigate the expression of CHRNA7 and its partially duplicated 
gene CHRFAM7A in human PBMCs from a healthy population  

• To investigate if SNPs in CHRNA7 and CHRFAM7A affect immune 
response in PBMCs 

Paper II 

• To investigate the expression of Chrna7 in different brain regions of the 
adult mouse  

• To investigate the effect of stimulation with the α7nAChR specific 
agonist AR-R17779 on ischemia-reperfusion brain injury in mice  

Paper III 

• To investigate the effect of α7nAChR agonist treatment in neonatal 
brain injury 

• To investigate if the response to α7nAChR agonist treatment differs 
between male and female pups  

• agonist treatment differs between male and female pups  
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METHODOLOGICAL 
CONSIDERATIONS 

This chapter will give a general overview of the methods used in this thesis, and how 
they have been implemented in the different projects. It will also discuss the 
advantages and disadvantages of the different approaches. The first section will focus 
on different disease models, while the second section focus on the methods used to 
asses outcome. For detailed description of the methods and materials used, please 
refer to each constituent paper. 

Study subjects 

Human subjects 

Clinical data, genome sequencing data and peripheral blood mononuclear cells 
(PBMCs) for the study in Paper I were collected from participants of the Swedish 
SciLifeLab SCAPIS Wellness Profiling (S3WP) cohort. The cohort consist of 101 
participants and is a selection of healthy individuals, randomly recruited from the 
Swedish CArdioPulmonary bioImage Study (SCAPIS) (107). The cohort has been 
thoroughly investigated and followed for two years, including sampling at six 
different time points with extensive molecular profiling (108). PBMCs used for in 
vitro stimulations were collected at the fifth visit, 18 months into the study. The 
collection and use of data from human subjects in the S3WP cohort were approved 
by the Gothenburg regional ethical board (#407-15).  

Animal subjects 

All experiments in Paper II and Paper III were carried out in C57BL/6Jrj mice. The 
mice were group-housed with unlimited access to food and water and were kept on a 
12h/12h light/dark schedule. Adult male mice for experiments in Paper II were 
purchased from Janvier Laboratories (Janvier Laboratories, Le Genest-Saint-Isle, 
France) and allowed to acclimate for at least 5 days upon arrival before experiment 
start. Mice pups used in Paper III were bred in-house. All animal experiments in 
Paper II and Paper III were approved by the Regional Animal Ethics Committee at 
the University of Gothenburg (#479-2019, #2990-2020, #103-2015, #663-2018, #32-
2016) in accordance with the European Communities Council Directives of 22 
September 2010 (2010/63/EU).  
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Experimental brain injury models 
In vivo experiments allows immediate tissue collection at set time points. In vivo 
models are important to make human trials as safe and ethical as possible. Though 
we have seen tremendous advancements in the development of computer based 
predictions and analyses, in vivo experiments inevitably remains a key step for 
medical research to date.  

In Paper II and Paper III mice were used when studying brain injury. The 
advantage of using mice in experiments compared to many other animals is that mice 
can easily be genetically modified, making it a suitable model for studying effects of 
a gene using “knock out” or “knock in” mice where a gene is removed or inserted 
into the mouse genome. Other smaller animals such as fruit flies or zebra fishes are 
also convenient for gene modification. They are great for experiments where a large 
number of individuals are desired. Interestingly, zebra fishes has a natural repair 
system for damage to the spinal cord, which makes them useful for identifying 
targets that are crucial for processes of axonal repair. However, the mouse being a 
mammal have similar physiology to humans and are therefore more suitable for 
studying local tissue damage and systemic changes from a specific injury and for 
studying delivery of potential drugs. Mice are also logistically convenient. Being 
smaller than rats they are cheaper to use as they need less food and space for housing. 
In models of brain injury they are also more time efficient compared to rats as they 
need a shorter time of ischemia/hypoxia to produce injuries of the same size. 
However, rats might be considered slightly easier to perform microsurgery on as the 
vessels are larger and less fragile. If the amount of tissue/sample is crucial rats might 
be preferred as they are larger and therefor will have more tissue to collect. Therefore 
rats are often used for experiments of preterm brain injury. Additionally, mice are 
less prone to cause allergies and allergic reactions in humans. Rodent allergies is a 
common problem for researchers working with animal experiments, and with this in 
mind mice might be preferred over rats. In both Paper II and Paper III mice of the 
strain c57BL/6 were used, one of the most common strains in animal experiments, 
making it suitable for comparison with previous studies.  

MCAO 
The most common experimental model for studying stroke is the middle cerebral 
artery occlusion (MCAO) model. It is an ischemia-reperfusion model where a 
filament is surgically inserted into a vessel to block the blood flow to the middle 
cerebral artery (MCA), thereby resulting in an unilateral cerebral ischemia. After a 
set of time the, usually 30 min in mice or 90 min in rats, the filament is withdrawn 
and the blood flow restored in the MCA. The model was first developed by Koizumi 
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et al. (109) where the MCAO is induced by insertion of a filament through the 
common carotid artery (CCA), but an alternative approach was later introduced by 
Longa et al. (110) where the filament is instead inserted through the external carotid 
artery (ECA). The artery where the filaments was introduced will remain 
permanently ligated, thus the Longa method in contrast to the Koizumi method 
allows for reperfusion of the CCA. MCAO is know widely used and there are many 
different variations to this procedure regarding incision artery and length of occlusion 
as well as differences in properties of the filament used (material, thickness).  There 
are also differences to in which arties the blood flow will be restored.  The MCAO 
model could refer to either permanent (pMCAO) or transient (tMCAO) occlusion of 
the MCA. In Paper II the intraluminal tMCAO mouse model was used for induction 
of ischemia-reperfusion injury. The filament was inserted through the ECA and the 
MCA was occluded for 30 min. 

HI 
The cause of neonatal encephalopathy is often difficult to distinguish, however 
hypoxia-ischemia near or during birth is thought to be one of the main origins. The 
most commonly used model to simulate neonatal encephalopathy is the Rice-
Vannucci model for PND7 rats developed in 1981 (111). The model consists of two 
parts: first a unilateral ischemia is surgically induced by ligation of the CCA under 
anesthesia, the pups are then allowed to rest with the dam for 1 hr after the surgery of 
the last pup. The second part is hypoxia, induced by placing the litter in a chamber 
with low oxygen pressure for a set amount of time. There are many alterations to this 
model and by changing the time of hypoxia, percentage of oxygen and age and strain 
of the animal different kinds of injury can be induced. In Paper III the injury is 
induced in mice at PND 9-10 as this age corresponds roughly with development of 
the brain in human term infants. The hypoxia is induced by 10% oxygen for 50 
minutes, which is usually used to induce an intermediate sized injury. During the 
procedure it is important to keep variables as consistent as possible, as there are 
many factors that can effect the injury. Isoflurane can be neuroprotective and it is 
therefore important to keep the length of the surgery short and consistent. 
Hypothermia can also be neuroprotective, and the mice are placed on a heating pad 
directly after surgery and the hypoxia is kept at 36 °C.  

In vitro 
Cell lines are convenient and provide many advantages to primary cells, one of the 
main reasons being that it does not require new collection of cells at each experiment 
as they are immortalized. Cell lines are also easy to manipulate, providing the 
possibility of removing or implanting different genes. Some cell types might be 
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difficult to isolate for primary cultures, some only being available post mortem in 
humans, while others might be difficult to acquire in large enough numbers. In these 
cases cell lines can be a great way to overcome these issues. However, contamination 
and genetic drift are two major issues when using cell lines. Over time genetic drift 
might cause cell lines to change the expression of different genes and proteins. In 
fact, several human cell lines does not express CHRNA7, the gene coding for the 
alpha 7 nicotinic acetylcholine receptor (α7nAChR). However, this can be solved by 
genetic modification.  

Another factor to consider is the genetic homogeneity of cell lines. Depending on the 
objective of the study this can be both an advantage or a disadvantage. In some cases 
a homogeneous genetic background is preferred to avoid interference from other 
genes than the one of interest, while a heterogeneous genetic background can better 
reflect the variation in a population. The major advantage of primary cells is the 
similarity to cells in vivo. This makes them great for studying expression and cellular 
processes in different groups of the same populations or after intervention in vivo. 
However, it is important to consider that stress from collection and isolation might 
affect cellular processes, and sometimes it is therefore recommended to let the cells 
rest and attach to the new environment before further processing. In Paper I, primary 
human peripheral blood mononuclear cells (PBMCs) from a healthy cohort was used 
to study how SNPs in the genetic region of CHRNA7 and CHRFAM7A affect innate 
immune response. 

LPS stimulations 

Lipopolysaccharide (LPS) is a molecule found in the outer membrane of gram 
negative bacteria, eg. Escherichia coli and Salmonella enterica. Upon infection LPS 
triggers the pattern recognition of the innate immune system by binding to the 
CD14/TLR4/MD2 receptor complex, which through a series of steps will result in 
production and release of several different inflammatory mediators, such as cytokines 
and chemokines. The TLR4 signaling pathway is also known to be activated by 
DAMPs. Being a common trigger of the innate immune system LPS is therefore 
often used in vivo and in vitro to model both infection and sterile inflammation. In 
vitro LPS stimulation is a convenient assay for first assessments of 
immunomodulatory effects of agents or to study how different genetic or 
environmental circumstances can effect the normal response to LPS. In Paper I, LPS 
stimulations were used to study if SNPs in the genetic region of CHRNA7 and 
CHRFAM7A altered the inflammatory response to LPS in PBMCs from the healthy 
S3WP cohort, by measuring the protein level of common cytokines and chemokines 
with Luminex.  
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Analyses 

Evaluation of inflammation 
Given the complexity of the immune system, choosing appropriate outcomes 
measures in study design requires careful consideration. Inflammation can be asses in 
many different ways. Common assessments include measurement of levels of 
immune cells in the blood, analyzing different activation markers on the cells, 
intracellular processes related to inflammation, levels of inflammatory mediators 
such as cytokines and chemokines. Other common methods involves studying the 
behavior of immune cells, e.g. cell morphology, phagocytosis and migration into 
injured tissues. When assessing inflammation it is important to carefully consider 
what time point to look at as different markers and processes are upregulated to 
different time point, often relating to either innate or adaptive immune response. In 
Paper I-III gene expression and/or protein expression of cytokines and chemokines 
have been used as a measure of inflammation.  

Evaluation of brain injury 
The most common measure of outcome in experimental models of brain injury is to 
assess cerebral tissue loss. This can be done in several different ways, both in vivo 
using different imaging techniques, but most commonly with different 
immunostainings in post mortem tissue. In the adult brain injury model this is tissue 
loss is caused by degradation of the tissue due to cell death. This also causes tissue 
loss in neonatal brain injury. However, as the neonatal brain is still under 
development, injury will also affect the growth of the brain. The size of injury may 
not always correlate with clinical outcome, and in vivo behavioral testing might 
therefore provide additional information to findings in collected tissues. This can be 
done by behavioral tests measuring various types of outcomes such as motor 
function, memory and social behavior. In Paper II and Paper III coronal brain 
sections, stained for MAP2 and Iba-1, were used to asses tissue loss and microglial 
activation, respectively. In Paper III behavioral tests were used in order to asses 
motor function after brain injury. 

Investigating expression 
Expression of targets/markers can be studied both on RNA and protein level. The 
expression of CHRNA7/α7nAChR has shown to be quite challenging to measure. 
There are several commercial antibodies available on the market for the detection of 
α7nAChR, which has been used in multiple published papers. However, studies  
investigating commercially available antibodies for detection of α7nAChR have 
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shown the investigated antibodies to be unspecific and also bind tissue from knock 
out mice lacking the α7nAChR (112-114), something we too have experienced when 
examining purchased antibodies in samples from our knock-out mice. We have also 
unsuccessfully attempted to measure α7nAChR with mass spectrometry (MS). To 
date the most reliable method for measurement of protein expression, as well as the 
most used, seem to be the use of radioligands. However, several ligands have also 
shown to bind unspecific to the receptor. 

Taking these issues of protein measurement into account, we have chosen to measure 
mRNA when studying CHRNA7/α7nAChR expression. However, measurement of 
CHRNA7 mRNA expression can also be problematic. In 1998 the human specific, 
partial duplication of CHRNA7, CHRFAM7A was discovered (90). This partial 
duplication, which is also transcribed, share 6 of the 10 exons of the CHRNA7-gene. 
This makes it a bit complicated to interpret published results of gene expression as 
several commercially available primers for CHRNA7 binds to this shared region, and 
therefore does not reflects only the expression of CHRNA7 but the expression of 
CHRNA7 and CHRFAM7A together. This can make previously published result quite 
misleading, as it has been shown, and as we confirm in Paper I, that CHRFAM7A 
has a much higher expression of mRNA in peripheral immune cells. Therefore, 
primers for human samples need to be chosen carefully to only transcribe segments 
specific to each gene. However, gene expression is not necessarily correlated to 
protein expression and studies have found the Chrna7 to display post-transcriptional 
modifications (115).  

Methods for measuring outcome 

Gene expression analysis 

mRNA expression is usually measured by some sort of polymerase chain reaction 
(PCR), the most common being quantitative PCR (qPCR). PCR utilize the replication 
process of DNA in order to amplify the gene of interest. Commonly the mRNA is 
first copied to cDNA, as mRNA is an unstable molecule and can easily be degraded 
by RNAses in our surroundings. The cDNA is a much more stable molecule and is 
therefore suitable to use for further analysis. For PCR analysis the following is added 
to each sample: primers, “copy templates” specific to the gene of interest; free 
deoxyribose nucleotide triphosphates, the components from which the DNA is 
synthetized; DNA polymerase, the enzyme needed for assembly of the these 
components into a DNA strand and usually a dye is added for detection of the gene in 
further analysis. PCR is based on three steps; 1, denaturation, where the DNA is split 
in two; 2, Annealing, where the primers bind to the single DNA strands; 3, extension, 
where the single strand DNA is turned into double stranded at the gene of interest. 

  METHODOLOGICAL CONCIDERATIONS 

21 

 

This process is then run in multiple cycles, usually around 40 cycles. This way the 
gene will be amplified at an exponential rate, where the number of copies can be 
described as 2n, where n is the number of cycles. Sometimes, the PCR is only used as 
an amplification method in order to produce large quantities of cDNA for further 
analysis, e.g. for identification on gel electrophoresis. In Paper III the DNA from 
mice of the knock out breeding is amplified using PCR in order to visualize it on gel 
for genotyping. 

Polymerase chain reaction (PCR) 

The most widely used method of PCR is probably the qPCR. This method utilizes 
measurements in real-time (not to be confused with reversed transcriptase PCR, RT-
PCR) during the amplification of the gene. The analysis will give a cycle threshold 
(CT value) for each samples describing at what cycle number the amplified DNA has 
reach large enough quantities in order for a fluorescent signal to be detected. This 
method does not give an absolute value of the expression of the gene, instead a stable 
gene is chosen as a reference, and expression of the gene of interest is expressed in 
relation to the reference gene. qPCR is a cheap and easy way of measuring the 
expression of a single or a small number of genes. However, it would be time 
consuming and inefficient for analysis of a large number of genes, and does not allow 
for absolute quantification of genes. The digital droplet PCR (ddPCR) is a newer 
method which allows absolute quantification, instead of only relative as in standard 
qPCR. In Paper I ddPCR was used for analysis of CHRNA7 and CHRFAM7A in 
human PBMCs from healthy volunteers and in Paper II ddPCR were used for 
analysis of CHRNA7 expression in different regions of the naïve adult mouse brain. 
In Paper III qPCR was used to analyze mRNA expression of α7nAChR and 
different inflammatory markers in samples of cerebral hemispheres. 
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Protein analysis 

There are several different approaches for studying protein expression, such as 
Immunohistochemistry, flow cytometry, western blot and mass spectrometry to name 
a few. One of the most common approaches for analysis of protein expression is the 
use of immunoassays. Immunoassays provide an easy and versatile method based on 
the use of antibodies. By tagging antibodies specific to certain proteins these can be 
used as markers to stain the protein of interest. There are several different ways to tag 
proteins, e.g., enzymes (ELISA, Immunohistochemistry, multiplex), that can be 
detected with chemicals or fluorophores, while other methods (FACS, IHC/IF, 
WB/IF) use antibodies directly tagged with fluorophores. Newer methods also utilize 
amplicons, short DNA segments, to detect proteins.  Immunoassays aim to localize or 
quantify the expression of a specific protein, but often antibodies are used to 
distinguish different cell types, by using an antibody for a protein that are specific to 
that cell type. It is important to consider where the protein of interest is located, e.g. 
secreted, cell surface or inside the cell. If the protein is located inside the cell a 
detergent might be needed for dissolving the membrane in order for the antibodies to 
reach the protein.  

ELISA, Bioplex and O-link analysis 

Today there are several different antibody based methods for relative quantification 
of proteins, including enzyme-linked immunosorbent assays (ELISA), bioplex and 
O-link. Whereas ELISA is useful, simple and rather cost-effective for measuring 
individual cytokines it requires a rather large sample volume (50-100µl). Bioplex on 
the other hand provides the possibility of measuring several different cytokines in 
one sample, hence, saving samples and time, on the other hand to a higher cost. 
Nevertheless, bioplex technology is useful for intermediate sized analysis. 
Furthermore, the Olink technology, is based on the proximity extension assay (PEA) 
combining antibodies tagged with oligonucleotides that will be amplified with PCR. 
This method allows for high quality, high throughput analysis with small volume 
requirements, which makes it useful for large scale, explorative experiments; 
however, it is also associated with a high costs. In Paper I data from Olink analysis 
was used to investigate if SNPs in CHRNA7 and CHRFAM7A affect the expression 
of serum proteins whereas Bioplex was used in Paper I and Paper II to measure 
cytokines and chemokines in PBMCs and serum respectively. The Sandwich ELISA 
technique was used in Paper III to measure the level of cytokines in brain 
homogenate. 
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Immunohistochemistry 

Immunohistochemistry (IHC) are performed utilized antibody detection of different 
proteins in tissue sections. It is therefore useful for the localization of specific 
proteins, or for studying morphology, expression and localiszation of certain cell 
types. In this thesis IHC was used for staining of microtubule associated protein 2 
(MAP2) and ionized calcium-binding adaptor molecule-1 (Iba1) in cerebral sections 
from mice to evaluate brain injury in an adult stroke model (Paper II) and a neonatal 
hypoxic-ischemic model (Paper III).  

Protein activity 

Sometimes we might be interested in measuring the activity of an enzyme (protein) 
rather than the expression. Using an enzyme-tagged substrate of the enzyme of 
interest, resulting in a color change when reacting with the enzyme, color change is 
measured in real time using a spectrophotometer. The maximum speed of the 
reaction is normalized to the total protein level measure by BCA measurement. In 
Paper III a protein activity assays was used to measure the activity of Caspase-3. 
The caspase pathway is commonly activated during the acute phase of brain injury, 
and caspase activity assays are therefore used for early time point evaluation in brain 
injury models. 

Behavior 

Besides studying effects of treatment on tissue and molecular level, such as infarct 
volume and expression of inflammatory markers, it is also important investigate 
whether treatments have an effect on behavioral outcome such as motor function, 
memory and social behavior. As brain injury is a common cause of both physical 
disabilities and neurological deficits these are all common outcome measures in in 
vivo studies and there is a wide range of behavioral tests used in research (116). In 
this thesis, motor function was evaluated in Paper III, using negative geotaxis and 
surface rightning (117).  
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Protein analysis 

There are several different approaches for studying protein expression, such as 
Immunohistochemistry, flow cytometry, western blot and mass spectrometry to name 
a few. One of the most common approaches for analysis of protein expression is the 
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WB/IF) use antibodies directly tagged with fluorophores. Newer methods also utilize 
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of serum proteins whereas Bioplex was used in Paper I and Paper II to measure 
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Immunohistochemistry 

Immunohistochemistry (IHC) are performed utilized antibody detection of different 
proteins in tissue sections. It is therefore useful for the localization of specific 
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The caspase pathway is commonly activated during the acute phase of brain injury, 
and caspase activity assays are therefore used for early time point evaluation in brain 
injury models. 

Behavior 

Besides studying effects of treatment on tissue and molecular level, such as infarct 
volume and expression of inflammatory markers, it is also important investigate 
whether treatments have an effect on behavioral outcome such as motor function, 
memory and social behavior. As brain injury is a common cause of both physical 
disabilities and neurological deficits these are all common outcome measures in in 
vivo studies and there is a wide range of behavioral tests used in research (116). In 
this thesis, motor function was evaluated in Paper III, using negative geotaxis and 
surface rightning (117).  

  



 

24 

 

Statistics 
The majority of analyses in Paper I-III were peformed in GraphPad Prism software 
(La Jolla, CA, USA) or IBM SPSS (IBM SPSS Statistics for Windows, Armonk, NY, 
U.S.A.).  R was used for association analysis, PLINK for LD pruning and GeneCodis 
for functional enrichment (Paper III). 

In order to choose appropriate method for analysis, the data has to be tested for 
normality, i.e. if the data is normally distributed. In Paper II and Paper III, Shapiro 
Wilk’s test was used to test normality. Depending on normality, parametric or non-
parametric test were choosen accordingly. Analysis of normally distributed data 
between two groups was performed using unpaired t-test (Paper I-III). Analysis of 
normally distributed data between multiple groups were performed using one-way 
ANOVA (Paper I-III) followed by Sidak’s (Paper II-III) or Tukey’s (Paper I) post 
hoc analysis. In Paper II and Paper III two-way ANOVA was used for analysis of 
data that varied between surgeons or experimental days. Analysis of data that were 
not normally distributed was performed using Wilcoxon test for comparison between 
two groups (Paper I). For analysis of multiple groups without normal distribution 
Kruskal Wallis test was used, followed by Bonferroni’s correction for multiple 
comaprisons (Paper II). For analysis of non-numerical data Pearson Chi-square test 
(Paper III) was used. Association analysis was used using cor function in R with 
Bejamini and Hochberg methods (Paper III). 
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RESULTS & DISCUSSION 

Paper I: CHRNA7 and CHRFAM7A expression in 
humans, and implications of SNPs on immune response 
In Paper I, RNAseq and GWAS data from the healthy S3WP cohort (n=99) was 
used for gene expression and SNPs analysis of the α7nAChR coding gene CHRNA7 
and its partial duplicated gene CHRFAM7A. RNAseq data from PBMCs was 
investigated for associations between gene expression and plasma proteins, analyzed 
by Olink. SNPs located in the genomic region containing CHRNA7 and CHRFAM7A 
were analyzed for association with clinical data. To test the potential functional role 
of the different SNPs, PBMCs  (n=66) were stimulated in vitro with or without pro-
inflammatory challenge LPS, and the cytokine production measured by Luminex.  

CHRFAM7A expression is positively correlated to and four times higher 
than CHRNA7 in human PBMCs from healthy subjects 
The α7nAChR has been described as a key component of the cholinergic anti-
inflammatory pathway, where stimulation of the vagus nerve leads to inhibition of 
inflammation by ACh signaling through α7nAChR present on 
monocytes/macrophages. This leads to decreased levels of inflammatory mediators 
such as TNFα (87). However, the expression and role of CHRNA7 in leukocytes has 
been debated. A partially duplicated variant of CHRNA7, named CHRFAM7A (90) 
was identified by Gault et al. already in 1998. The duplicated gene shares the 
sequence of exon 5-10 of CHRNA7, but instead of exon 1-4 has a segment of exon A-
D of the ULK4/FAM7 gene linked to it. However, as described in a review article by 
Constantini et al. (115), this discovery was long overlooked. This oversight has 
resulted in a number of papers investigating CHRNA7 expression using primers 
binding to the shared region of CHRNA7 and CHRFAM7A, instead of the specific 
region of CHRNA7. Later, using specific primers for the different isomers, several 
studies have shown that human cell lines express significantly higher levels of 
CHRFAM7 than CHRNA7 (118, 119). Furthermore, in one study CHRNA7 was 
detected in PBMCs from smokers, but not in PBMCs from healthy subjects (119). It 
has therefore been discussed whether the early findings of CHRNA7 actually 
reflected the correct gene or if the expression measured was in fact CHRFAM7A 
(115) or a combination of both genes. However, data such as that from the Human 
Protein Atlas Human Protein Atlas (v.21.proteinatlas.org) (76) indicates an 
expression of CHRNA7 in leucocytes also in healthy subjects, though much lower 
than that of CHRFAM7A. 
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In Paper I, CHRNA7 and CHRFAM7A expression in PBMCs from the S3WP cohort, 
a healthy cohort from the SCAPIS study, was investigated using RNAseq. Our 
results revealed that both genes were expressed in PBMCs, with four times higher 
expression of CHRFAM7A than CHRNA7, supporting the findings of co-expression 
of the two genes in PBMCs of healthy individuals. Additionally, we confirmed this 
expression pattern with digital droplet PCR (ddPCR) in PBMCs from another group 
of healthy volunteers. Moreover, the expression of the two genes in the S3WP cohort 
were found to be positively correlated. This is in contrast to previous findings from 
patients with diseases such as sepsis (120) where CHRNA7 and CHRFAM7A in 
PBMCs displayed an inverse expression pattern. There is still little information about 
the role of CHRFAM7A and its corresponding protein product dupα7, but studies 
have suggested that it might have an inhibitory effect on the parental gene and 
product (115). The product of the parental gene, the α7- subunit, normally forms 
functional homomeric receptors where the orthosteric binding site is located between 
the extracellular domains of two subunits. However, dupα7 lacks part of the 
extracellular domain (121), including the binding site, but is still able to form 
pentameric structures together with α7- subunit (92). Therefore, the inhibitory effect 
of CHRFAM7A has suggested to be caused partly by the formation of dysfunctional 
receptors (115). This is supported by the finding that CHRFAM7A shows poor 
binding to ACh and α-bungarotoxin (α-BGT) (122). Further, it has also been shown 
that pentamers containing both α7- subunits and dupα7 have difficulty translocating 
from the endoplasmatic reticulum, thereby affecting the number of functional 
receptors on the cell surface (120). Additionally the CHRFAM7A-gene has been 
proposed to decrease the expression level of α7nAChR (120, 122) and act as a 
dominant negative regulator of the receptor function (91). 

CHRNA7 and CHRFAM7A expression in PBMCs correlate with 
plasma proteins levels 
In Paper I, we further investigated if the gene expression of CHRNA7 and 
CHRFAM7A in PBMCs correlated with plasma protein levels measured in 
individuals of the healthy S2WP cohort from the SCAPIS study. The analysis 
compared PBMC gene expression of CHRNA7 and CHRFAM7A from RNAseq with 
806 plasma proteins measured with Olink, and revealed that 10 proteins were 
associated with CHRNA7 and 46 proteins were associated with CHRFAM7A. Three 
proteins, CTSC, ST1A1 and HAGH, were found to be significantly positively 
correlated to both genes, 40 proteins were positively correlated and 3 were negatively 
correlated with CHRFAM7A while 7 proteins (SIRPB1, CD4, CDH3, CCL23, 
CD79B, FcRL2 and CD97) were found to be negatively correlated with CHRNA7.  
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SNPs rs34007223 in CHRFAM7A associate with hsCRP in healthy 
subjects 

CHRNA7 and CHRFAM7A polymorphisms have been reported to associate with a 
number of neurologic diseases such as Alzheimer’s disease (93-95), dementia (123), 
schizophrenia (96, 97, 124) and bipolar disease (125). Furthermore, SNP’s in 
CHRNA7 has been associated to treatment response in Alzheimer’s disease patient 
(93, 94), suggesting polymorphisms might affect receptor function. Although several 
studies have investigated the link between CHRNA7 and CHRFAM7A 
polymorphisms and neurological diseases, few has studied the impact of 
polymorphisms on peripheral inflammatory states. One study has shown that 
CHRNA7 polymorphisms are not associated with sepsis (126), while SNPs in 
CHRFAM7A has been associated with pain experience and cytokine levels in patients 
with spinal cord injury (127). In Paper I, we did not find any association between 
CHRNA7 SNPs and clinical markers. This may be considered expected, as the study 
population was a healthy cohort. However, one SNP, rs34007223, in CHRFAM7A 
was shown to be associated with hsCRP levels. CRP is a common indicator of 
inflammation, and a high value indicates an ongoing inflammation. Standard CRP 
tests can only detect high values, but high sensitivity CRP (hsCRP) test can also 
detect slight elevations in CRP in healthy subject. This finding further supports the 
role of CHRFAM7A as a regulator immune response.  
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Table 1. Cytokine release in PBMCs from participants with different SNPs 

Gene SNP  Naïve cells LPS stimulated 
cells 

CHRNA7 rs35366024 AA vs AG ↑ IL-7 ↑ IL-7 

rs201417763 AA vs AG - ↓ IL-7, IL-13  

rs75356640 AA vs AG - ↑ IL-2, IL-4, IL-8  

CHRNA7/ 
CHRFAM7A 

rs6493492 AA vs GG 

 
AG vs GG 

↑ IL-4 

 
↑ IL-4 

- 

rs813299 AG vs GG 

 

 

AA vs GG 

↑ IL-2, IL-4, IL-12, 
IL13, G-CSF, 
GM-CSF, TNFa 

↑ IL-12, IL13, 
IL-17, GM-CSF 

- 

rs147193174 AA vs AG - ↑ IL-8 

CHRFAM7A rs260544 AA vs AG - ↑ IL-1b, IL-4, IL-7 

rs34007223 AA vs AG - ↑ IL-8 

rs796276265 AA vs AG - ↓ IL-1b, IL-6, IL-7, IL-
10, IL-13, GM-CSF 

 

SNPs of the genomic region of CHRNA7 and CHRFAM7A correlates 
with cytokine release in healthy human PBMCs 
In addition to evaluating possible associations to clinical markers we investigate if 
polymorphisms in CHRNA7 and CHRFAM7A have any implications on receptor 
function by examining the cytokine levels in naïve and LPS triggered PBMCs. We 
found that nine of the investigated SNPs were associated with cytokine levels in 
naïve or LPS stimulated cells. Most of the SNPs were associated with an increased 
cytokine level, while two of the SNPs were associated with decreased cytokine 
levels. It is also important to mention that for most of the SNPs the analysis was 
made between individuals heterozygote for the SNP (AG) and individuals with the 
normal genotype (AA) due to a low number of individuals homozygote for the SNP 
(GG). However, for two SNPs, rs6493492 and rs813299, there were enough 
individuals (n>5) with the GG genotype to include this group in the analysis. 
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Noteworthy, for these SNPs the GG genotype was significantly different from the 
AA and sometimes the AG genotype, while no difference was seen between the AG 
and AA genotype. Our findings show that polymorphisms in this region can have an 
impact on regulation of the immune response. Several of the SNPs identified are 
located within other genes, hence further studies are needed to investigate the 
mechanisms. 

Few studies have examined the effect of CHRFAM7A polymorphisms on clinical 
markers or immune regulation. However, Maldifassi et al. (120) found that 
CHRFAM7A expression in PBMCs were negatively associated with serum levels of 
CRP, TNFα and IL-1β in patients with sepsis. Our findings further supports the role 
of the CHRFAM7A as an important regulator of the immune response.  

A possible limitation of the study in Paper I is the collection time points. GWAS, 
RNAseq and Olink data were collected at the first visit, while PBMCs for in vitro 
stimulations were collected 18 months later. This might influence the result, though 
previous studies of the cohort have shown the molecular profile and protein levels of 
individuals to be stable two years after the first visit (108, 128). Additionally, it is 
important to distinguish between association and causality and although we find that 
subjects with certain SNPs differ in immune response, this is not necessarily caused 
by the polymorphisms. Moreover, some of the SNPs are located within other genes 
and it is therefore not possible to distinguish direct and indirect effects in the present 
study. 

In summary, CHRFAM7A and CHRNA7 are both expressed in primary PBMCs 
from healthy human subjects and positively correlated, CHRFAM7A expression is 
four times higher than CHRNA7. Expression of both genes correlated to levels of 
multiple plasma proteins. One SNPs in CHRFAM7A were associated both to clinical 
markers and cytokine response following LPS stimulation. Furthermore additional 
SNPs of CHRFAM7A and CHRNA7 were found to associate with cytokine levels 
both in naïve and LPS stimulated PBMCs. Interestingly, while most SNPs resulted in 
an increase of cytokine levels, two SNPs were associated with decreased cytokine 
levels. 

  



 

28 

 

Table 1. Cytokine release in PBMCs from participants with different SNPs 

Gene SNP  Naïve cells LPS stimulated 
cells 

CHRNA7 rs35366024 AA vs AG ↑ IL-7 ↑ IL-7 

rs201417763 AA vs AG - ↓ IL-7, IL-13  

rs75356640 AA vs AG - ↑ IL-2, IL-4, IL-8  

CHRNA7/ 
CHRFAM7A 

rs6493492 AA vs GG 

 
AG vs GG 

↑ IL-4 

 
↑ IL-4 

- 

rs813299 AG vs GG 

 

 

AA vs GG 

↑ IL-2, IL-4, IL-12, 
IL13, G-CSF, 
GM-CSF, TNFa 

↑ IL-12, IL13, 
IL-17, GM-CSF 

- 

rs147193174 AA vs AG - ↑ IL-8 

CHRFAM7A rs260544 AA vs AG - ↑ IL-1b, IL-4, IL-7 

rs34007223 AA vs AG - ↑ IL-8 

rs796276265 AA vs AG - ↓ IL-1b, IL-6, IL-7, IL-
10, IL-13, GM-CSF 

 

SNPs of the genomic region of CHRNA7 and CHRFAM7A correlates 
with cytokine release in healthy human PBMCs 
In addition to evaluating possible associations to clinical markers we investigate if 
polymorphisms in CHRNA7 and CHRFAM7A have any implications on receptor 
function by examining the cytokine levels in naïve and LPS triggered PBMCs. We 
found that nine of the investigated SNPs were associated with cytokine levels in 
naïve or LPS stimulated cells. Most of the SNPs were associated with an increased 
cytokine level, while two of the SNPs were associated with decreased cytokine 
levels. It is also important to mention that for most of the SNPs the analysis was 
made between individuals heterozygote for the SNP (AG) and individuals with the 
normal genotype (AA) due to a low number of individuals homozygote for the SNP 
(GG). However, for two SNPs, rs6493492 and rs813299, there were enough 
individuals (n>5) with the GG genotype to include this group in the analysis. 

  RESULTS & DISCUSSION 

29 

 

Noteworthy, for these SNPs the GG genotype was significantly different from the 
AA and sometimes the AG genotype, while no difference was seen between the AG 
and AA genotype. Our findings show that polymorphisms in this region can have an 
impact on regulation of the immune response. Several of the SNPs identified are 
located within other genes, hence further studies are needed to investigate the 
mechanisms. 

Few studies have examined the effect of CHRFAM7A polymorphisms on clinical 
markers or immune regulation. However, Maldifassi et al. (120) found that 
CHRFAM7A expression in PBMCs were negatively associated with serum levels of 
CRP, TNFα and IL-1β in patients with sepsis. Our findings further supports the role 
of the CHRFAM7A as an important regulator of the immune response.  

A possible limitation of the study in Paper I is the collection time points. GWAS, 
RNAseq and Olink data were collected at the first visit, while PBMCs for in vitro 
stimulations were collected 18 months later. This might influence the result, though 
previous studies of the cohort have shown the molecular profile and protein levels of 
individuals to be stable two years after the first visit (108, 128). Additionally, it is 
important to distinguish between association and causality and although we find that 
subjects with certain SNPs differ in immune response, this is not necessarily caused 
by the polymorphisms. Moreover, some of the SNPs are located within other genes 
and it is therefore not possible to distinguish direct and indirect effects in the present 
study. 

In summary, CHRFAM7A and CHRNA7 are both expressed in primary PBMCs 
from healthy human subjects and positively correlated, CHRFAM7A expression is 
four times higher than CHRNA7. Expression of both genes correlated to levels of 
multiple plasma proteins. One SNPs in CHRFAM7A were associated both to clinical 
markers and cytokine response following LPS stimulation. Furthermore additional 
SNPs of CHRFAM7A and CHRNA7 were found to associate with cytokine levels 
both in naïve and LPS stimulated PBMCs. Interestingly, while most SNPs resulted in 
an increase of cytokine levels, two SNPs were associated with decreased cytokine 
levels. 

  



 

30 

 

Paper II: α7nAChR agonist treatment in ischemia-
reperfusion injury 
Inflammation is an important contributor to the development of brain injury after 
stroke (15) and immunomodulating therapies has therefore been suggested as a 
potential treatment strategy for stroke injury. Previous studies using genetic models 
(87, 88, 100, 129) and pharmacological interventions (89, 130-132) have shown that 
the α7nAChR can modulate peripheral immune response, mainly through activation 
of α7nAChR expressed on monocytes and macrophages (87). Likewise, in vitro 
experiments in microglia, the central nervous system (CNS) resident macrophage, 
showed that α7nAChR stimulation can modulate immune response using both 
general agonists ACh and nicotine (82) as well as the specific α7nAChR specific 
agonist AR-R17779 (133). As AR-R17779 is a highly specific agonist and had 
previously shown to exert immunomodulating properties in vitro we wanted to 
further examine its effect in an in vivo model of stroke. In Paper II, we investigated 
the effect of the highly specific α7nAChR agonist AR-R17779 on inflammation and 
brain injury caused by ischemia-reperfusion. The injury was investigated in the 
tMCAO mouse model with 30 min occlusion, and the agonist given once daily for 
five days at a dose of 12 mg/kg, starting 1 hr after reperfusion. Cerebral tissue loss 
and serum cytokines and immune cell counts in whole blood were evaluated 7 days 
after reperfusion.  

Chrna7 is expressed throughout the adult, naïve mouse brain 
The α7nAChR is expressed by several cell types of the nervous system. Gault J. et al. 
in 1998 (90) was the first show that the receptor is expressed in the human brain. 
Being one of the most common nicotinic receptors in the CNS, the majority of 
research has historically been focused on α7nAChR located on neurons. Following 
the discovery of α7nAChR involvement in immune signaling (87) however, the role 
of α7nAChR has also been studied in microglia (79-81) and astrocytes (84).  

In paper II we investigated the absolute expression of Chrna7 in different brain 
regions of naïve, adult mice of the c57BL/6J strain with ddPCR. We choose to 
analyze the Chrna7 levels in four brain regions known to be affected in the tMCAO 
model, cortex, striatum, thalamus and hippocampus. Our results were in line with 
previous findings, and showed Chrna7 to be expressed in all analyzed regions, with 
the highest expression in cortex and hippocampus. A previous finding have shown 
high expression of Chrna7 in telencephalon during development (134), in accordance 
with our results as levels of Chrna7 has been shown to be relatively stable during 
normal aging in mice (135-137).  
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α7nAChR agonist treatment with AR-R17779 does not alter brain injury 
in mouse stroke model 
In Paper II we investigated the effect of AR-R17779 treatment on ischemia-
reperfusion injury in mice using the tMCAO model. Surprisingly, we did not find any 
effect of the agonist treatment either on tissue loss or microglial activation in the 
brain or peripheral immune markers 7 days after insult. This is in contrast to results 
from previous studies in stroke models with α7nAChR agonists PHA 543613 (138-
141), PHA 568487 (142-145) and PNU 282987 (79, 138, 146) as presented in 
Table 2, which all demonstrate a beneficial effect of agonist treatment. AR-R17779 
is a CNS penetrable (147), full agonist and highly specific for the α7nAChR (71). 
Several other agonists are less specific and can have an inhibitory effect on other 
receptors such as the serotonergic receptor 5HT3, but AR-R17779 demonstrates very 
low cross-reactivity with the 5HT3 receptor. It is possible that the specificity could 
explain the different outcomes; however, pharmacological inhibition of α7nAChR 
has been shown to worsen the outcome of stroke-induced injury (142-144, 146, 148) 
which supports the involvement of α7nAChR in stroke management. Other 
explanations for the absence of effect of AR-R17779 might be discrepancies in 
experimental design between the studies in terms of model, animal or administration 
or that the dose was too low or administered too late after stroke induction. However, 
other agonists were effective when given 1 hr after stroke induction (79, 138) and 
previous studies have shown that AR-R17779 in doses of 1-20 mg/kg can have an 
effect on both cognitive functions (149) and peripheral immune response (99) in 
other disease models. A limitation of many of these studies, including ours, is the 
lack of confirmation of delivery to hypothesized target tissue. Although suggested 
mechanisms of action have included both peripheral and central effects, all studies 
have aimed for brain delivery of the drug.  However, few have used any means to 
verify delivery to the brain. The drugs have been found to be CNS penetrable in other 
models. Additionally, brain injury is often accompanied by higher BBB permeability, 
improving the chanses of the drug to reach the brain. However, other factors, such as 
metabolism, may affect how much of the drug that would reach the brain. 

The beneficial effect of α7nAChR stimulation in brain injury has been suggested to 
be mediated by immunomodulatory effects (141, 145), but neurogenesis (146) and 
neuroprotection (138) has also been proposed as possible contributors to the 
treatment effect. In the study in Paper II, though we did not observe any differences 
cerebral tissue loss in the MCAO groups we did observe a decreased serum white 
blood cell count in sham mice receiving AR-R17779 compared with sham mice 
receiving saline. It is possible that the dose and frequency of the dosing regimen is 
sufficient for inhibition of the immune response in sham-mice, but not in tackling the 
more severe inflammation in the MCAO groups.   
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verify delivery to the brain. The drugs have been found to be CNS penetrable in other 
models. Additionally, brain injury is often accompanied by higher BBB permeability, 
improving the chanses of the drug to reach the brain. However, other factors, such as 
metabolism, may affect how much of the drug that would reach the brain. 

The beneficial effect of α7nAChR stimulation in brain injury has been suggested to 
be mediated by immunomodulatory effects (141, 145), but neurogenesis (146) and 
neuroprotection (138) has also been proposed as possible contributors to the 
treatment effect. In the study in Paper II, though we did not observe any differences 
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Table 2. α7nAChR agonist treatment in adult models of brain injury 

Agonist Dosing Model Findings (time after injury) References 

ARR 
17779 

12 mg/kg  
i.p. 

1 hr after 
surgery and 
OD (D1-D4) 

tMCAO  
(30 min) 
Mouse 

No effect on tissue loss, 
microglial activation, serum 
cytokines, white blood cell 
counts. (7d) 

Hammarlund ME 
et al. 2021 (150) 

(Paper II) 

PHA 
543613 

 

12 mg/kg,  
i.p.  

OD (D1-D3) 

ICH (C) 
Rat 

↓ventricular volume, cell density 
loss  
(10 w) 

↑ JAK2/STAT3 signalling (24 
hr) 

↑ cortical thickness, basal 
ganglia (10 w) 

Improved neuroscore, 
behavioral tests  
(24 hr, 72 hr, 10 w) 

Krafft et al. 2017 
(139) 

4-12 mg/kg 
i.p. 

1 hr after 
surgery 

ICH (AB.) 
Mouse 

↓ brain water content in 
ipsilateral basal ganglia (24 h, 
72 h) 

↓ protein expression of pGSK-
3β and CC-3 (24 h) 

↓ neuronal apoptosis (24 h) 

↑PI3K signaling (24 h) 

Improved behavioral outcome 
(24 h, 72 h) 

 

Krafft et al. 2012 
(138) 

1 mg/kg  
i.p.  
 
OD  
D(-5) – D(-1) 
pretreatment  

tMCAO  
(90 min) 
Rat 

↓tissue loss and number of 
TUNNEL+ cells (D3) 

Improved neuroscore (D3) 

 

 

 

Jiang et al. 2019 
(141) 

Wang Q et al. 
2012 (140) 

 

  RESULTS & DISCUSSION 

33 

 

Agonist Dosing Model Findings (time after injury) References 

PHA 
568487 

0.8 mg/kg  
i.p. 

OD (D1-D2) 

pMCAO 
Mouse 

↓ infarct volume and neuronal 
cell death.  

↓ brain edema 

Han Z et al, 2014 
(142) 

Han Z et al, 2014 
(143) 

Corrected 2016 
(144) 

Zou D et al., 2017 
(148) 

1.25 mg/kg 
i.p. 

OD (D1-D7) 

tMCAO  
(90 min) 
Rat 

↓ infarct volume, neurological 
score (D7) 

↓ TSPO expression and number 
of TSPO+/CD11b+ cells in 
injured area 

↓P-selectin, ICAM, VCAM 
gene expression (D7) 

No significant difference in 
iNOS, TNF, CCL2, arginase, 
mannose, TFGβ and E-selectin 
gene expression (D7) 

No significant difference on 
BBB permeability (Gadovist) 

Colas et al.  
2018 (145) 

PNU 
282987 

 

 

 

 

 

 

 

 

 

0.8 nmol  
icv. 

Immediately 
after surgery, 
and OD  
(D1-D7) 

tMCAO  
(30 min) 
Mouse 

↓ brain water content, 
cytomembrane FGFR1, 
percentage GFAP+/BrdU+ cells 
(neural stem cells) (D7) 

↑ nuclear FGFR1,  
percentage DCX+ cells in SVZ , 
expression of DCX, PSA-
NCAM, Mash1 in SVZ (D7) 

Improved  performance on 
neurological deficit tests (D7) 

Wang J et al. 
2017 (146) 

12 mg/kg  
i.p. 

1 hr after 
surgery 

ICH (AB) 
Mouse 

Improved behavioral outcome 
(24 h) 

 

Krafft et al.   
2012 (138) 
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Table 2. α7nAChR agonist treatment in adult models of brain injury 

Agonist Dosing Model Findings (time after injury) References 
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Agonist Dosing Model Findings (time after injury) References 
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of TSPO+/CD11b+ cells in 
injured area 

↓P-selectin, ICAM, VCAM 
gene expression (D7) 

No significant difference in 
iNOS, TNF, CCL2, arginase, 
mannose, TFGβ and E-selectin 
gene expression (D7) 

No significant difference on 
BBB permeability (Gadovist) 

Colas et al.  
2018 (145) 

PNU 
282987 

 

 

 

 

 

 

 

 

 

0.8 nmol  
icv. 

Immediately 
after surgery, 
and OD  
(D1-D7) 

tMCAO  
(30 min) 
Mouse 

↓ brain water content, 
cytomembrane FGFR1, 
percentage GFAP+/BrdU+ cells 
(neural stem cells) (D7) 

↑ nuclear FGFR1,  
percentage DCX+ cells in SVZ , 
expression of DCX, PSA-
NCAM, Mash1 in SVZ (D7) 

Improved  performance on 
neurological deficit tests (D7) 

Wang J et al. 
2017 (146) 

12 mg/kg  
i.p. 

1 hr after 
surgery 

ICH (AB) 
Mouse 

Improved behavioral outcome 
(24 h) 
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2012 (138) 
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Agonist Dosing Model Findings (time after injury) References 

PNU 
282987 

10 mg/kg  
i.p. 

1 hr after 
surgery 

Photo-
thrombic 
stroke 
Mouse 

↓ Infarct size 

Improved motor skills 

Parada et al. 2013 
(79) 

30 µg  
intra spleen 

20 min prior 
to CCI 
pretreatment 

CCI 
(TBI model) 
Rats 

↓ BBB permeability (24 hr) Dash PK et al. 
2016 (151) 

3 mg/kg  
i.p. 

30 min, 12 hr, 
20 hr  

CCI 
(TBI model) 
Rats 

↓ IL-1β, HMGB1  (4-24 hr) 

↓ IL-6  (6 hr) 

No difference in plasma levels 
of TNFα (4-24 hr) 

Dash PK et al. 
2016 (151) 

3 mg/kg  
i.v. 

30 min, 12 hr, 
20 hr 

CCI 
(TBI model) 
Mouse 

↓ BBB permeability (24 hr) 

↓ infiltrating cells in 
pericontusion cortex (48 hr) 

↓ loss of endothelial cells and 
tight junction protein  in the 
injured cortex (24 hr) 

Dash PK et al. 
2016 (151) 

Dosing indicates administered dose, and administrational rout and time point (after injury 
induction unless otherwise stated) | BBB: blood-brain barrier; CCI: controlled cortical impact;  
D indicates experimental day (D0 is the day of injury induction); HI: hypoxia-ischemia; ICH (AB): 
Intracerebral hemorrhage by autologous blood injection; ICH: Intracerebral hemorrhage by 
collagenase injection; icv: intraventricular injection; ip: intraperitoneal injection; iv: intravenous 
injection; pMCAO: permanent middle cerebral artery occlusion; OD: once daily; PND: postnatal 
day; SVZ: sub-ventricular zone; TBI: traumatic brain injury; tMCAO: transient middle cerebral 
artery occlusion 

In summary, Chrna7 are expressed in hippocampus, cortex, thalamus and striatum 
of the adult naïve mouse brain, with the highest gene expression in hippocampus and 
cortex. Although an effect on total white blood cell count and monocyte count was 
observed in sham animals by administration of the agonist, the treatment had no 
effect on either inflammatory markers or injury in the MCAO groups. In contrast to 
other tested α7nAChR agonists, AR-R17779 does not show any promise as an acute 
stroke treatment.  
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Paper III: α7nAChR agonist treatment in neonatal brain 
injury 
Although we did not find any difference between treated and untreated groups in our 
study with AR-R17779 in Paper II, several other studies in models of adult brain 
injury has observed beneficial effects from treatment with PHA 568487 (142-145, 
148) and other α7nAChR agonists (79, 138-141, 146) as displayed in Table 2. 
Further, in vitro experiments with α7nAChR agonist treatment in microglia has 
displayed immunosuppressive results (79-81). In contrast, an early study by 
Laudenbach et al. in a mouse model of excitotoxic brain injury showed the unspecific 
α7nAChR agonist GTS-21 to have a seemingly opposite effect in comparison to 
results seen in adults (152). Interestingly this preterm study used mouse pups of 
mixed sexes, while trials in adult rodents have used male animals only. Therefore, we 
wanted to further investigate the role of the α7nAChR in neonatal brain injury using 
a more specific agonist, PHA 568487 and to evaluate if the effect of receptor 
stimulation was different in males and females.  

In Paper III, we investigated the effect of the α7nAChR stimulation on hypoxic-
ischemic brain injury in mice pups at PND9-10 using the Rice-Vannucci model. The 
agonist PHA 568487 (8 mg/kg, i.p.) was administered directly after hypoxia-
ischemia and once daily until sacrifice. Brain injury was evaluated by measuring 
caspase-3 activity (24 hr), motor function (1-2 days) and tissue loss and microglial 
activation (7 days), and effect on inflammatory response was evaluated 24 hr after 
injury by measuring mRNA and protein levels of inflammatory mediators in brain 
and spleen. Chrna7 was also measured in the brain to evaluate the effect of injury 
and agonist treatment on the gene expression. 

α7nAChR agonist treatment with PHA 568487 results in a sexually 
dimorphic immune response in neonatal hypoxia-ischemia, but does not 
affect injury outcome 

Analysis of gene expression 24 hr after HI revealed that the pro-inflammatory 
cytokines TNFα and IL-6, chemokines CCL2 and CCL5, and 
microglia/monocyte/macrophage marker CD68 were increased in the injured cerebral 
hemisphere of male mice. A similar result was observed in the female mice, although 
not significant for all genes. Furthermore, treatment with α7nAChR agonist 
decreased the gene expression of IL-6, CCL2 and CCL5 in male, but not female, 
mice. However, when investigating the treatment effect on motor function, apoptotic 
activity, cerebral tissue loss and microglial activation no effect was found either in 
males or in females.   
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  RESULTS & DISCUSSION 

35 

 

Paper III: α7nAChR agonist treatment in neonatal brain 
injury 
Although we did not find any difference between treated and untreated groups in our 
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displayed immunosuppressive results (79-81). In contrast, an early study by 
Laudenbach et al. in a mouse model of excitotoxic brain injury showed the unspecific 
α7nAChR agonist GTS-21 to have a seemingly opposite effect in comparison to 
results seen in adults (152). Interestingly this preterm study used mouse pups of 
mixed sexes, while trials in adult rodents have used male animals only. Therefore, we 
wanted to further investigate the role of the α7nAChR in neonatal brain injury using 
a more specific agonist, PHA 568487 and to evaluate if the effect of receptor 
stimulation was different in males and females.  

In Paper III, we investigated the effect of the α7nAChR stimulation on hypoxic-
ischemic brain injury in mice pups at PND9-10 using the Rice-Vannucci model. The 
agonist PHA 568487 (8 mg/kg, i.p.) was administered directly after hypoxia-
ischemia and once daily until sacrifice. Brain injury was evaluated by measuring 
caspase-3 activity (24 hr), motor function (1-2 days) and tissue loss and microglial 
activation (7 days), and effect on inflammatory response was evaluated 24 hr after 
injury by measuring mRNA and protein levels of inflammatory mediators in brain 
and spleen. Chrna7 was also measured in the brain to evaluate the effect of injury 
and agonist treatment on the gene expression. 

α7nAChR agonist treatment with PHA 568487 results in a sexually 
dimorphic immune response in neonatal hypoxia-ischemia, but does not 
affect injury outcome 

Analysis of gene expression 24 hr after HI revealed that the pro-inflammatory 
cytokines TNFα and IL-6, chemokines CCL2 and CCL5, and 
microglia/monocyte/macrophage marker CD68 were increased in the injured cerebral 
hemisphere of male mice. A similar result was observed in the female mice, although 
not significant for all genes. Furthermore, treatment with α7nAChR agonist 
decreased the gene expression of IL-6, CCL2 and CCL5 in male, but not female, 
mice. However, when investigating the treatment effect on motor function, apoptotic 
activity, cerebral tissue loss and microglial activation no effect was found either in 
males or in females.   
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Inflammation is a major contributor to neonatal brain injury (153) and 
immunomodulatory therapies have therefore been proposed as a potential treatment 
strategy also in neonatal brain injury. In response to injury, activated microglia 
present co-stimulatory markers (154, 155) and secrete pro-inflammatory cytokines, 
such as TNFα, IL-6 and IL-1β (155, 156). These cytokines are all found in CSF of 
newborns with HIE and IL-1β levels in the CSF have been linked to severity of HIE 
(157, 158). The results in Paper III, showed that IL-6, TNFα, and CCL2 gene 
expression were upregulated in the injured hemisphere 24 hr after neonatal hypoxic-
ischemic injury in mice, compared with the non-injured hemisphere, in line with 
previous findings in the model. Moreover, the results showed that agonist treatment 
significantly decreased the expression level of CCL2, CCL5 and IL-6 in the injured 
hemisphere in male mice. CCL2, CCL5 and IL-6 can all be involved in pro-
inflammatory signaling, though the roles of inflammatory mediators are often 
complex. IL-6 is considered a pleiotropic cytokine and can display both pro- and 
anti-inflammatory properties (159, 160), activating microglia in the acute phase 
while it may promote neuronal survival in later phases (159, 161). As the expression 
is measured only 24 hr after injury we might assume IL-6 to have a pro-inflammatory 
role at this time point, thereby indicating an anti-inflammatory effect of the agonist 
treatment. 

Studies have found that sex is an important factor in the development and resolution 
of neonatal brain injury. Data today is not conclusive, but males seem to develop 
more severe injuries in both humans and mice (162, 163). Apoptosis is an important 
process in the normal developing brain (164)., but HI and other insults may lead to 
increased cell death from both apoptosis and necrosis (164).. In Paper III we 
measured the activity of caspase-3, a key enzyme in the apoptotic process. The 
caspase-3 activity was found to be upregulated in the injured hemisphere compared 
to the non-injured hemisphere in both male groups, and a similar trend was observed 
in female mice. However, no difference was seen between the different treatment 
groups in either males or females. Some studies have suggested that females to a 
higher degree regulate cell death through caspase-dependent apoptosis (165), while 
males are more prone to inflammation-driven necrosis (166-168). However, our 
results did not support these results.  

Moreover, a recent study found a sexually dimorphic effect when evaluating the role 
of α7nAChR in hippocampal neurogenesis (169), which suggests sex might influence 
α7nAChR function. With this in mind we wanted to evaluate potential sex 
differences on α7nAChR stimulation in the neonatal brain injury model. Given that 
we did not find any differences of α7nAChR agonist treatment on tissue loss, 
microglia activation or behavior, we were not able to detect any sex dpendent 
differences of α7nAChR stimulation on injury outcome. However, we found the 

  RESULTS & DISCUSSION 

37 

 

effect of α7nAChR stimulation on inflammatory response to be sex dependent. We 
showed that α7nAChR agonist treatment was able to decrease levels of pro-
inflammatory cytokines in the injured hemisphere 24 hr after injury.  

Although a decrease in cytokine gene expression 24 hr after insult was observed in 
the injured hemisphere of male pups receiving α7nAChR agonist treatment, no 
treatment effect on injury outcome was found in either of the sexes. Colas et al. 
reported a treatment effect of PHA 568487 on tissue loss in adult brain injury, 
although no effect was seen on gene expression of TNFα and CCL2 7 days following 
MCAO (145). Though the cytokine expression changes in the week following injury, 
this might suggest that reduction of cytokine levels is not necessary for successful 
treatment. Additionally, other mechanisms than immunomodulation have been 
suggested to be responsible for the treatment effect of α7nAChR agonist, eg. Wang J. 
et al. (146) reported that α7nAChR agonist treatment apart from decreasing stroke 
induced injury also increased neurogenesis in the subventricular zone (SVZ).   

Furthermore, injury resolution in developing brain might differ from that of the adult 
brain (170), and treatments effective in adults is not necessarily translatable to 
neonates. In fact, some treatment strategies have even displayed opposite effects in 
adults and neonates (171). As mentioned before, we considered this as a potential 
outcome as well, as an early study by Laudenbach et al. (152) found α7nAChR 
agonist treatment to worsen the injury in a preterm model of excitotoxic brain injury. 
A possible explanation for these opposed effects in previous studies of adult and 
neonatal injury might be that the developing brain is more sensitive to high 
intracellular calcium levels and that activation of the Ca2+ channel linked α7nAChR 
therefore might be toxic. However, our results in Paper III did not show the injury to 
be either increased or decreased. Laudenbach et al. used an agent, GTS-21, that may 
decrease inflammation without involvement of α7nAChR (172) and that not only acts 
as an α7nAChR agonist, but also inhibit α4β2nAChR (173, 174), another nicotinic 
receptor. This might explain the discrepancies between the outcome of our studies, 
however, Laudenbach et al. also displayed a beneficial effect of α7nAChR knock out, 
which  indeed suggest that α7nAChR contribute to injury in the developing brain. 
Another explanation for the differences might be the age of the pups or the model 
used.  
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Chrna7 expression is not altered in response to neonatal brain injury in 
mouse, and is not affected by α7nAChR agonist treatment 24 hr after 
injury 

As demonstrated in Paper II, the expression of Chrna7 is widespread throughout the 
brain in adult naïve mice. Furthermore, in Paper III, we wanted to investigate the 
Chrna7 in response to injury and agonist treatment. We investigated the Chrna7 
expression in the injured and non-injured hemisphere of the brain from mice with 
neonatal hypoxic-ischemic brain injury. Our results showed that the Chrna7 
expression did not differ between the injured and non-injured hemisphere 24 hr after 
injury, in either males or females. Moreover, agonist treatment with PHA 568487 did 
not affect the Chrna7 expression level in either hemisphere. Our group has 
previously shown that although there is no difference after 24hr, the Chrna7 
expression in the injured hemisphere is decreased 72 hr after HI insult (133). In 
contrast, a study by Colas et al. investigated the Chrna7 expression after tMCAO in 
adult rats using a PET radioligand and found that the expression was increased in the 
injured hemisphere 3, 7 and 14 days after insult (145). However, MCAO causes 
disruption of the blood-brain barrier (BBB) (175) and increases the permeability in 
the injured region as shown in the same paper by Colas et al., and it is possible that 
the high PET signal in the injured region reflect increased BBB permeability rather 
than increased Chrna7 gene expression. Although the radioligand used is CNS 
penetrable in normal conditions (176), BBB disruption might allow a higher quantity 
to pass into the injured region. It is also notable that the radioligand used is an 
agonist to the receptor, and repeated administration might affect the expression of the 
receptor at later time points.  

In summery, no effect of α7nAChR agonist treatment was observed on injury 
outcome in neonatal encephalopathy seven days after insult. However, a sex-
dependent effect was observed on inflammatory mediators in the injured hemisphere. 
Cytokines CCL2, CCL5 and IL-6 were shown to be decreased in the injured brain 
hemisphere 24 hours after insult in male, but not female, α7nAChR-stimulated mice. 
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SUMMARY OF RESULTS  
This thesis investigated the role of the alpha 7 nicotinic acetylcholine receptor 
(α7nAChR) in inflammation and brain injury. 

In summery, the results in this thesis show that: 

• CHRFAM7A expression is four times higher than CHRNA7 in human 
PBMCs from healthy subjects 

• CHRNA7 and CHRFAM7A expression in PBMCs are associated with 
plasma protein levels 

• CHRNA7 and CHRFAM7A SNPs are associated with cytokine release in 
healthy human PBMCs  

• Chrna7 are expressed in several regions of the adult naïve mouse brain, with 
the highest expression in hippocampus and cortex 

• The α7nAChR agonist AR-R17779 does not affect outcome in a mouse 
model of stroke 

• Stimulation of the α7nAChR does not affect outcome in a mouse model of 
neonatal hypoxic-ischemic brain injury 

• Stimulation of the α7nAChR decrease cytokine levels after neonatal HI in 
male, but not female, mice 

• Chrna7 expression is not altered in the injured cerebral hemisphere in 
response to HI injury, neither with or without α7nAChR agonist treatment 
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CONCLUDING REMARKS & 
FUTURE PERSPECTIVES 

Previous studies of CHRNA7 and CHRFAM7A expression in PBMCs of healthy 
subjects have not been unanimous. Although CHRNA7 has been found to be 
expressed in PBMCs during disease and various inflammatory conditions, expression 
in healthy PBMCs has been debated. In Paper I, we present data from a large 
number of subjects, showing expression of both CHRNA7 and CHRFAM7A in 
PBMCs from healthy subjects. In contrast to results in PBMCs in disease states, our 
findings in healthy PBMCs show the gene expression of CHRNA7 and CHRFAM7A 
to be positively correlated. The area of CHRFAM7A is yet rather unexplored, but 
previous findings have suggested it may have a negative regulatory effect on alpha 7 
nicotinic acetylcholine receptor (α7nAChR). A proposed rout of action has been 
through incorporation of dupα7, the CHRFAM7A product, in pentamers with the 
α7-subunit, forming dysfunctional receptors. However, gene- and protein expression 
may not always correlate and high expression of the gene does not necessarily result 
in high protein expression.  Further studies are needed to investigate the relation 
between the genes and whether they may influence each other, or if expression of the 
genes are regulated by similar other processes. However, our results suggest the 
correlation may be different in healthy- compared to inflammatory states. Thus, 
further studies are needed to explore how the regulation of the genes may differ in 
health and disease.  

Furthermore, we found individuals with various SNPs in the region of CHRNA7 and 
CHRFAM7A to have an altered PBMC immune response. One SNP in CHRFAM7A 
was also associated with hsCRP. Larger mutations in the region containing CHRNA7, 
such as the 15q13.3 microdeletion, have been found to be associated with a number 
of different conditions such as epilepsy, schizophrenia and ADHD. These deletions 
usually contain a few other genes, but deletion of CHRNA7 is thought to be the 
primary cause of the syndromes associated with these deletions. These deletions vary 
both in size and phenotype, sometimes containing the CHRFAM7A, and studies have 
aimed to reveal different breakpoints that may be crucial for development of different 
diseases and disorders. Our results revealed that individuals with SNPs in this region 
can have an altered immune response. Though individuals with most of the 
investigated SNPs had increased cytokine release, two SNPs seemed to have the 
opposite effect. Thus, a possible area for future research would be to investigate how 
the exact location are associated with phenotype.  
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Taken together, our findings from Paper I indicate both CHRNA7 and CHRFAM7A 
to be involved in immune regulation, and suggest CHRFAM7A may contribute to the 
inflammatory process to a larger extent than previously been acknowledged. There is 
evidently much more to discover regarding these genes, but these findings shows the 
importance of considering the influence of CHRFAM7A when investigating the effect 
of CHRNA7. This also raises the question of suitability of different disease models, 
as the CHRFAM7A gene is only found in humans.  

Previous studies have shown beneficial effects of treatment with different α7nAChR 
agonists in various models of brain injury in rodents. However, we did not find any 
effect of treatment with the α7nAChR agonist AR-R17779 in ischemia-reperfusion 
brain injury in adult mice in Paper II. It is difficult to distinguish exactly what 
causes the discrepancies in results between the studies as the different studies used 
different models, agonists, administration and dosing regimens. It is possible that the 
dose, administration or dosing regimen was not sufficient in delivering required 
amount of the drug to the target tissue in our study.  

Furthermore, in Paper III we did not find the α7nAChR agonist PHA-568487 to 
have any effect on injury outcome in a mouse model of neonatal hypoxic-ischemic 
brain injury. To our knowledge, only one study has investigated the effect of 
α7nAChR agonist treatment in neonatal brain injury. Laudenbach et al. found agonist 
treatment with GTS-21 to worsen injury in a mouse model of excitotoxic brain 
injury. However, our results in did not reveal any effect from α7nAChR agonist 
treatment on neonatal brain injury, neither beneficial nor worsening. The differences 
in outcome between the studies could possibly be explained by use of different 
models, or the age at which the injury was induced. For example, due to the 
maturation process of oligodendrocytes, mice are more susceptible to white matter 
injury on PND4, when Laudenbach et al. induced injury than on PND9-10 when the 
injury was induced in our study. 

Furthermore, another explanation for the discrepancies between the outcomes in both 
adult and neonatal brain injury may be activation of different signaling pathways by 
different agonists. Some of the agonists used in previous studies are known to inhibit 
other receptors, and we also know that different endogenous ligands of the receptor 
may cause different response e.g. influx of different ions, and it is possible that 
different pharmacological compounds also results in slightly different signaling. 
Activation of α7nAChR may lead to rapid influx of Ca2+, but this process has shown 
to differ between different endogenous ligands and different cell types. The acute 
phase of stroke and neonatal hypoxic-ischemic brain injury involves large influx of 
Ca2+, which causes excitotoxicity and often neuronal cell death. Neonates in 
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particular are especially vulnerable to excitotoxicity. Thus, any differences in 
activation of Ca2+ signaling between agonists may influence the outcome of agonist 
treatment on brain injury. 

It might be added that negative results may be difficult to publish as significant 
findings are often premiered by journals and the scientific community overall. This 
could be a possible explanation for the lack of studies with negative results using 
α7nAChR agonist in brain injury. Additionally, several of the studies showing 
beneficial effects in adult brain injury use a low number of animals, especially 
considering the high variability of the disease models. Some studies have also 
utilized commercial antibodies for detection of α7nAChR that are known to have 
problems with unspecific binding. However, the relatively high number of papers 
with significant findings as a whole certainly point to a beneficial effect of α7nAChR 
agonist treatment in brain injury.  

Moving forward, the intracellular signaling pathways of the receptor remains an 
intriguing area for future studies. Further knowledge is needed regarding how the 
signaling may differ between different agonists, binding sites and cell types. 
Furthermore, the exact mechanism for attenuation of brain injury from agonist 
treatment is not fully understood. Previous findings suggest involvement of both anti-
inflammatory signaling as well as effects on neurogenesis, but further research is 
needed to fully understand this and to find the primary cause of action. It is 
particularly of interest to investigate how the potential anti-inflammatory effects are 
mediated. Only e few studies have investigated splenic involvement in alleviation of 
brain injury from α7nAChR agonist treatment, and show contradicting results. It is 
therefore of importance to investigate if these anti-inflammatory effects are mediate 
through central or peripheral mechanisms, to be able to optimize delivery of the drug 
to the appropriate tissue. Additionally, the findings in Paper III also points to a 
sexually dimorphic effect of α7nAChR agonist treatment on immune response in 
neonatal brain injury. This calls for experiments in female rodents investigating 
α7nAChR agonist treatment in brain injury as so far, to the best of our knowledge, 
only male rodents have been used. 
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In conclusion, the findings in this thesis support the role of both CHRNA7 and 
CHRFAM7A as important regulators of the immune system in humans, and 
emphasizes the need for further research on interaction between these genes and 
corresponding proteins. Although previous studies have found beneficial effects of 
α7nAChR agonist treatment in adult brain injury models, we did not find the agonist 
AR-R17779 to influence outcome after ischemia-reperfusion injury. This highlights 
the need for further studies investigating α7nAChR signalling, and how this may be 
affected by different pharmacological modulators. Furthermore, we did not find the 
α7nAChR agonist PHA-568487 to influence injury outcome in neonatal hypoxic-
ischemic brain injury. However, the results revealed a sexually dimorphic effect of 
the agonist on cytokine release, underlining the importance of inclusion of both 
males and females when investigating the role of the α7nAChR. Taken together, 
α7nAChR remains an intriguing target for immune modulation, but further research 
is needed to map the signaling pathways and to understand how the CHRNA7 and 
CHRFAM7A genes are involved in immune regulation.  
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In conclusion, the findings in this thesis support the role of both CHRNA7 and 
CHRFAM7A as important regulators of the immune system in humans, and 
emphasizes the need for further research on interaction between these genes and 
corresponding proteins. Although previous studies have found beneficial effects of 
α7nAChR agonist treatment in adult brain injury models, we did not find the agonist 
AR-R17779 to influence outcome after ischemia-reperfusion injury. This highlights 
the need for further studies investigating α7nAChR signalling, and how this may be 
affected by different pharmacological modulators. Furthermore, we did not find the 
α7nAChR agonist PHA-568487 to influence injury outcome in neonatal hypoxic-
ischemic brain injury. However, the results revealed a sexually dimorphic effect of 
the agonist on cytokine release, underlining the importance of inclusion of both 
males and females when investigating the role of the α7nAChR. Taken together, 
α7nAChR remains an intriguing target for immune modulation, but further research 
is needed to map the signaling pathways and to understand how the CHRNA7 and 
CHRFAM7A genes are involved in immune regulation.  
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