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ABSTRACT 
Despite extensive research the etiologies of neuropsychiatric disorders such as schizophrenia 
remain obscure. It is currently believed that complex interactions between a number of genetic 
and environmental risk factors contribute to the development of these disorders. The studies in 
this thesis were undertaken to investigate the potential of a neurotropic influenza A virus 
infection during early life, to induce changes in the brain leading to functional deficits later in 
life. Differential expression of transcripts from human endogenous retrovirus (HERV) 
elements, including syncytin, has been observed in patients with schizophrenia, however, the 
function of such transcripts in the brain is not known. We therefore investigated if the suggested 
analogues in mouse were induced and regulated in the same way as human syncytin. Infection 
with influenza A/WSN/33 virus induced the expression of syncytin B but not syncytin A as 
well as the suggested regulator glial cells missing 1 (GCM1) in mouse primary neuron and glial 
cell cultures. GCM1 seemed to regulate the expression of transcripts encoding syncytin B but 
not A. Thus, syncytin B appears to be an analogue to human syncytin and the function of such 
expression can be studied in vivo. To investigate the short- and long-term effects of a neonatal 
CNS infection with influenza A/WSN/33 virus in vivo, wild type and Tap1-/- mice, lacking 
CD8+ T cells, were infected at postnatal day 3 or 4. The spread of the infection in the brain and 
clearance of virus did not differ between the two genotypes of mice, which contrasts 
observations in adult infected mice. Elevated levels of transcripts encoding IFN-γ and TNF 
were observed in the brain of both genotypes, however, the Tap1-/- mice seemed to have a more 
pronounced innate immune response based on the elevated levels of iNOS and syncytin B only 
in these mice at P24. The kynurenine pathway metabolizes tryptophan into several 
immunomodulatory and neuroactive metabolites and is suggested to be part of the innate 
immune response. To investigate the effects of an influenza A/WSN/33 virus infection on the 
kynurenine pathway we infected mouse primary neuron and glial cell cultures. The infection 
induced several transcripts encoding enzymes in this pathway in both cell culture types. Next 
we investigated the effects of a neonatal infection with influenza A/WSN/33 on the kynurenine 
pathway in wild type and Tap1-/- mice. The pathway was induced in both genotypes of mice and 
a transient elevation of kynurenic acid was observed in the brains at P13. Infected Tap1-/- mice 
exhibited a prolonged induction of the kynurenine pathway compared to infected wild type 
mice. When investigating the long-term effects of the neonatal infection in adult mice we found 
infected Tap1-/- mice to exhibit increased rearing and anxiety-like behavior compared to 
uninfected Tap1-/- mice. In addition, the infected Tap1-/- mice were deficient in a working 
memory task and had disrupted sensorimotor gating as measured by prepulse inhibition. No 
differences in the behavior of infected wild type mice compared to uninfected wild type mice 
were observed. The infected Tap1-/- mice, with working memory deficits, had lower expression 
transcripts encoding type III neuregulin 1 in the prefrontal cortex. This is in line with a recent 
report illustrating a role for type III neuregulin 1 in both working memory and sensorimotor 
gating.  
 
Taken together, the results in the present thesis show that a viral CNS infection in early life has 
the potential to induce changes in the brain during development and that this leads to 
behavioral disturbances related to both emotional and cognitive domains as well as to 
sensorimotor gating disruption, in genetically vulnerable individuals. Thus, our findings 
support the notion that both genetic and environmental factors may contribute to the 
development of certain neuropsychiatric disorders. 
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1 INTRODUCTION 
1.1 INFECTIONS IN EARLY LIFE 
A number of virus infections during pregnancy can be teratogenic causing cerebral 

malformations in the offspring, reviewed in (Johnson, 1988). Rubella virus was the first 

virus to be recognized as a teratogen (Gregg, 1941), and maternal infections have been 

reported to cause microcephaly, deafness and mental retardation in the offspring. 

Infections with cytomegalovirus (CMV) during pregnancy can also lead to 

malformations in the brain of the offspring and development of deafness and mental 

retardation. Furthermore, infections with herpes simplex virus, human 

immunodeficiency virus (HIV) or varicella zoster virus as well as the protozoan 

parasite Toxoplasma gondii during pregnancy, have all been associated with 

neurological sequelae in the offspring, reviewed in (Johnson, 1988, Johnson, 1994)  

 

Infections during early life have also been suggested to interfere with brain 

development in more subtle ways causing long-term effects on behavior and cognitive 

abilities in the absence of any overt signs of malformations. For example, a number of 

epidemiological studies have found associations between exposures to infectious agents 

during early life and an increased risk of developing neuropsychiatric disorders such as 

schizophrenia or autism, later in life. Such infectious agents include herpes simplex 

virus type 2, CMV, influenza A virus, rubella virus and Toxoplasma gondii, reviewed 

in (Karlsson, 2003, Libbey et al., 2005, Yolken & Torrey, 2008).  

 

1.2 PREMORBID SIGNS IN SCHIZOPHRENIA 
Schizophrenia is a severe mental disorder with an onset at late adolescence or early 

adulthood, reviewed in (Hafner, 1998). It is a heterogenic disorder and patients usually 

experience a combination of positive, negative and cognitive symptoms. Positive 

symptoms, meaning an excess or distortion of normal functions are manifested as 

paranoid delusions and hallucinations. Negative symptoms reflect an attenuation or loss 

of normal functions and include emotional flattening and withdrawal, lack of 

motivation as well as poor social functioning. Cognitive symptoms can involve a range 

of dysfunctions including disorganized thoughts, speech and behavior, as well as poor 

concentration and memory problems (American Psychiatric Association, 1994, 

Andreasen et al., 1995). 
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Neurodevelopmental disturbance has been suggested to contribute to the pathogenesis 

of neuropsychiatric disorders such as schizophrenia. This is based on epidemiological 

as well as clinical findings, reviewed in (Lewis & Levitt, 2002). Studies have shown 

that individuals with schizophrenia already during childhood exhibit behavioral 

abnormalities such as delayed language development, late standing and walking, minor 

cognitive deficits and motor coordination problems (Cannon et al., 2000, Isohanni et 

al., 2001, Jones et al., 1994, Rosso et al., 2000). Low premorbid IQ scores have also 

been associated with an increased risk of developing schizophrenia, reviewed in 

(Woodberry et al., 2008). Furthermore, structural anomalies have been observed in the 

brains of patients with schizophrenia. The most frequent findings are enlarged 

ventricles and reduced cerebral volume, reviewed in (Gur et al., 2007, Harrison, 1999). 

These structural anomalies are detectable already at the onset of the disease, reviewed 

in (Steen et al., 2006), or even before manifestation of the disease, at least in 

individuals at risk of developing schizophrenia (Job et al., 2005, Pantelis et al., 2003).  

 

1.3 INFECTIONS AND SCHIZOPHRENIA 
Studies have shown an excess of winter-spring births (5-8%) among individuals who 

develop schizophrenia later in life, reviewed in (Torrey et al., 1997). Several 

hypotheses have been proposed to explain this seasonality such as light and internal 

chemistry, temperature and weather effects, obstetrical or nutritional factors. Another 

plausible explanation could be seasonal variation in the occurrence of infectious agents, 

which by infecting the pregnant mother or newborn child could interfere with brain 

development, reviewed in (Torrey et al., 1997). Being born or raised in an urban 

environment also increases the risk of developing schizophrenia (Eaton et al., 2000, 

Pedersen & Mortensen, 2001). One potential explanation for this may be an increased 

exposure to infectious agents in more densely populated areas. Indeed, children raised 

in urban areas appear to be at increased risk of contracting central nervous system 

(CNS) infections (Dalman et al., 2008). In a seminal article in 1988, Mednick and 

coworkers reported that individuals, which were in their second trimester of gestation 

during the 1957 influenza A2 epidemic in Helsinki, were at greater risk of being 

diagnosed with schizophrenia later in life (Mednick et al., 1988). This finding was 

based on case records from psychiatric hospitals and it was not known if the mothers of 

these patients with schizophrenia actually were infected by influenza A virus during the 

epidemic. A number of other studies were able to replicated this finding (Adams et al., 
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1993, McGrath et al., 1994, O'Callaghan et al., 1991) while others did not (Kendell & 

Kemp, 1989, Morgan et al., 1997, Selten et al., 1999). Later Mednick and coworkers 

could identify, by the use of obstetric records, that 13 of the 15 mothers who were in 

the second trimester of pregnancy during the influenza epidemic, also had recorded 

symptoms of influenza virus infection. However, since the sample size was small the 

authors recommended caution in interpreting the data (Mednick et al., 1994). 

Respiratory infections in mothers during the second trimester of pregnancy have also 

been reported to increase the risk of schizophrenia in the offspring (Brown et al., 

2000b). However, data on infectious exposures were abstracted from medical records 

and infection was not verified by serological assays. Later Brown and coworkers 

provided serological data indicating a potential involvement of prenatal influenza A 

virus exposure in the development of schizophrenia using archived maternal serum, 

however, the findings did not reach statistical significance (Brown et al., 2004). 

Furthermore, associations between prenatal exposure to influenza B, but not influenza 

A, virus and poor cognitive performance during childhood in individuals who later 

develop psychosis have been reported (Ellman et al., 2009). This study included 111 

individuals with psychosis and among those, 35 were exposed to influenza B infection 

during pregnancy. Control individuals, prenatally exposed to influenza B virus, did not 

show any difference in cognitive performance. This suggests that additional factors, 

genetic and/or environmental, were involved in the development of psychosis in these 

individuals. 

 

In addition to influenza, other prenatal infections have been associated with an 

increased risk of developing schizophrenia. Buka and coworkers reported that offspring 

of mothers with elevated levels of antibodies to herpes simplex virus type 2 were at 

increased risk of developing schizophrenia and other psychotic illnesses in adulthood 

(Buka et al., 2001). The risk of psychosis in adulthood, following such exposure, was 

later confirmed in a larger population (Buka et al., 2008). Serologically documented 

prenatal rubella virus exposure has also been associated with adult non-affective 

psychosis (Brown et al., 2000a). Moreover, viral CNS infections during childhood have 

been associated with an increased risk of developing schizophrenia and non-affective 

psychosis. An elevated risk has been associated with mumps and CMV (Dalman et al., 

2008) as well as Coxsackie B5 virus (Rantakallio et al., 1997), while another study 

found no such association (Suvisaari et al., 2003). This suggests that an increased risk 
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of developing schizophrenia is not only associated with insults during fetal life but also 

during childhood. 

 

Maternal infection with Toxoplasma gondii has also been suggested as a potential risk 

factor for schizophrenia and schizophrenia spectrum disorder in the offspring based on 

findings of elevated antibody levels in maternal sera (Brown et al., 2005). Mortensen 

and coworkers strengthened this association in a larger study on newborn blood, linking 

elevated levels of Toxoplasma gondii antibodies and the later development of 

schizophrenia (Mortensen et al., 2007). Furthermore, findings of increased levels of 

Toxoplasma gondii antibodies around the time of onset of the disease have been 

reported (Niebuhr et al., 2008). 

 

Taken together, these studies suggest that infectious agents may be involved in the risk 

of developing schizophrenia. If so, it remains to be established if the risk is associated 

with specific agents or critical periods.  

 

1.4 GENETIC FACTORS IN THE ETIOLOGY OF SCHIZOPHRENIA 
The lifetime risk of developing schizophrenia has been estimated to 0.7 % in the 

general population, reviewed in (Tandon et al., 2008). As demonstrated by family, twin 

and adoption studies, there is evidence for a strong genetic component in the etiology 

of schizophrenia. The concordance rate for first-degree relatives (i.e. dizygotic twin, 

sibling, or parent) is between 6-17% and for monozygotic twins it is between 40-50%, 

reviewed in (Gottesman & Erlenmeyer-Kimling, 2001). This suggests that the risk 

increases with the number of shared genes. Adoption studies support that familial 

aggregation is the result of genetic components rather than shared environment, since 

having a biological relative with schizophrenia increases the risk for an adopted 

individual to develop the disease (Kety et al., 1994, Lowing et al., 1983). 

 

Although great efforts have been made to find a linkage between schizophrenia and one 

or more genetic loci, the results are far from conclusive. For every region identified, 

there are positive as well as negative findings, reviewed in (Giegling et al., 2008). 

Another approach has been to search for susceptibility genes for schizophrenia. 

Variations in several genes, reviewed in (Harrison & Weinberger, 2005), including 

some involved in the immune response (Schwab et al., 2003, Schwarz et al., 2006, 
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Shirts et al., 2007, Yu et al., 2004) have been associated with the disease. Among these 

susceptibility genes are also those that exhibit altered expression in postmortem brains 

from patients, where for example altered expression of NRG1 (Law et al., 2006),  

AKT1, DTNBP1, RGS4 and COMT  has been observed, reviewed in (Harrison & 

Weinberger, 2005).  

 

In addition, transcripts from human endogenous retrovirus (HERV) elements have been 

detected in postmortem brain, cerebrospinal fluid (CSF), plasma and white blood cells 

from patients with schizophrenia (Frank et al., 2005, Huang et al., 2006, Karlsson et 

al., 2001, Karlsson et al., 2004, Yao et al., 2008). Furthermore, syncytin encoded by 

the env gene in the HERV-W family has been detected in serum from patients with 

schizophrenia by immunoassays (Perron et al., 2008). HERVs are ancient remnants of 

retroviral infections in our ancestors and very few of these elements have retained their 

ability to code for proteins, reviewed in (Bock & Stoye, 2000). Although differential 

expression of HERV transcripts has been associated with schizophrenia and other 

diseases such as multiple sclerosis and motor neuron disease (Antony et al., 2004, 

Oluwole et al., 2007), the function of such expression remains to be established. The 

factors involved in altered expression of coding and non-coding transcripts in patients 

with schizophrenia are unclear. The expression patterns could be influenced by having 

a specific gene variant or potentially by an environmental factor. 

 

The fast development of microarray technology has lead to the discovery of extensive 

copy-number variation (CNV) in the human genome. The findings imply that segments 

of DNA are duplicated, deleted or rearranged. If such segments encompass one or more 

genes, they can affect the gene dosage and contribute to the development of disease, 

reviewed in (Cook & Scherer, 2008). Indeed, certain copy-number variations have been 

associated with neuropsychiatric disorders including schizophrenia. There is 

accumulating evidence that patients with schizophrenia have higher number of rare 

structural variants such as deletions and duplications compared to controls and that 

such CNVs can disrupt genes involved in neurodevelopment, including genes involved 

in neuregulin and glutamate signaling (Stefansson et al., 2008, Walsh et al., 2008).  

  

Thus, both genetic and environmental factors appear to be involved in the development 

of schizophrenia and the interaction between these risk factors needs to be further 
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investigated. Viruses are plausible environmental risk factors, which could act on 

genetically susceptible individuals and contribute to the development of the disease.  

 

1.5 NMDA RECEPTOR HYPOFUNCTION 
For decades the predominant hypothesis of the pathogenic mechanism behind 

schizophrenia has been disturbed dopamine transmission in the brain. However, the 

dopamine hypothesis cannot explain all of the symptoms observed in schizophrenia and 

therefore other hypotheses have evolved. Hypofunction of the glutamate transmitter 

system has been suggested to contribute to the symptoms of schizophrenia and was first 

proposed by Kim and coworkers based on the findings of low levels of glutamate in the 

CSF from patients (Kim et al., 1980). Indeed, blockade of the glutamatergic N-methyl 

D-aspartate (NMDA) receptor by the hallucinogenic drug phencyclidine (or ”angle 

dust”) or the anaesthetic drug ketamine in healthy individuals have been shown to 

produce symptoms similar to those associated with schizophrenia, i.e. positive and 

negative symptoms as well as cognitive deficits (Krystal et al., 1994, Luby et al., 

1959), reviewed in (Javitt & Zukin, 1991). This indicates that disturbances in glutamate 

transmission can be involved in the manifestation of such symptoms.  

 

Olney and coworkers suggested that disturbance in NMDA receptor function already 

during brain development is a key mechanism contributing to the pathogenesis of 

schizophrenia, reviewed in (Olney & Farber, 1995). During the developmental period 

of synaptogenesis, neurons are very sensitive to disturbances and abnormal activity of 

NMDA receptors can trigger excitotoxic neurodegeneration as well as apoptotic 

neurodegeneration, reviewed in (Olney, 2002). The brain growth spurt, i.e. the peak of 

synaptogenesis, occurs during different periods of life in different species, and the 

period varies between different regions of the brain. In rat and mouse the brain growth 

spurt occurs during postnatal life, starting from the time around birth to about two-three 

weeks after birth, while in humans it starts during the last three months of gestation and 

goes on for several years after birth, reviewed in (Dobbing, 1974, Rice & Barone, 

2000). In experimental studies blockade of the NMDA receptor in neonatal rodents, 

causes apoptotic neurodegeneration (Ikonomidou et al., 1999, Rudin et al., 2005), and 

has also been reported to induce behavioral deficits in adulthood (Harris et al., 2003, 

Kawabe et al., 2007, Kawabe & Miyamoto, 2008, Wang et al., 2001, Fredriksson et al., 
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2004). However, evidence for the involvement of disturbed glutamatergic signaling in 

the etiology of schizophrenia is lacking.  

 

1.6 ANIMAL MODELS OF EARLY LIFE INFECTION 
Different experimental models provide support for persistent effects of virus infections 

during early life on host behavior. For instance, neonatal infections in rodents can be 

used to model certain aspects of human infections during late second/early third 

trimester of gestation. Herpes simplex virus type 1 has neuroinvasive properties 

(Bergstrom et al., 1990) and when injected into neonatal rodents it has been reported to 

induce behavioral changes in adulthood including hyperactivity, deficits in learning 

(Crnic & Pizer, 1988) and sensorimotor gating disruption (Engel et al., 2000). No signs 

of inflammation or glial scarring were observed in the brains of neonatally infected 

animals in adulthood (Engel et al., 2000). Borna disease virus (BDV) is a neurotropic 

equine virus with a wide host-range, reviewed in (Richt & Rott, 2001). Experimental 

models of BDV infection have been used to model neurodevelopmental damage of 

relevance to neuropsychiatric disorders. When injected intracranially into neonatal rats, 

a persistent infection of the brain with minimal classical inflammatory response has 

been observed. The infection is reported to induce selective damage to the cerebellum 

and a gradual neuronal degeneration in the hippocampus (Lancaster et al., 2007). In 

vitro experiments have suggested that BDV infection impairs synaptic plasticity 

(Volmer et al., 2007). Neonatal BDV infection has been shown to profoundly affect 

social behaviors in adult rats (Lancaster et al., 2007) as well as to induce 

hyperreactivity to aversive stimuli (Pletnikov et al., 1999). Furthermore, using this 

model of infection, deficits in sensorimotor gating and in spatial learning and memory 

have been demonstrated (Pletnikov et al., 2001, Rubin et al., 1999). Another virus 

commonly used in experimental studies is the rodent-borne lymphocytic 

choriomeningitis virus (LCMV). This virus can be transmitted from rodents to humans 

and vertical transmission from an infected mother to a fetus can occur, reviewed in 

(Bonthius & Perlman, 2007). LCMV infection in newborn mice has been reported to 

cause a persistent noncytolytic tolerant infection without inflammation. The virus 

localizes in neurons in the neocortex, limbic system and certain regions of 

hypothalamus, lower brain stem, thalamus and basal ganglia. The ability to learn tasks 

was significantly impaired in these persistently infected mice (De La Torre et al., 1996, 

Gold et al., 1994) and they exhibited increased behavioral latency when subjected to 
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open-field tests, in addition to decreased locomotor activity (Hotchin & Seegal, 1977). 

Moreover, infection with vesicular stomatitis virus in 12-day-old rats, inducing a 

relatively selective damage to serotonergic neurons, has been reported to cause 

abnormal locomotor and exploratory behavior as well as spatial learning deficits in 

adult rats (Mohammed et al., 1990). 

 

In light of the association of exposure to infections and schizophrenia, animal models 

of influenza A virus infection have also been studied. The influenza A virus was 

employed in this thesis and will be described below.  

 

1.7 INFLUENZA VIRUS AND THE HUMAN NERVOUS SYSTEM  
In 1918-1919 a devastating influenza pandemic, the Spanish flu, struck the world. This 

influenza virus was responsible for the death of somewhere between 20 to 50 million 

people, reviewed in (Johnson & Mueller, 2002), with an unusual high death rate among 

otherwise healthy young individuals (Simonsen et al., 1998). In fact, this pandemic 

contributed considerably to the end of the First World War due to the spread of the 

disease among the troops (Oldstone, 1998). Following the Spanish flu several cases of 

post-influenza psychosis were reported, with symptoms similar to schizophrenia, 

although for the majority of these individuals the symptoms were not chronic 

(Menninger, 1926). Encephalitis has occasionally been associated with influenza virus 

infection (Hjalmarsson et al., 2009, Kolski et al., 1998, Koskiniemi et al., 2001) and 

although rarely, influenza virus has been detected in the brain and CSF from infected 

individuals (Frankova et al., 1977), reviewed in (Studahl, 2003). In recent years, there 

have been frequent reports on influenza-associated encephalopathy in Japanese 

children. A characteristic finding in such patients is bilateral thalamic necrosis and in 

many cases influenza A virus have been recovered in the CSF. The symptoms are a 

sudden onset of high fever, severe convulsions and rapid progression into coma. The 

mortality rate is high (30 %) and survivors often suffer from severe sequelae, reviewed 

in (Sugaya, 2002).  

 

1.8 INFLUENZA VIRUS  
Influenza viruses are a single stranded RNA viruses belonging to the family 

Orthomyxoviridae. There are three types; A, B and C classified according to differences 

in their nucleoprotein and matrix protein. The influenza A viral genome consists of 
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eight RNA segments encoding ten proteins using different reading frames and 

alternative splicing (Figure 1). Further subtyping of influenza A virus is based on the 

combinations of the surface glycoproteins hemagglutinin (HA) and neuraminidase 

(NA). To date, 16 subtypes of HA and 9 subtypes of NA have been identified (Fouchier 

et al., 2005, Lamb, 2001, Wright, 2001) and all subtypes are present in aquatic bird 

populations, which is the major reservoir for influenza A viruses, reviewed in (Webster 

et al., 1992). In humans, three of the HA subtypes (H1, H2 and H3) and two of the NA 

subtypes (N1 and N2) have been circulating. New subtypes can appear when the 

genomic segments of different subtypes of influenza A viruses reassort giving rise to a 

novel subtype with the potential to cause a pandemic. This is called “antigenic shift” 

and can occur when two different viruses from two different host species co-infect a 

single individual. Variations in influenza viruses also occur due to low fidelity of the 

RNA-dependent RNA polymerases, causing point mutations, a process called 

“antigenic drift”. It frequently occurs in influenza viruses and mutations leading to 

changes in the surface glycoproteins enable the virus to avoid recognition by the host’s 

immune system (Wright, 2001), reviewed in (Bouvier & Palese, 2008).  

 
The typical symptoms of influenza virus infection in humans are fever, chills, sore 

throat, cough, muscle pains and headache. These symptoms are both due to virus 

damage at the site of infection as well as the local and systemic release of cytokines and 

other inflammatory mediators (Hayden et al., 1998), reviewed in (Eccles, 2005). The 

most common complication of influenza virus infections is spread of the virus to the 

lungs resulting in pneumonia, sometimes causing severe and even fatal respiratory 

 
Figure 1. Influenza A virus 
particle. The virus consists of eight 
genomic RNA segments surrounded 
by a lipid bilayer. The RNA 
segments encode ten different 
proteins; hemagglutinin (HA), 
neuraminidase (NA), matrix protein 
(M1), integral membrane protein 
(M2), nonstructural (NS1, NS2), 
nucleoprotein (NP) and three RNA 
polymerase peptides (PB1, PB2, PA). 
The RNA polymerase peptides are 
attached to the ribonucleoprotein 
complex (RNP =RNA + NP). NS1 is 
not thought to be part of the virus 
particle and has only been found 
expressed in infected cells (Lamb, 
2001).
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dysfunction. Influenza virus pneumonia often occurs together with, or is followed by, 

bacterial pneumonia, reviewed in (Rothberg et al., 2008). In fact, the majority of deaths 

during the 1918 influenza pandemic is believed to have resulted from secondary 

bacterial pneumonia (Morens et al., 2008). 

 

1.8.1 From avian to human influenza 
In birds, influenza A virus infects the gastrointestinal tract and transmission occurs 

mainly via feces. The infection is generally asymptomatic but highly pathogenic strains 

replicating in various internal organs can cause disease with high fatality rates, 

reviewed in (Zambon, 2001). Avian influenza viruses do not replicate efficiently in 

humans (Beare & Webster, 1991), and direct transmission to humans rarely occurs. 

However, in the late 1990s the avian subtypes H5N1, H9N2 and H7N7 were directly 

transmitted to humans, and between the years 2003-2006 avian to human transmission 

was again reported to occur with the subtypes H7N7 and H7N3, reviewed in (Horimoto 

& Kawaoka, 2005, Kuiken & Taubenberger, 2008).  

 

Human influenza viruses primarily infect epithelial cells in the respiratory tract that 

express receptors terminating in an α(2,6)-linked sialic acid. Avian influenza viruses 

bind to receptors terminating in α(2,3)-linked sialic acid. The presence of these 

receptors in different tissues partly reflects the tropism of influenza virus in different 

species. The ability of both avian and human influenza A viruses to infect pigs could be 

a result of both types of receptors being present in the pig trachea which has lead to the 

suggestion that pigs are the “mixing vessels“ where new reassorted influenza viruses, 

with the ability to infect humans, are produced, reviewed in (Zambon, 2001).  

 

Since 1918 three less serious pandemics have occurred; the Asian influenza (H2N2) in 

1957, the Hong Kong influenza (H3N2) in 1968 and the age-restricted Russian 

influenza (H1N1) in 1977. Both the Asian and Hong Kong influenza viruses had 

acquired avian gene segments including the HA which allowed the viruses to evade the 

human immune system. The Russian influenza virus strain was basically identical to 

the H1N1 circulating in the 1950s and the origin of this outbreak is still unclear. The 

spread of the virus was almost entirely restricted to individuals < 25 years of age, 

probably because of the absence of circulating H1N1 viruses in humans after 1957, 
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which made this age group susceptible, reviewed in (Horimoto & Kawaoka, 2005, 

Kilbourne, 2006).     

 

1.8.2 Influenza A/WSN/33 virus  
The first human influenza A virus was isolated in 1933 by Wilson Smith, Sir 

Christopher Andrews and Sir Patrick Laidlaw after a major influenza epidemic in 

London (Smith et al., 1933). This influenza strain was named WS/33 and was of the 

H1N1 subtype. The virus was later propagated in mouse brains and two neurotropic 

strains, the NWS/33 (Stuart-Harris, 1939) and the WSN/33 strains were obtained 

(Francis & Moore, 1940). Both of these strains have been used in different 

experimental models of infection. The WSN/33 strain has been shown to target neurons 

in the substantia nigra, and ventral tegmental area when inoculated intracerebrally, and 

the infection following this route is lethal (Takahashi et al., 1995). Mori and coworkers 

were able to achieve a non-lethal infection by inoculating the WSN/33 virus into the 

olfactory bulbs of adult mice. Following this route of infection, the virus targeted areas 

including habenular nuclei, paraventricular thalamic areas, ventral tegmental area, and 

dorsal raphe nuclei. This model of infection was applied to both wild type mice and 

mice with a targeted disruption of the Tap1 gene (transporter associated with antigen 

processing; Mori et al., 1999). Tap1-/- mice express reduced levels of major 

histocompatibility complex (MHC) class I molecules and lack functional CD8+ T cells 

(Van Kaer et al., 1992), important for virus clearance from infected brains (Stevenson 

et al., 1997a, Stevenson et al., 1997b). In adult Tap1-/- mice, viral RNA was reported to 

persist for up to 17 months in the brain following intrabulbar injection with influenza 

A/WSN/33 (Aronsson et al., 2001), while adult wild type mice infected in the same 

way rapidly cleared viral RNA (Mori et al., 1999). When the long-term effects of 

intrabulbar infection with influenza A/WSN/33 virus in wild type mice were 

investigated, changes in anxiety and spatial learning were observed. In addition, 

elevated levels of transcripts encoding two synaptic regulatory proteins (RGS4 and 

CamKII) were observed in the amygdala, hypothalamus and cerebellum (Beraki et al., 

2005).  

 

In a previous study, Rubin and coworkers injected a number of different influenza A 

virus strains intracerebrally into 1-day-old rats to investigate the replication, 

distribution and pathology of these different strains (Rubin et al., 2004). In rats injected 
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with the neurovirulent strains A/WSN/33 or A/Memphis/6/01, the infection was wide 

spread, targeting areas such as choroid plexus, ventricular cell lining, meninges and 

cerebellum without any detectable inflammation. Behavioral tests were performed on 

30-day-old rats and increased novelty-induced vertical activity in the A/WSN/33 virus 

infected rats and novelty-induced horizontal activity in A/Memphis/6/01 virus infected 

rats were observed, while no deficits in sensorimotor gating were detected. The effects 

of maternal infections on behavior in the adult offspring have also been experimentally 

studied. Following intranasal infection with influenza A/NWS/33CHINI virus on 

gestational day 9.5, pregnant mice showed marked sickness behavior and delivered 

significantly fewer pups compared to control mice (Shi et al., 2003). Changes in brain 

structure such as thinning of neocortex and hippocampus and pyramidal cell atrophy 

were observed in the newborn mice along with changes in gene and protein expression 

(Fatemi et al., 2002, Fatemi et al., 1998a, Fatemi et al., 1998b). In adulthood, mice 

exposed to influenza A virus during fetal life exhibited behavioral changes related to 

anxiety as well as deficits in sensorimotor gating (Shi et al., 2003). The effects of the 

infection on behavior in the offspring were ascribed to the immune response of the 

mother since no virus was detected in the brains of the neonatal mice. Furthermore, 

injection of synthetic double stranded RNA (polyI:C) in pregnant mice, which evokes 

an anti-viral immune response, also caused sensorimotor gating deficits in the adult 

offspring. However, using influenza A/WSN/33, Aronsson and coworkers reported 

transplacental passage of the virus in mice infected on gestational day 14 (Aronsson et 

al., 2002). Viral RNA was found in the fetal brains, lungs and corresponding placentas 

and persisted in some of the brains for at least 90 days. Influenza A virus nucleoprotein 

was also detected in the fetal brains (Aronsson et al., 2002). Gene expression in brains 

of influenza A/WSN/33 virus exposed offspring has also been investigated at various 

time-points during development and in adulthood. The levels of transcripts encoding 

neuroleukin, fibroblast growth factor 5 and ring finger protein 1B were significantly 

elevated in the brains of the virus exposed offspring at 90 days of age, but not at earlier 

time-points. The elevated levels of transcripts encoding neuroleukin and fibroblast 

growth factor 5 persisted at 280 days of age. In adult mice, behavioral tests for 

locomotor activity and spatial learning were performed, but no detectable changes were 

observed in virus exposed mice (Asp et al., 2005).  
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As mentioned above neonatal infections in mice could be used to model certain aspects 

of human infections during pregnancy. To mimic the route of infection from a mother 

to a fetus, systemic administration of virus in neonatal mice would be a relevant model. 

This model of infection and its potential long-term effects has not previously been 

studied. 

 

1.9 IMMUNE RESPONSE TO VIRUS INFECTION IN THE CNS 
The immune response to invading pathogens in the CNS is unique since most 

populations of neurons are irreplaceable and damage could lead to severe consequences 

for the host. The CNS has been termed an “immune privileged site” based on the early 

findings of a lack of immune reactions to allografts (Medawar, 1948). In addition, the 

absence of a proper lymphatic system, the presence of a blood-brain barrier (BBB) and 

the absence or low expression of MHC molecules on CNS-resident cells added to this 

notion. However, this concept has been somewhat modified and it is now clear that the 

CNS is not completely isolated from the peripheral immune system. Lymphocytic cells 

can enter the CNS across the BBB and CNS-resident cells are capable of inducing an 

innate immune response, reviewed in (Becher et al., 2006, Falsig et al., 2008).  

 

1.9.1 The innate immune response in the brain 
The initiating response to virus infections in the brain is a rapid production of type I 

interferons (IFN), reviewed in (Paul et al., 2007). Type I IFNs are important for host 

survival as demonstrated by experimental studies of CNS virus infections, where mice 

deficient in IFN-α/β  receptors show high virus loads and mortality (Ireland et al., 2008, 

Samuel & Diamond, 2005). Viral nucleic acids trigger IFN-α/β production by 

activating pattern recognition receptors, e.g. Toll-like receptors, most extensively 

expressed in microglia and astrocytes, reviewed in (Paul et al., 2007). Type I IFNs are 

readily produced by astrocytes and microglia, but neurons also appear to have the 

ability to produce type I IFNs in response to virus infections, reviewed in (Paul et al., 

2007). A range of pro-inflammatory cytokines including, interleukin (IL)-1, IL-6, IL-12 

and tumor necrosis factor (TNF) as well as chemokines are also produced by activated 

microglia and astrocytes, reviewed in (Griffin, 2003). Nitric oxide (NO) has also been 

implicated in the host’s innate defense against viral infections. NO is enzymatically 

formed from L-arginine by the enzyme nitric oxide synthase (NOS). The inducible form 

(iNOS) is expressed in various cell types, including astrocytes and microglia in 
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response to pro-inflammatory cytokines such as IFN-γ, IL-1 and TNF, reviewed in 

(Saha & Pahan, 2006). Regulating the innate immune response is important and an 

unleashed innate immune response can be detrimental, as has been demonstrated in 

neonatal mice, mounting a much stronger innate immune response than adults (Zhao et 

al., 2008). This is suggested to be a consequence of the lower number of T cells present 

in neonates, which have been reported to be crucial in controlling the innate immune 

response (Kim et al., 2007).  

 

1.9.2 The adaptive immune response in the brain  
Essentially all neurotropic viruses naturally initiate infection in the periphery where 

dendritic cells, which are infected or have taken up virus, present the antigen in lymph 

nodes and induce the virus-specific immune response, reviewed in (Griffin, 2003). 

During infections, the BBB becomes compromised and adhesion molecules and 

chemokines increase the extravasation of leukocytes into the CNS, reviewed in (Binder 

& Griffin, 2003). In the normal brain, the expression of MHC class I molecules, which 

present antigens to cytotoxic CD8+ T cells, is low but during a CNS 

infection/inflammation MHC class I molecules are abundantly expressed on the cell 

surfaces of microglia, endothelial, ependymal and meningeal cells. Neurons rarely 

express MHC class I molecules, although expression has occasionally been observed 

on infected neurons, reviewed in (Griffin, 2003). Both CD8+ and CD4+ T cells are 

important in controlling virus replication and reducing levels of viral nucleic acids. 

Clearance of virus from neurons may occur through a non-cytolytic process. The non-

cytolytic clearance of virus by T cells is likely effected via local production of soluble 

factors such as IFN-γ, which by inducing NO production could down regulate virus 

replication, reviewed in (Binder & Griffin, 2003, Chesler & Reiss, 2002). Stevenson 

and coworkers have shown that CD8+ T cells are important for protection from and 

clearance of influenza A/WSN/33 virus in the brain (Stevenson et al., 1997a, Stevenson 

et al., 1997b) and, as described above, mice lacking CD8+ T cells harbor virus for 

longer periods than wild type mice (Aronsson et al., 2001, Mori et al., 1999). 

Antibodies also play a role in directly down regulating virus replication and effecting 

clearance, especially in neurons, reviewed in (Griffin, 2003). 
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Figure 2.  The kynurenine pathway. 

1.10 THE KYNURENINE PATHWAY 
The amino acid tryptophan is required for protein synthesis and important metabolic 

functions. Animals cannot synthesize tryptophan and therefore depend on ingestion of 

proteins containing tryptophan. Ingested tryptophan is primarily degraded in the liver 

through several metabolic steps known as the kynurenine pathway (Figure 2). 

Interestingly, this pathway generates several immunomodulatory and neuroactive 

metabolites, reviewed in (Moffett & Namboodiri, 2003, Stone, 1993), and can be 

induced by infections (see below). One of the end-products of this pathway, kynurenic 

acid (KYNA), is an endogenous NMDA receptor antagonist, as well as a cholinergic 

α7* nicotinic receptor antagonist, and has been observed at elevated levels in patients 

with schizophrenia (see below).  

 
1.10.1  The enzymatic steps in the kynurenine pathway 

The first step in the 

kynurenine pathway is 

performed by either 

indoleamine-pyrrole 2,3-

dioxygenase (IDO) or 

tryptophan 2,3-dioxygenase 

(TDO). Both IDO and TDO 

metabolizes tryptophan to 

formylkynurenine, which is 

then rapidly degraded to 

kynurenine. Kynurenine can 

be metabolized by several 

enzymes; (i) kynurenine 

aminotransferases (KAT1, 

KAT2, KAT3 or mitAAT) 

which generates KYNA,  

(ii) kynureninase (KYNU) 

which generates anthranilic 

acid and finally (iii) 

kynurenine 3-monooxygenase (KMO) which is the enzyme that generates  

3-hydroxykynurenine (3-HK). The latter two metabolites, anthranilic acid and 3-HK, 
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can be further metabolized into 3-hydroxyanthranilic acid (3-HAA) which subsequently 

is metabolized by 3-hydroxyanthranilate 3,4-dioxygenase (HAAO) to 2-amino-3-

carboxymuconic semialdehyde which is converted to either picolinic acid or quinolinic 

acid (QUIN). The enzyme quinolinate phosphoribosyltransferase (QPRT) can then 

metabolize QUIN and give rise to nicotinamide adenine dinucleotide (NAD+; Guidetti 

et al., 2007, Guidetti et al., 1997, Han et al., 2009), reviewed in (Stone, 1993).  

 

1.10.2  Neuroactive kynurenine pathway metabolites 
The kynurenine pathway generates several neuroactive compounds. KYNA is a 

competitive antagonist at the glycine site of the NMDA receptor and can with lower 

affinity also bind to the glutamate recognition site (Kessler et al., 1989, Parsons et al., 

1997). Furthermore, KYNA is a noncompetitive antagonist of the cholinergic α7* 

nicotinic receptor (Hilmas et al., 2001). The generation of KYNA is mainly driven by 

kynurenine from the blood since this compound easily enters the brain via the large 

neural amino acid transporter (Fukui et al., 1991) and is then rapidly taken up by 

astrocytes and microglia. Uptake by neurons also occurs by a Na+ dependent 

mechanism (Speciale & Schwarcz, 1990). Accumulated KYNA is liberated into the 

extracellular milieu (Gramsbergen et al., 1997, Swartz et al., 1990) and no catabolic 

enzyme or re-uptake mechanism has been detected. The only known route of 

elimination of KYNA from the brain is through the probenecid-sensitive transporter 

(Moroni et al., 1988) and thereafter renal excretion (Turski & Schwarcz, 1988). QUIN 

is a neurotoxic compound which selectively activates the NMDA receptor not only 

exciting neurons but also causing neuronal damage by overstimulation of the receptor, 

reviewed in (Stone, 1993). QUIN is primarily produced by microglia and macrophages 

(Guillemin et al., 2003) and is suggested to be a substrate for extrahepatic NAD+ 

synthesis needed for repair of DNA damage, which could be caused by reactive oxygen 

and nitrogen species during an immune response, reviewed in (Moffett & Namboodiri, 

2003). Another kynurenine pathway metabolite is 3-HK which is neurotoxic by 

generating free-radicals and, in addition, potentiates the neurotoxicity of QUIN 

(Eastman & Guilarte, 1989, Guidetti & Schwarcz, 1999, Okuda et al., 1998). Picolinic 

acid on the other hand, in addition to KYNA, has been suggested to protect neurons 

from the neurotoxic effects of QUIN, reviewed in (Jhamandas et al., 2000). 
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Some of these kynurenine pathway metabolites have also been associated with 

neuropsychiatric and neurodegenerative disorders. In first episode patients with 

schizophrenia (i.e. drug-naïve) and in drug-treated patients, increased levels of KYNA 

have been observed in CSF as well as in post mortem brains from patients (Erhardt et 

al., 2001, Nilsson, et al., 2005, Schwarcz et al., 2001). QUIN, on the other hand, has 

been suggested to be involved in AIDS-dementia complex and Alzheimer’s disease, 

reviewed in (Guillemin & Brew, 2002, Guillemin et al., 2005a). Moreover, increased 

levels of both QUIN and 3-HK have been observed in Huntington’s disease (Guidetti et 

al., 2004). 

 

1.10.3  Induction of the kynurenine pathway during infections 
During infections, degradation along the kynurenine pathway has been suggested to 

play a role in the defense mechanism of the host by reducing the local supply of 

tryptophan to intracellular pathogens (Pfefferkorn, 1984). Alternatively, tryptophan 

depletion and/or utilization have been hypothesized as mechanisms for suppressing T 

cell proliferation, reviewed in (Moffett & Namboodiri, 2003). By inducing IDO, 

depletion of tryptophan is suggested to inhibit T cell proliferation (Munn et al., 1999). 

Another suggestion is that the host utilizes tryptophan to produce the anti-inflammatory 

kynurenine pathway metabolites kynurenine, 3-HK, 3-HAA and QUIN, which have 

been proposed to suppress T cell proliferation by inducing apoptosis (Fallarino et al., 

2002, Terness et al., 2002). IDO is induced by pro-inflammatory cytokines such as 

IFN-γ and IFN-β (Guillemin et al., 2007, Guillemin et al., 2001a, Guillemin et al., 

2005b, Suh et al., 2007) and in cell culture studies cytokine-induced expression of IDO, 

has been shown to play a role in inhibition of viral replication (Adams et al., 2004a, 

Adams et al., 2004b, Bodaghi et al., 1999, Suh et al., 2007). 

 

A number of different infections have been reported to induce tryptophan degradation 

along the kynurenine pathway. For instance, in mice infected with influenza A virus a 

dramatic increase in IDO activity in the infected lungs has been reported and the 

induction was suggested to be related to the inflammatory response (Yoshida et al., 

1979). In brain homogenates from measles virus infected mice, increased activity of 

HAAO, the enzyme generating QUIN, was observed and hippocampal slices from 

infected brains showed an increased production of QUIN when exposed to the 

precursor 3-HAA (Eastman et al., 1994). Increased levels of QUIN have also been 
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observed in the spinal cord of mice infected with herpes simplex virus along with 

increased activity of IDO and KMO (Reinhard, 1998). Tryptophan levels have been 

reported to be decreased in lungs and brains of mice infected with Toxoplasma gondii, 

and the levels of transcripts encoding IDO as well as the activity of the enzyme were 

increased in the lungs of such mice. The induction of transcripts encoding IDO in 

Toxoplasma gondii infected mice seemed to be mediated by IFN-γ (Fujigaki et al., 

2002, Silva et al., 2002). In addition, elevated levels of KYNA have been observed in 

the brains of Toxoplasma gondii infected mice (Schwarcz & Hunter, 2007).  

 

In humans, elevated levels of both KYNA and QUIN have been observed during 

infections. In patients infected with HIV-1 elevated levels of QUIN have been observed 

in the CSF and in post mortem brain tissue (Achim et al., 1993). Moreover, elevated 

levels of KYNA in CSF of HIV-1 infected patients have been associated with psychotic 

symptoms (Atlas et al., 2007). QUIN has also been observed at increased levels in the 

CSF from individuals with severe malaria (Medana et al., 2002) and CNS infections 

with Borrelia burgdorferi, causing Lyme disease (Halperin & Heyes, 1992).  

 

All of the studies mentioned above have investigated the effects of infection on the 

kynurenine pathway in adult animals. However, the induction of the kynurenine 

pathway in neonatally infected mice, and the potential long-term consequences of such 

an induction, have not been studied. 

 

1.11 ENDOGENOUS RETROVIRUSES 

 
1.11.1  Virus infections and endogenous retroviruses 
Endogenous retroviruses are viral sequences that have been inserted into a host genome 

and become fixed in the germ line. In humans, such sequences (HERV) constitute 8% 

of the genome. As mentioned above, very few of these HERVs have retained their 

ability to produce proteins, reviewed in (Bock & Stoye, 2000), and the function of 

HERV expression in general is not known. It has previously been shown that virus 

infections in human cell cultures can transactivate the expression of HERVs (Kwun et 

al., 2002, Nellaker et al., 2006, Ruprecht et al., 2006, Sutkowski et al., 2001). In light 

of the findings of differential expression of HERVs in patients with schizophrenia and 

the infection hypothesis of this disease, we previously investigated if a maternal 
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infection with influenza A/WSN/33 virus in mice would affect the expression of a 

murine endogenous retrovirus. Indeed, elevated levels of transcripts from the env gene 

of the endogenous murine leukemia virus, Akv, were observed in the brains of virus 

exposed offspring in adulthood (Asp et al., 2005). Thus, endogenous retroviruses can 

be transactivated by exogenous virus infections both in vitro and in vivo.  

 

1.11.2  Syncytin 
In humans, an intact env gene in the HERV-W family, encodes a protein denoted 

syncytin (Mi et al., 2000). Syncytin is normally expressed in the human placenta where 

its expression is regulated by the transcription factor glial cells missing 1 (GCM1;Yu et 

al., 2002). Syncytin has been proposed to play an important role in the formation of the 

syncytiotrophoblast cell-layer (Blond et al., 2000). The formation of syncytium in the 

placenta is suggested to be mediated by syncytin via the receptor ASCT2 (Blond et al., 

2000, Lavillette et al., 2002). Moreover, ASCT2 is a glutamine transporter expressed 

on astrocytes and suggested to play a prominent role during brain development, 

reviewed in (Broer & Brookes, 2001). Syncytin has also been reported to be expressed 

in the brain, in microglia, and the expression is upregulated in microglia/macrophages 

within acute demyelinating lesions of multiple sclerosis patients (Antony et al., 2004, 

Perron et al., 2005). As mentioned above, syncytin protein was recently also found in 

serum from patients with schizophrenia (Perron et al., 2008) and elevated levels of 

syncytin transcripts have been detected in muscles from patients with motor neuron 

disease (Oluwole et al., 2007). Expression of syncytin could also potentially be 

important in regulating host immune response and syncytin has been shown to be 

immunosuppressive (Mangeney et al., 2007). The consequences of the expression of 

syncytin and other HERV elements in the nervous system remain uncertain and 

experimentally, HERVs can only be studied in cell cultures from human tissues. 

However, Dupressoir and coworkers identified two murine envelope genes of retroviral 

origin proposed to be functional analogues of human syncytin (Dupressoir et al., 2005). 

These proteins, denoted syncytin A and syncytin B, were shown to be highly fusogenic 

and suggested to play a critical role in syncytiotrophoblast formation in the murine 

placenta. This discovery has made it possible to study in vivo the function of syncytin. 

However, most studies up until today have addressed the function of syncytin in the 

placenta, the expression and functions of syncytin in the murine brain have not 

previously been studied.  
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1.11.3  The transcription factor glial cells missing 1 
The transcription factor GCM1, which in humans have been shown to regulate syncytin 

expression (Yu et al., 2002), is also hypothesized to regulate the murine syncytins 

(Dupressoir et al., 2005), although this has not previously been shown. The gene 

gcm/glide was first identified in Drosophila, and gcm mutants lack lateral glia, whereas 

ectopic expression of gcm in neurons causes glial transformation (Hosoya et al., 1995, 

Jones et al., 1995). Iwasaki and coworkers suggested a corresponding role in the 

mammalian brain by reporting induction of gliogenesis by GCM1 both in vitro and in 

vivo (Iwasaki et al., 2003). A role for GCM1 in the differentiation of neurons has also 

been proposed (Soustelle et al., 2007). Thus, the mouse could potentially be used as a 

model to study the regulation and function of the syncytins and GCM1 in the brain 

during physiological or pathological conditions.  

 



                        Aims 
 

  21 

2 AIMS 
The overall aim of this thesis was to investigate the potential of a neurotropic influenza 

A virus infection to induce changes in the brain during development and to investigate 

if this could lead to functional deficits later in life. 

 

The specific aims are: 

 

1. To investigate if the murine syncytins are induced and regulated analogously to 

human syncytin, i.e. by virus infection and GCM1, and if the mouse can be 

used to study the function of syncytin and GCM1 in the brain. 

 

2. To characterize a neonatal CNS infection with influenza A virus, including the 

immune response, in wild type and Tap1-/- mice lacking CD8+ T cells. 

 

3. To investigate if influenza A virus can induce the kynurenine pathway in vitro 

and in vivo in mice.  

 

4. To investigate long-term effects of a neonatal CNS infection with influenza A 

virus on behavior in wild type and Tap1-/- mice. 
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3 METHODOLOGICAL CONSIDERATIONS 
Detailed information about the material and methods can be found in the individual 

papers. Here, general aspects of the methods are discussed. The local ethics committee 

has approved all experiments involving animals (N264/05, N34/05, N166/06, N101/07, 

N225/07). 

 

3.1 CELL CULTURES 
To investigate the effects of an influenza A virus infection on gene expression in cells 

derived from the brain (paper I and II), primary cultures of hippocampal neurons and 

cortical glial cells were prepared from mice embryos (wild type mice i.e. C57BL/6) at 

gestational day 16. Neurons were cultured in serum free medium with the addition of 

B27 supplement, which reduces glial cell growth. This results in a nearly pure neuron 

culture with less than 2-3% glial cells. Neuron cultures were allowed to differentiate for 

at least 7 days before the experiment. Cortical glial cells were cultured in medium with 

10% serum and G-5 supplement, which is designed for growth of glial cells 

(astrocytes). The glial cell cultures were used after 2-3 passages. At this time-point the 

majority of these proliferating cells stained positive for glial acidic fibrillary protein 

(Nygård, 2007), a marker for astrocytes. The advantage of using primary cells over an 

immortalized cell line is that primary cells are more representative of cells in vivo. Cell 

lines are often derived from tumor tissues and may therefore have different properties 

compared to a normal cell.  

 

3.2 TRANSFECTION  
In paper I we wanted to investigate if the transcription factor GCM1 can induce the 

expression of the murine syncytins. In this study, we used the spontaneously 

immortalized mouse fibroblast cell line NIH-3T3 which is commonly used in 

transfection experiments and a plasmid over-expressing GCM1 was transfected into 

these cells. Plasmids are extra-chromosomal DNA molecules, which are capable of 

replicating independently from the chromosomal DNA. The gene sequence to be 

expressed is ligated into a plasmid with a strong promoter that facilitates transcription. 

In some experiments forskolin was used to elevate the levels of cyclic adenosine 

triphosphate (cAMP; Seamon & Daly, 1981), which has been reported to enhance the 

expression of human syncytin (Knerr et al., 2005, Mi et al., 2000, Prudhomme et al., 

2004) and stabilize the GCM1 protein and thus increase its activity (Chang et al., 
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2005). To control for unspecific effects of protein over-expression, some cultures were 

transfected with the pEGFP expression plasmid (Clontech) encoding a variant of green 

fluorescent protein, which is believed to be biologically inert. 

 

3.3 ANIMALS 
In order to investigate how an in vivo infection with influenza A virus affects gene 

expression and behavior, two different genotypes of mice were used in the studies 

presented in this thesis. 

 

1. Wild type mice, C57BL/6, were purchased from Scanbur AB (Sweden) or bred at 

Department of Microbiology, Tumor and Cell Biology, Karolinska Institutet (Sweden). 

These mice were used in paper I-IV. 

 

2. Mice with a targeted disruption of the gene encoding “Transporter associated with 

antigen processing 1”,  Tap1-/- generated on C57BL/6 background were bred at the 

Department of Microbiology, Tumor and Cell Biology, Karolinska Institutet (Sweden) 

or purchased from the Jackson Laboratory (USA) and bred at Department of 

Neuroscience, Karolinska Institutet (Sweden). These mice were used in paper III and 

IV. The transporter associated with antigen processing (TAP) translocates peptides 

from the cytosol to MHC class I molecules in the endoplasmic reticulum and 

consequently Tap1-/- mice express reduced levels of MHC class I (Van Kaer et al., 

1992). The absence of such molecules leads to a lack of functional CD8+ T cells, 

important for virus clearance from infected brains (Stevenson et al., 1997a, Stevenson 

et al., 1997b). Tap1-/- mice were used to study how a genetic deficit in the adaptive 

immune response affects the outcome of the infection.  

 

Mice were housed under pathogen free conditions in 12 h light/dark cycle with free 

access to food and water. Pregnant mice were kept in single cages and the litters were 

separated at 3-4 weeks of age.  

 

3.4 INFLUENZA A VIRUS 
In our studies, we used the influenza A/WSN/33 virus strain, which is a laboratory 

strain derived from the first isolated influenza A virus in 1933 (Smith et al., 1933). This 

strain was later propagated in mouse brain and thereby a mouse adapted neurotropic 



Methodological considerations     
 

24 

strain of influenza A virus was acquired, see introduction 1.8.2. We obtained the virus 

strain from Dr. S Nakajima (The Institute of Public Health, Tokyo, Japan), and 

propagated the virus on Madin-Darby Canine Kidney cell monolayers. The titer of 

virus was determined by plaque assays on Madin-Darby Canine Kidney cells (Tobita et 

al., 1975). Influenza viruses usually need trypsin-like proteases to cleave and activate 

the surface glycoprotein HA in order to replicate. The expression of such proteases are 

restricted to the respiratory tract, in so-called Clara cells, or in the intestinal tract 

(Wright, 2001). However, the A/WSN/33 strain can replicate without the presence of 

trypsin due to a substitution at amino acid 130 in the surface glycoprotein NA. The 

result is a lack of glycosylation at that site which makes it possible for NA to bind 

plasminogen and bring it in close contact with HA. Plasminogen, which has a more 

wide tissue distribution, can be converted to an active protease, plasmin, by 

extracellular plasminogen activators and then cleave and activate HA. This could 

explain the invasive and neurotropic properties of the A/WSN/33 strain (Goto & 

Kawaoka, 1998, Li et al., 1993), reviewed in (Teesalu et al., 2002). 

 

3.4.1 Influenza A virus infection in cell cultures 
Primary cultures of hippocampal neurons and cortical glial cells as well as NIH-3T3 

cells were infected with influenza A/WSN/33 virus. Cell cultures were washed twice 

with Minimum Essential Media before addition of virus, 0.5 multiples of infection, i.e. 

the number of virus particles added were half of the number of cells in the culture dish. 

The cultures were incubated one hour and carefully agitated every 10 min to evenly 

distribute the virus in the cell culture dish. After one hour, virus-containing 

supernatants were removed and complete cell culture medium was added. The infection 

was allowed to proceed for 24-48 hours before the cells were harvested and gene 

expression analyzed. This method was applied in paper I and II. 

 

3.4.2 Influenza A virus infection in mice 
Mice were infected when pups measured 3.5 centimeters head-to-rump length, i.e. on 

postnatal day 3 or 4. With regard to brain development, this time-point corresponds to 

approximately late second/early third trimester in humans, reviewed in (Rice & Barone, 

2000). We chose to administer the virus intraperitoneally to mimic a hematogenous 

spread of the virus from an infected mother to the fetus. The dose of virus used was 

determined based on pilot experiments. Using this model of infection the virus targeted 
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the brain, and presence of viral RNA was determined by polymerase chain reaction 

(PCR), and the spread of virus by immunohistochemistry, see below. After infection, 

mice were monitored every day for signs of disease, such as reduced weight gain, and 

those mice were immediately sacrificed according to our institutional guidelines. Mice 

infected with influenza A virus were used in paper I-IV. 

 

3.5 IMMUNOHISTOCHEMISTRY 
To investigate the distribution of virus in the brains of infected mice, 

immunohistochemical labeling of influenza A virus antigens was done. Coronal 

sections of fresh frozen brain hemispheres were cut and incubated with a rabbit 

polyclonal anti-WSN antiserum obtained from Dr. S Nakajima (The Institute of Public 

Health, Tokyo, Japan), followed by incubation of biotinylated secondary antibody. 

Sections of mouse brain injected with influenza A/WSN/33 in the striatum were used as 

positive control. For immunofluorescent labeling of T cells, coronal sections were 

incubated with either rat anti-mouse CD4 or rat anti-mouse CD8a antibody 

(Biosciences Pharmingen), followed by incubation with secondary antibody conjugated 

to rhodamine red. As positive control, sections of mouse thymus were used. As 

negative controls, incubation with only secondary antibody on serial sections showing 

positive labeling for respective primary antibody, was used. Immunohistochemistry 

was used in paper I-III. For histological examination, brain sections were stained with 

cresyl violet-acetic acid. 

 

3.6 REAL-TIME PCR 
To investigate gene expression in cells or tissues, the mRNA population (i.e. gene 

transcripts) from such samples must be isolated. We used the Qiagen RNeasy Mini Kit 

to isolate total RNA from the samples, whereof 1-5% is mRNA. The RNA was 

quantified by using a spectrophotometer and a set amount was treated with DNase I 

(Invitrogen) to remove any residual genomic DNA. Subsequently all RNA species, 

including viral RNA, were converted to complementary DNA (cDNA) by using reverse 

transcriptase Superscript II and random hexamer primers (Invitrogen).  

 

The PCR was developed in the 1980’s (Mullis et al., 1986) and has revolutionized 

molecular genetics by permitting rapid cloning and analysis of DNA. This method is 

used to selectively amplify a small amount of a specific DNA sequence using a 
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thermostable enzyme, Taq DNA polymerase, two oligonucleotide primers designed to 

hybridize with the target sequence and deoxynucleoside triphosphates, (dATP, dCTP, 

dGTP and dTTP) to build the amplicon. To perform the amplification, cycles of 

different temperature steps are used. Each cycle consists of heat denaturation, primer 

annealing, and primer elongation and for every completed cycle the amount of product 

is doubled. The method was used in paper I-IV.  

 

In regular PCR a predetermined number of cycles are performed and after completion 

of these the product is visualized by gel electrophoresis. This method was used in 

paper I to show the presence of viral RNA in the infected mouse brains. In real-time 

PCR the amount of product is determined as it is being generated, i.e. in real-time, this 

method was applied in paper I-IV. Two types of real-time PCR methods were used, 

the TaqMan® and SYBR® Green. TaqMan assays depend on the hybridization of both 

primers and probe to the target sequence. The probe, which binds in-between the 

primer sequences, is labeled with a 5'-reporter dye and a 3'-quencher dye. When the 

probe is intact, the fluorescence emission of the reporter dye is quenched due to the 

physical proximity of the reporter and quencher dyes. During the extension phase of the 

PCR, the Taq polymerase due to its 5' exonuclease activity cleaves the probe and the 

reporter and quencher dyes are separated resulting in increased fluorescence. The 

SYBR Green dye on the other hand binds to double-stranded DNA and emits light 

when excited. The specificity of TaqMan assays are higher than for SYBR Green 

assays since SYBR Green binds to all double stranded DNA while TaqMan assays 

depend on the correct hybridization of both primers and probe to work. However, by 

observing the melting temperature for the target sequence in the SYBR Green assay, an 

indication of the accuracy of the assay can be acquired. Furthermore, the PCR product 

can be cloned and sequenced in order to verify that the primers bind to the correct 

target sequence. The TaqMan chemistry was used for the quantification of the 

expression of the endogenous control Gapdh and SYBR Green chemistry for all other 

assays. 

 

The cycling procedure in real-time PCR is the same as for regular PCR but the amount 

of product is detected after each cycle by the fluorescence emitted by the dyes 

described above. After completion of the cycling, an arbitrary threshold for 

fluorescence is set and the number of cycles it takes for a certain sample to reach the 
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threshold i.e. the cycle threshold (Ct) is noted (Figure 3). This Ct-value is then 

compared to the Ct-value of an endogenous control, a gene which expression is not 

affected by the experimental condition. This is to compensate for possible differences 

between samples in the amount of cDNA synthesized or added to the reaction. In the 

case of comparison between infected and non-infected cell cultures the choice of 

endogenous control becomes difficult. Virus infections in cells leads to drastic changes 

in transcription and total amount of RNA because of the presence of considerable 

amount of viral RNA in virus treated cell cultures. Thus, no reference is optimal, 

however, throughout this thesis the expression of Gapdh was used as an endogenous 

control. For each sample the Ct-value of Gapdh is substracted from the Ct-value of the 

target gene and a delta Ct-value (∆Ct) is obtained i.e. Cttarget – CtGapdh=∆Ct.  This ∆Ct-

value is then used to compare the expression levels between samples and to calculate 

the fold change between sample groups. For example ∆Ctcontrol – ∆Ctinfected =∆∆Ct, by 

using the formula 2-∆∆Ct (Livak & Schmittgen, 2001) a fold change is obtained.   

 

 

 

The efficiency in an ideal PCR reaction is 100%, leading to a doubling of the amount of 

transcripts for each cycle. However, this is in theory only and the efficiency must be 

determined for each set of primers used. Differences in the efficiencies between the 

endogenous control and the gene of interest will lead to exponential growing errors in 

Figure 3. Real-time PCR. Amplification curves of three different samples. The fluorescence, 
which is relative to the amount of template in each sample, is plotted against cycle number. The 
threshold is set at the exponential phase. The cycle number, at which each sample-curve cross the 
threshold, is the Ct. 
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the calculation of fold change. When the efficiencies are equal, the base “2” as in the 

formula described above, can adequately be used to make a fold change calculation.  

The advantage of using real-time PCR is that it is a fast and sensitive method with a 

wide dynamic range. It allows you to investigate the expression of numerous genes 

using very little tissue or cell material. Care has to be taken not to contaminate the 

samples by using sterile and RNase-free equipment and by using UV-light to 

decontaminate the working area. An increase in transcript levels likely results in 

increased protein production, although the exact correlation between them is unclear. 

Another issue is that transcript levels may not reflect enzyme activity. In paper II and 

IV, we investigated the levels of transcripts encoding enzymes in the kynurenine 

pathway. In the infected brains some transcripts were increased while others were not, 

even though the levels of the end-product were elevated. On the other hand, a close 

relation between the levels of transcripts encoding the enzyme IDO (the first step in the 

kynurenine pathway) and its enzymatic activity has been reported (Fujigaki et al., 

2002). This suggests that the correlation between transcript levels and enzyme activity 

is difficult to predict and depends on the enzyme in question. 

 

3.7 LASER CAPTURE MICRODISSECTION  
In vivo, the infection was widely spread in the brain and no region seemed to be 

targeted in particular. Thus, we chose to prepare whole brain tissue samples for most of 

the gene expression assays. However, after the observed working memory deficits in 

paper III, the medial prefrontal cortices (mPFC) were dissected out from those mice to 

investigate gene expression relevant for such behavior, see result section 4.4.2. Fresh 

frozen brain hemispheres were cut into coronal sections containing the mPFC including 

the cingulate, prelimbic and infralimbic cortices (Franklin & Paxinos, 1997). The 

sections were mounted on PEN-membrane glass slides (Leica MicroDissect) and kept 

on dry-ice to inhibit degradation of RNA in the tissue. The dissection was performed 

using a LCM microscope, Leica AS LMD and from these dissected tissues total RNA 

was isolated using RNeasy Micro Kit (Qiagen) designed for purification of RNA from 

small cell or tissue samples, and thereafter cDNA was synthesized as described above. 

This method makes it possible to dissect very small regions or even single cells from 

the brain. However, the small amount of tissue obtained from such dissections limits 

the number of gene expression assays to be performed.  
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3.8 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 
High performance liquid chromatography (HPLC) is a method commonly used to 

separate, identify, and quantify compounds. Analyses of kynurenic acid and kynurenine 

were performed by using an isocratic reverse-phase HPLC system connected to a 

fluorescence detector. Initially the sensitivity of the fluorescence method was evaluated 

by injection of a standard mixture of the compound. This resulted in a standard plot, 

which was used to relate the peaks in the chromatogram to the correct concentration of 

compound in the samples.  

 

3.9 BEHAVIOR 
Behavioral tests were used to examine the long-term functional consequences of the 

neonatal infection and all comparisons were made within genotypes. To get reliable 

results it is important that all mice are handled in the same way during upbringing and 

that the person performing the behavioral tests also handle the mice for some time prior 

to the start of the test.  

 

3.9.1 Locomotor activity test 
Locomotor activity tests in rodents are used to measure disturbances in motor function 

as well as spontaneous exploration. In paper III, three measurements were recorded in 

a test cage with red and infrared sensitive motion detection system. Locomotion was 

measured by counting the number of times the mouse moved from one side of the test 

cage to the other (a distance of at least 32 cm). Motility was defined as all movements 

of a distance of 4 cm and represents measurement of general activity. Rearing was 

measured by counting the number of times the mouse stood on its hind legs.  

 

3.9.2 Elevated plus maze 
The elevated plus maze is used to study anxiety-related behavior in rodents and was 

used in paper III. The plus shaped maze, which is elevated 1 m above the floor, 

consists of two open arms, two closed arms and a central region. Rats and mice show a 

natural aversion of open areas, however, they also have a drive explore new 

environments. Animals that spend relatively more time in the closed arm compared to 

control animals are thus interpreted as more “anxious”.  The parameters recorded were 

time spent in the open arms, closed arms and central region, distance covered in all 

arms and the number of visits to closed and open arms. Open to total ratio (OTR) for 
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time and entries were calculated as index of open arm exploration. This test is sensitive 

to changes in locomotor activity therefore total arm entries and closed arm entries are 

analyzed as measures of non-specific changes in locomotor activity. 

 

3.9.3 Working memory 
Spatial working memory was investigated using the Morris water maze. The maze 

consists of a pool, 180 cm in diameter, filled with opaque water (22-23ºC), containing 

an escape platform hidden a few millimeters below the water surface. Visual cues, such 

as colored shapes, are placed around the pool to help the mouse navigate in the maze. A 

video camera is mounted above the center of the water tank to record the movements of 

the mouse. To familiarize the mice with the water maze and to reduce the stress of 

swimming they were pre-trained using a visible platform placed 0.5 cm above the water 

surface and pointed out with a black flag. No external cues were present during the pre-

training. The spatial working memory test is dependent on the temporary storage of the 

remembered location of the hidden platform. The critical measure is the improvement 

of escape latency from trail 1, when the location of the hidden platform is unknown, to 

trial 2. This test was used in paper III. 

 

When using the water maze to test working memory, mice do not need to be deprived 

of food or water in order to be motivated to perform, the water in the pool works as an 

aversive stimulus. However, the stressful reaction of being in water can interfere with 

their performance and therefore pre-training is crucial. Another advantage of the water 

maze, compared to dry mazes, is that there are no olfactory cues to guide the mice.  

 

3.9.4 Prepulse inhibition 
In paper IV the prepulse inhibition (PPI) model was applied. PPI refers to the decrease 

in the response to a startling stimulus (pulse) when another weak stimulus (prepulse) 

precedes it closely in time. This inhibition of startle response is believed to reflect 

sensorimotor gating i.e. the brain’s ability to gate or filter environmental information 

(McGhie & Chapman, 1961). Prepulse inhibition is a cross-species phenomenon 

commonly tested by using acoustic stimuli. In the mouse, PPI is tested by placing the 

animal in a cylinder (3.7 cm in diameter) within a sound-attenuating chamber where it 

is exposed to a weak pulse of noise followed by a more intense acoustic stimulus and 

the startle reflex is detected by a piezoelectric accelerometer attached below the 
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cylinder. The startle reflex given by the pulse preceded by a prepulse is then compared 

to the startle reflex given by the startle pulse alone and percentage of the reduction in 

the startle reflex represents prepulse inhibition.  
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4 RESULTS AND DISCUSSION 
 
4.1 EXPRESSION AND REGULATION OF MOUSE SYNCYTINS AND 
GCM1  
Human syncytin is normally expressed in the placenta and not much is known about its 

expression and function in the brain. The discovery of two murine analogues to human 

syncytin opened up the possibility to study syncytin in different experimental models. 

Previously, it has been shown that transcripts encoding syncytin are elevated in 

different human cell-lines following influenza A virus infection (Nellaker et al., 2006). 

In paper I, we investigated if the expression of the two murine syncytins A and B, and 

their alleged transcription factor GCM1, would be affected by an influenza A/WSN/33 

virus infection in different mouse cell cultures. In fibroblast cells (NIH-3T3), the virus 

infection resulted in increased levels of transcripts encoding GCM1 and syncytin B, but 

not syncytin A. To investigate the effects of an influenza A virus infection on these 

transcripts in brain cells, primary hippocampal neurons and cortical glial cells were 

prepared from fetal mouse brain. Transcripts encoding GCM1 and syncytin B were 

elevated in both cell types following infection while the expression of syncytin A was 

again unaffected. These findings are thus in agreement with previous reports on 

transactivation of syncytin in human cell-lines following virus infections (Nellaker et 

al., 2006, Ruprecht et al., 2006). To investigate if GCM1 mediates syncytin B 

expression, as has been shown for human syncytin, NIH-3T3 cells were transfected 

with a plasmid construct containing the open reading frame encoding human GCM1. 

The gene S100b (encoding a glial-derived protein, S100B) has previously been 

identified as a target for GCM1 (Iwasaki et al., 2003), therefore such transcripts were 

also investigated in these cultures as a control for successful transfection. Since the 

promoter for human syncytin has been reported to be responsive to cAMP dependent 

factors (Knerr et al., 2005, Mi et al., 2000, Prudhomme et al., 2004), transfected 

cultures were also treated with forskolin, an activator of adenylate cyclase, resulting in 

elevated cellular levels of cAMP (Seamon & Daly, 1981). Cells over-expressing 

GCM1 protein contained considerably higher levels of transcripts encoding S100B and 

syncytin B compared to control cells and these levels were further increased by 

forskolin. The levels of transcripts encoding syncytin A were not affected by GCM1 

over-expression, however, treatment with forskolin did increase the levels of such 

transcripts in transfected cells. Taken together, these results suggest that GCM1 targets 
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the genes encoding S100B and syncytin B and this is further supported by our 

observations of GCM-binding motifs upstream of the transcriptional start of these 

genes.  

 

Previous studies have reported high levels of transcripts encoding syncytin A and B, as 

well as GCM1, in mouse placenta (Dupressoir et al., 2005, Iwasaki et al., 2003). In the 

adult mouse brain, transcripts encoding syncytin A but not syncytin B, have been 

detected (Dupressoir et al., 2005) and those encoding GCM1 have only been reported 

to be expressed in embryonic mouse brains at midgestation whereafter the levels 

markedly decline (Iwasaki et al., 2003). To extend on these reports we determined the 

levels of transcripts encoding GCM1, syncytin A and B in whole brains and dissected 

brain regions (cortex, hippocampus and cerebellum) from C57BL/6 mice of different 

ages, ranging from embryonal day (E)17 to postnatal day (P) 27. For comparison, the 

levels observed in E17 placentas were also determined. As expected, the highest levels 

of all three transcripts were detected in the placenta, with the highest expression of 

syncytin B. In brain tissue, the levels of transcripts encoding GCM1 were highest at 

E17-P7 and at later time-points the expression declined substantially. Transcripts 

encoding syncytin A or syncytin B were, however, detected at relatively high levels in 

brain tissues, and syncytin A were expressed at the highest level. Both transcripts 

appeared constantly expressed throughout the different ages in the tissues investigated.  

 

In vivo, neurovirulent strains of influenza A virus have been shown to target the mouse 

brain following systemic administration (Reinacher et al., 1983). We therefore 

investigated if an in vivo infection with neurotropic influenza A/WSN/33 virus, could 

target the brain and modulate the expression of transcripts encoding GCM1, syncytin 

A/B or S100B in mice. Three-day-old C57BL/6 mice were injected intraperitoneally 

with 2400 plaque forming units of neurotropic influenza A/WSN/33 virus. Four days 

after the infection viral RNA and antigens were detected in the brain of each of the 

infected animals. Transcripts encoding GCM1 were elevated in the infected brains as 

compared to the control brains. However, the levels of transcripts encoding S100B, 

syncytin A or B were detected at levels similar to those observed in controls.  

 

In the brain, the regulation of syncytin A and B expression seems to be more 

complicated than observed in vitro. In light of the constant levels of expression of both 
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syncytin A and B in the brain, throughout the time-points investigated, the decline in 

expression of transcripts encoding GCM1 suggests that there are additional factors 

regulating syncytin expression in the brain.  

 

In summary, syncytin B seems to be regulated by GCM1 in vitro and can be 

transactivated by influenza A virus infection. Thus, syncytin B appears to be an 

analogue to human syncytin. The transcripts encoding GCM1 were mostly expressed 

during development in the brain while syncytin A and B were more constantly 

expressed. This implies that there could be additional factors regulating syncytin 

expression in the brain. These findings show that the mouse can be used to model the 

role of GCM1/syncytin not only in the placenta but also in the brain. 

 

4.2 CHARACTERIZATION OF NEONATAL CNS INFECTION WITH 
INFLUENZA A/WSN/33 

In paper II and III, we characterized the neonatal CNS infection with influenza 

A/WSN/33, first applied in paper I, with regard to virus spread and clearance in the 

brain as well as the immune response. Neurotropic influenza A/WSN/33 virus was 

intraperitoneally injected in mice on postnatal day 3 or 4. In addition to wild type mice, 

Tap1-/- mice were included to study how a genetic deficit in the adaptive immune 

response affects the outcome of a neonatal CNS infection. 

 
4.2.1 Virus spread and clearance 
In paper II and III we observed that a number of mice showed signs of disease, such 

as reduced weight gain, 6-12 days after infection and were therefore sacrificed and 

excluded from the study in accordance with our institutional guidelines. There was no 

difference in survival (~54%) between the infected wild type and Tap1-/- mice. The 

highest levels of viral RNA (encoding NS1) were observed at P7 with a subsequent 

decline at similar rates in mice of both genotypes. A few mice still harbored viral RNA 

in their brains at P90 (Figure 4). Viral antigens were observed in similar areas of the 

brains in wild type and Tap1-/- mice. Infected areas included motor, somatosensory, 

piriform, entorhinal, prelimbic, visual and retrosplenial cortices, hippocampus, lateral 

and third ventricles and thalamus. Thus, we could not detect any apparent effect of the 

genotype on virus replication, distribution or clearance. This finding differs from 

observations in mice infected in adulthood. Adult Tap1-/- mice can harbor viral RNA in 
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the brain for extended periods after an intrabulbar infection (Aronsson et al., 2001) 

whereas adult wild type mice infected in the same way rapidly clear viral RNA (Mori et 

al., 1999). 

 

 
 

 

 

4.2.2 The immune response in the brain of infected mice  
Next we investigated the immune response in the brain of infected mice. In paper II 

and paper III we reported that infiltration of T cells was first observed 10 days after 

infection i.e. at P13, and at P24 the number had decreased markedly. CD4+ T cells 

were observed in both genotypes of mice while, as expected, CD8+ T cells were only 

observed in the brains of wild type mice. Since CD8+ T cells did not appear to be 

important for viral clearance in these young Tap1-/- mice, based on the similar rates of 

clearance in both genotypes, the innate immune response or CD4+ T cells, may have 

played a dominating role. To investigate potential differences in the innate immune 

response between wild type and Tap1-/- mice the levels of transcripts encoding TNF, 

iNOS, IFN-γ and syncytin B were determined in paper III. Syncytin is reported to be 

co-expressed with iNOS in activated human glia (Antony et al., 2004) and as described 

above is induced by influenza A virus infections in vitro. These transcripts were 

analyzed in brains at P24, i.e after the T cell response had subsided. Whereas transcripts 

encoding TNF and IFN-γ were detected at elevated levels in the infected brains of both 

genotypes, those encoding iNOS or syncytin B were significantly elevated only in the 

brains of infected Tap1-/- mice (Figure 5).  

Figure 4. Viral RNA in infected brains. The levels of RNA containing the 
NS1 gene on segment 8 of the viral genome. Dots represent individual mice. 
ND= nondetectable levels of viral RNA. 
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Figure 5. Relative levels of gene transcripts. The relative levels of transcripts encoding;  
(A) iNOS (Nos2) and (B) syncytin B (Synb), in brains of mice at postnatal day 24, following 
neonatal infection. n=7-8, *p<0.05, **p<0.01. 

 

 

This suggests a more pronounced innate immune response in Tap1-/- mice. The lack of 

functional CD8+ T cells in Tap1-/- mice probably contributed to the slightly stronger 

innate immune response. Insufficient number of T cells (including CD4+ and CD8+) 

have been reported to contribute to stronger innate immune response in neonates and T 

cells are reported to be necessary for suppressing the innate immune response (Kim et 

al., 2007, Zhao et al., 2008). Hence, the similar rates of clearance of viral RNA in both 

genotypes could potentially be attributed to the more pronounced innate immune 

response in the Tap1-/- mice. 

 

In summary, following a neonatal CNS infection with influenza A/WSN/33 virus similar 

areas were targeted in the brains of wild type and Tap1-/- mice, and the rate of 

clearance did not significantly differ between the two genotypes. However, the infected 

Tap1-/- mice appeared to have a more pronounced innate immune response as indicated 

by glial markers. 
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4.3  INDUCTION OF THE KYNURENINE PATHWAY FOLLOWING 
INFLUENZA A VIRUS INFECTION  

 
4.3.1 The kynurenine pathway in vitro 
Tryptophan degradation along the kynurenine pathway (Figure 2) has been reported to 

be induced by infections, see (Introduction 1.10.3). However, the effect of influenza A 

virus on the kynurenine pathway in the brain is not known. In paper II, we therefore 

infected primary cultures of hippocampal neurons and cortical glial cells with influenza 

A/WSN/33 virus and investigated transcripts encoding enzymes in the kynurenine 

pathway. The virus infection induced robust increases in the levels of transcripts from 

both genes encoding IDO and TDO, the enzymes degrading tryptophan in the first step 

of the kynurenine pathway. This induction was observed in both hippocampal neuron 

and cortical glial cell cultures. It has previously been shown that IDO is induced by the 

pro-inflammatory cytokine IFN-γ in human primary glia and neurons (Guillemin et al., 

2007, Guillemin et al., 2001a, Guillemin et al., 2005b, Suh et al., 2007) and that IDO is 

part of the innate defense mechanism limiting growth of viruses and other intracellular 

pathogens (Adams et al., 2004a, Adams et al., 2004b, Bodaghi et al., 1999, Suh et al., 

2007), reviewed in (King & Thomas, 2007). The gene encoding TDO is not considered 

to be regulated by inflammatory stimuli (Heyes et al., 1998, Saito et al., 1993, Saito et 

al., 1992), however, its induction has been observed in placental tissue during 

intrauterine bacterial infections (Manuelpillai et al., 2003).  

 

The levels of transcripts encoding the different enzymes generating KYNA, primarily 

synthesized by astrocytes (Kiss et al., 2003) but also by neurons (Guillemin et al., 

2007, Rzeski et al., 2005), were either unaffected by the infection or expressed at lower 

levels in the infected cell cultures. The levels of transcripts encoding KAT3 were lower 

in the infected hippocampal neuron cultures as compared to controls, and in infected 

cortical glial cell cultures the levels of transcripts encoding KAT1 and mitAAT were 

reduced compared to control cultures. Transcripts encoding KMO were expressed at 

very low levels in control cell cultures but were highly induced by the infection in both 

hippocampal neurons and cortical glial cell cultures. Guillemin and coworkers 

previously reported that transcripts encoding KMO, a key enzymes in the production of 

the neurotoxin QUIN, were absent in human astrocytes suggesting that the synthesis of 

QUIN is minimized in these cells favoring synthesis of KYNA (Guillemin et al., 
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2001b). Low levels of transcripts encoding KMO have been reported in both IFN-γ 

stimulated and unstimulated human primary neurons (Guillemin et al., 2007). Our 

findings suggest a potential role for KMO during infections although the function in 

uninfected neurons and glial cells might be questionable. Transcripts encoding KYNU 

and QPRT were only induced in neuronal cultures while both infected cell culture types 

harbored elevated levels of transcripts encoding HAAO. Our findings suggest further 

metabolism of kynurenine in influenza A virus infected neurons and possibly also in 

glial cell cultures. However, measurements of kynurenine pathway metabolites were 

not performed here.  

 

4.3.2 The kynurenine pathway in vivo 
In paper II we investigated the effects of the neonatal influenza A/WSN/33 virus 

infection on the kynurenine pathway in wild type mice. We found that the expression of 

several of the genes in the kynurenine pathway was altered in infected wild type mice, 

indicating an activation of tryptophan degradation along the kynurenine pathway. At 

P7, infected brains harbored elevated levels of transcripts encoding IDO, while 

transcripts encoding KAT1 and KAT2 were down regulated and transcripts encoding 

KMO, KYNU and HAAO were up regulated in infected brains. At P13, transcripts 

encoding KMO, KYNU, HAAO were still up-regulated and transcripts encoding QPRT 

were induced in infected brains. However, at P24 these transcripts had returned to 

normal levels.  

 

The induction of transcripts was accompanied by a transient increase in levels of 

KYNA, which was elevated at P13 in the infected brains. Induction of genes encoding 

the KYNA-generating enzymes (see Figure 2) or IDO did not appear to be necessary 

for increased KYNA formation at P13. Possibly KYNA was produced at earlier time-

points, and accumulated, as indicated by the elevation of transcripts encoding IDO at 

P7. An alternative explanation to the elevated levels of KYNA could be an increased 

synthesis of peripheral kynurenine, which readily crosses the BBB (Fukui et al., 1991). 

However, no increase in levels of transcripts encoding IDO or TDO nor kynurenine 

concentrations were observed in spleens from infected mice. Thus, it is most likely that 

the increased levels of KYNA observed in the infected mice were caused by increased 

tryptophan degradation in the brain parenchym.  
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In paper IV, we infected neonatal Tap1-/- mice to investigate the effects of the infection 

on the kynurenine pathway in immunodeficient mice. These mice were previously 

shown to have a more pronounced innate immune response than wild type mice 

following neonatal infection (paper III) and were therefore hypothesized to have a 

more persistent induction of the kynurenine pathway (considered to be part of the 

innate immune response) than was observed in wild type mice in paper II. Elevated 

levels of transcripts encoding IDO as well as those encoding HAAO were observed in 

the brains of infected Tap1-/- mice at P7, while transcripts encoding KAT2 were 

detected at lower levels. At P13, levels of transcripts encoding IDO or HAAO remained 

elevated and transcripts encoding KAT2 were still reduced in the infected brains 

compared to uninfected brains. Furthermore, transcripts encoding KAT3, KMO or 

KYNU were now detected at increased levels in the infected brains. Transcripts found 

to be differentially expressed at P13 were subsequently analyzed at P24. At this time-

point, the levels of transcript encoding IDO, KYNU and HAAO all remained elevated 

in the infected brains (Figure 6). The gene expression changes were accompanied by a 

transient increase in the levels of KYNA in the brain parenchyma at P13, similar to our 

findings in wild type mice.  

 

 

 

 

 

 

 

 

 

 

 

 

A close relation between transcripts encoding IDO and enzyme activity has previously 

been reported (Fujigaki et al., 2002), and such transcripts are also reported to correlate 

with the production of QUIN (Smith et al., 2001). Our findings of elevated KYNA 

levels in both wild type and Tap1-/- mice support that the induction of transcripts in the 

kynurenine pathway was functional. Thus, levels of QUIN or other neuroactive or 

Figure 6. Levels of transcripts in 
brains of Tap1-/- mice at P24. The 
levels of transcripts encoding IDO 
(Indo) KYNU (Kynu) and HAAO 
(Haao) at P24 following neonatal 
infection.* p < 0.05, ** p < 0.01. 
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immunomodulatory metabolites of the kynurenine pathway, reviewed in (Moffett & 

Namboodiri, 2003, Stone, 1993), could also be altered in the brain parenchyma of the 

infected mice, although measurements of these metabolites were not performed here. 

 

The most notable difference between the two genotypes of mice regarding the 

induction of the kynurenine pathway were observed at P24. While Tap1-/- mice still 

harbored elevated levels of transcripts encoding IDO, KYNU and HAAO no difference 

was observed in the infected wild type mice (Paper II). These observations provide 

further support for a more pronounced innate immune response in the brains of Tap1-/- 

mice than in wild type mice following a neonatal virus infection.  

 

In summary, the kynurenine pathway was induced by influenza A/WSN/33 virus 

infection both in vitro and in vivo, as observed by elevated levels of several transcripts 

encoding enzymes in this pathway. In addition, a transient increase in levels of KYNA 

was observed in the brains of infected wild type and Tap1-/- mice. The prolonged 

induction of the kynurenine pathway in the infected Tap1-/- mice further supports a 

stronger innate immune response in these mice. 

 

4.4 LONG-TERM EFFECTS OF THE NEONATAL CNS INFECTION 

 
4.4.1  Behavior in adult wild type and Tap1-/- mice 
To investigate the long-term effects of the neonatal infection, a number of behavioral 

tests were performed on mice in adulthood. In paper III locomotor activity, anxiety 

and working memory were assessed. The neonatally infected Tap1-/- mice exhibited 

increased rearing, more anxiety-like behavior and deficits in working memory 

compared to uninfected Tap1-/- mice (Figure 7). No differences were observed in 

neonatally infected wild type mice compared to uninfected wild type mice. To 

investigate if the neonatal infection could give rise to deficits in sensorimotor gating, 

PPI of acoustic startle reflex was tested in the adult mice in paper IV. PPI is a cross-

species operational measure that refers to the ability of a non-startling “prestimulus” to 

inhibit the response to a startling stimulus, reviewed in (Hoffman & Ison, 1980, 

Swerdlow et al., 2001). Following neonatal infection, reduced PPI was observed in 

adult Tap1-/- mice when compared to uninfected Tap1-/- mice. No such changes were 

observed in neonatally infected wild type mice. Thus, Tap1-/-, but not wild type mice, 
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following a neonatal CNS infection with influenza A virus exhibited deficits in 

cognitive and emotional behavior as well as disrupted sensorimotor gating in 

adulthood.  

 

Similar observations have been made in mice following maternal influenza A virus 

infection where the offspring were reported to exhibit increased anxiety-like behavior 

and deficits in PPI (Shi et al., 2003). Furthermore, neonatal infections with herpes 

(Crnic & Pizer, 1988), Borna disease (Lancaster et al., 2007, Pletnikov et al., 1999, 

Rubin et al., 1999), lymphocytic choriomeningitis (De La Torre et al., 1996, Gold et 

al., 1994, Hotchin & Seegal, 1977) or vesicular stomatitis virus (Mohammed et al., 

1990) all cause behavioral disturbances in adult animals, including changes related to 

both cognitive and emotional domains see Introduction section 1.6. However, working 

memory has not previously been studied in models of neonatal virus infection.  

 

 

4.4.2 Neuregulin 1 in the medial prefrontal cortex in Tap1-/- mice 
In paper III we investigated if the behavioral impairments observed, in particular the 

deficits in working memory, in the infected Tap1-/- mice could be related to gene 

expression changes in the brain. Thus, we dissected mPFC, an area implicated in 

working memory, reviewed in (Dalley et al., 2004), from mice with working memory 

impairments. Since the genes Nrg1 (encoding neuregulin 1) and Comt (encoding 

catechol-O-methyl transferase) have previously been associated with deficits in 

working memory in experimental studies (Chen et al., 2008, Papaleo et al., 2008) the 

Figure 7. Spatial working memory in Tap1-/- mice. (A) Latency to locate the invisible platform, 
(B) swim speed and (C) swim distance. The inter-trial time was 15s. The results are presented as 
mean ± SEM (average of four trials over four days, n=12 per group). ***p<0.001. 
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levels of such transcripts were investigated in the mPFC. In the mouse, Nrg1 encodes at 

least three major isoforms (Figure 8) for which quantitative expression data in adult 

brain is missing. Hence, we investigated the levels of type I, II and III Nrg1 transcripts 

in the mPFC of the Tap1-/- mice.  

 

Type III Nrg1 transcripts were present at approximately four times higher levels than 

types I and II in control Tap1-/- mice (Figure 9). This is in line with a previous study 

reporting that type III Nrg1 transcripts appear to be primarily expressed in the mPFC 

and hippocampus in the postnatal mouse brain (Chen et al., 2008). Furthermore, we 

observed that the levels of type III Nrg1 transcripts were significantly reduced in the 

mPFC of infected Tap1-/- mice with working memory impairments (Figure 9). Types I 

and II Nrg1 transcripts were detected at similar levels in the mPFC from infected and 

control Tap1-/- mice, as were the levels of Comt transcripts. Types I-III Nrg1, have 

multiple functions in the CNS. These range from maturation and plasticity of 

glutamatergic synapses to oligodendrocyte function (Li et al., 2007, Taveggia et al., 

2008), reviewed in (Falls, 2003).  

 

Interestingly, our findings of reduced levels of type III Nrg1 transcripts in the mPFC of 

infected mice with working memory impairments, and our finding that mice infected in 

the same way exhibited PPI deficits, are in line with recent observations made by Chen 

and coworkers (Chen et al., 2008). They reported that type III Nrg1 heterozygous 

Figure 8. Type I, II and III neuregulin 1. The exon organization (colored boxes) of the three 
major types of Nrg1 transcripts: I-domain; Ig, immunoglobulin-like domain; S, Spacer; 
Kringle-like domain; CRD, cystein-rich domain; EGF, epidermal growth factor-like domain; 
TM, transmembrane domain; C-domain; a, cytoplasmic a-tail. The neuregulin 1 proteins all 
have an EGF-like domain for binding ErbB receptors and the different types have distinct  
N-terminal exons. The neuregulin 1 proteins exist either as transmembrane forms, shown here, 
or soluble forms which have a β3 exon after the EGF domain and are thereafter truncated. 
(Adapted from Chen et al., 2008). 
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mutant mice (+/-) were impaired in a working memory test and, furthermore, that these 

mice displayed deficits in PPI. Thus, our findings support a role for type III neuregulin 

1 signaling in neural circuits involved in working memory and PPI in rodents and 

suggest that a neonatal infection can cause persistent deficits in such signaling. 

 

 
 

4.4.3 Potential causes for the behavioral outcome 
The different outcomes of the neonatal infection on behavior between wild type and 

Tap1-/- mice could potentially be related to differences in the inflammatory response to 

the virus in the brain. A more pronounced innate immune response was observed in the 

Tap1-/- mice (described above) as indicated by glial markers and the induction of the 

kynurenine pathway. Other studies support the notion that inflammation during early 

life can cause persistent alterations in the developing brain. For example, altered 

behavior related to anxiety, cognition and sensorimotor gating in rodents have been 

reported following experimental immune challenges e.g. by cytokines, polyI:C or 

lipopolysaccharide during fetal or neonatal life (Borrell et al., 2002, Ozawa et al., 2006, 

Shi et al., 2003, Smith et al., 2007, Spencer et al., 2005, Tohmi et al., 2004, Wolff & 

Bilkey, 2008).  

 

The transient elevation of KYNA during development could have contributed to the 

deficits in sensorimotor gating and working memory observed in adulthood. Persistent 

effects of neonatally administered NMDA receptor antagonists on sensorimotor gating 

and working memory have previously been observed (Harris et al., 2003, Kawabe et 

al., 2007, Kawabe & Miyamoto, 2008, Wang et al., 2001). Although the transient 

increase in KYNA were similar in the two genotypes of mice, as reported in paper II 

and IV, it is possible that Tap1-/- mice are more vulnerable than wild type mice to 

Figure 9. Expression of 
neuregulin 1. The relative 
levels of transcripts 
encoding types I, II or III 
neuregulin 1 (Nrg1) in the 
medial prefrontal cortex of 
infected and control Tap1-/- 
mice, n= 7-8 per group. 
**p<0.01. 
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perturbed synaptic functions. Tap1-/- mice express reduced levels of MHC class I 

molecules which are suggested to be of importance for synaptic plasticity and 

regeneration (Goddard et al., 2007, Oliveira et al., 2004). In light of our findings 

regarding the gene expression in infected brains, there is a possibility that other 

metabolites generated by the kynurenine pathway also were elevated during 

development and could have contributed to the observed behavioral changes. 

Furthermore, the infection may have induced a number of other genes, which 

potentially could have contributed to the behavioral changes.  

 

Different effects of neonatal infection on behavior in genetically dissimilar individuals 

have previously been observed. Following neonatal infection with BDV more extensive 

behavioral disturbances (in locomotor activity and sensorimotor gating) were observed 

in Fischer 344 than in Lewis rats despite no differences in virus replication or 

distribution between these strains (Pletnikov et al., 2002).  

 

Taken together, these findings illustrate that infections during brain development can 

cause long-term changes in cognition, emotional behavior and sensorimotor gating in 

genetically vulnerable individuals. 

 

In summary, the neonatal CNS infection with influenza A/WSN/33 virus caused long-

term behavioral deficits related to cognitive and emotional domains as well as 

sensorimotor gating in Tap1-/-, but not in wild type mice. The findings of reduced levels 

of type III Nrg1 transcripts in the mPFC of infected Tap1-/- mice with working memory 

deficits suggest that neuregulin 1 signaling may play a role in this type of behavior. The 

differences in behavior observed between the two genotypes of mice could be the result 

of a more pronounced innate immune response in the Tap1-/- mice or an inherent 

vulnerability of these mice to perturbed synaptic functions. However, potential effects 

of viral components persisting in the brain of Tap1-/- mice cannot be excluded. 
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5 CONCLUDING REMARKS 
The studies in this thesis were performed to investigate the potential of a neurotropic 

influenza A virus infection to induce changes in the brain during development and to 

investigate if this could lead to functional deficits later in life. This was tested based on 

the epidemiological associations between early life exposure to infectious agents and 

the development of certain neuropsychiatric disorders later in life. 

 

We observed effects of influenza A virus infections, both in vitro and in vivo, which 

could be of relevance for neuropsychiatric disorders such as schizophrenia. The 

expression of transcripts encoding syncytin B, a potential analogue to human syncytin, 

and its suggested regulator GCM1, was induced by influenza A virus infection in 

primary mouse neuron and glial cell cultures and the transcripts encoding these proteins 

were found to be expressed in various brain regions in the mouse. GCM1 in the human 

brain has not been studied to date, but increased levels of syncytin transcripts and 

protein have been detected in brains from patients with multiple sclerosis (Antony et 

al., 2004, Perron et al., 2005). In addition, syncytin antigens have been detected in 

serum from patients with schizophrenia (Perron et al., 2008). The function of syncytin 

expression in the human brain remains to be investigated.  

 

Furthermore, results in this thesis describe that a neonatal CNS infection with influenza 

A virus induces a more pronounced innate immune response in Tap1-/-  than in wild 

type mice. This is further supported by the prolonged induction of the kynurenine 

pathway, considered to be part of the innate immune response, in infected Tap1-/- mice. 

The induction of the kynurenine pathway is a potential mechanism by which infections 

during early life might modulate glutamatergic signaling in the developing brain. 

Although hypofunction of glutamatergic signaling during development has been 

suggested to contribute to the development of schizophrenia later in life, reviewed in 

(Olney & Farber, 1995), the potential role of the kynurenine pathway remains to be 

established.  

 

The neonatal infection resulted in behavioral disturbances related to both emotional and 

cognitive domains as well as to sensorimotor gating disruption in Tap1-/-, but not wild 

type, mice. Hence, these results show that a CNS infection during early life can lead to 

long-term functional deficits in genetically vulnerable individuals. Variations in a 
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number of genes, including immune related genes (for example; TNF, IL18RAP, IL2, 

IL4, IL10) have previously been associated with schizophrenia (Schwab et al., 2003, 

Schwarz et al., 2006, Shirts et al., 2007, Yu et al., 2004), reviewed in (Harrison & 

Weinberger, 2005). Genetic variations in TAP1 have been associated with both 

susceptibility to and outcome of virus infections in humans (Soundravally & Hoti, 

2008, Xu et al., 2007) and a recent pilot study suggested an association between 

schizophrenia and TAP1 allele frequencies (Fellerhoff & Wank, 2009). However, 

further studies are needed to verify such findings. 

 

The behavioral changes in the infected Tap1-/- mice were accompanied by reduced 

levels of type III Nrg1 (neuregulin1) transcripts in the mPFC. In humans, variants of 

NRG1 have been associated with working memory performance (Stefanis et al., 2007) 

and frontal cortex activation during a working memory task (Krug et al., 2008). NRG1 

variants have also been associated with schizophrenia in some (Stefansson et al., 2003, 

Stefansson et al., 2002), but not all (Ikeda et al., 2008, Sanders et al., 2008), studies. 

Working memory deficits appear to be consistently observed in neuropsychiatric 

disorders including schizophrenia and autism, reviewed in (O'Hearn et al., 2008, 

Piskulic et al., 2007). Numerous studies have also reported deficits in PPI (Perry et al., 

2007, reviewed in (Geyer, 2006), as well as anxiety symptoms (Mazefsky et al., 2008), 

reviewed in (Muller et al., 2004), in individuals with such disorders. Certain functional 

impairments, including cognitive deficits and motor coordination problems are 

observed years before the onset of psychotic symptoms and is reported to be associated 

with both genetic and environmental factors affecting neurodevelopmental processes 

(Cannon et al., 1999).   

 

Thus, our findings offer experimental support for the notion that interactions between 

genetic and environmental factors contribute to the development of neuropsychiatric 

disorders such as schizophrenia. 

 

 

 

 

 



                         Acknowledgements 
 

  47 

6 ACKNOWLEDGEMENTS 
Many people have contributed to this work in various ways and I want to express my 
deepest gratitude to all of you. 
 
I would especially like to thank, 
 
Håkan Karlsson, my supervisor, for giving me the opportunity to become a PhD and 
for being extraordinarily supportive. I am very grateful for everything you have taught 
me and I feel fortunate to have worked with you. 
 
My co-supervisors: 
Krister Kristensson, for raising my interest in viruses and neuroscience. I am very 
grateful for your knowledge and support during these past years. 
 
Sven Ove Ögren, for his valuable knowledge and support, and nice chats about life in 
Norrland. 
 
Hans-Gustaf Ljunggren, thank you for being my co-supervisor throughout these 
years, despite our infrequent encounters. 
 
Our prefect Staffan Cullheim for allowing me to perform my studies at the 
department. 
 
Many thanks to my collaborators: Göran Engberg and Sophie Erhardt for 
introducing me to the KYNA world and for valuable scientific discussions. Lilly 
Schwieler and Susan Powell for collaborations. Simret Beraki for collaborations and 
friendship. 
 
I am especially grateful to Maria Holtze, for being a great coworker and wonderful 
friend.  
 
The past and present members/friends of the lab: Gia Luhr, Elin Nordström, Johan 
Brask, Anne-Sofie Johansson, Mikael Nygård, Gabriella Lundkvist, Pernilla 
Östlund, Yuanrong Yao, Christoffer Nellåker, Eva Backström, Gunnar Grant, 
Mirjana Grujic, Fang Li, Daniel Amin, Willias Masocha, Karin Lagerman, 
Nirvana Pillay, Malin Sandberg, Fredrik Aronsson, Yuxuan Jin, Brita Robertson, 
Samira Arysepehr, Steven Oluwole, Evans, Monica, Claire and Kalu. Thank you 
for being such nice colleagues, it has been fun working with you and thanks for 
enjoying my cakes. 
 
I would in particular like to thank Margareta Widing for technical assistance and for 
taking care of us and the lab. 
 
Christina Dalman, for being my mentor. 
 
Tomas Hökfelt, for showing interest in my research and being a nice office neighbor. 



Acknowledgements 

48 

 
The animal facilities: thank you Niklas, Tua and Linda at Neuro, Margareta and 
Torun at MTC for care and assistance.  
 
Thanks to all PhD students, Postdocs and everyone else at the department.  
 
Family, relatives and friends: Susanne, Arild, Samira, Sabina, Lilia, Ramzi, Sofia, 
Martin, Heléne, Bertil, Inez, Anders, Sonja, David, Åke. Thank you all for your 
support and care. I wish we were not scattered all over Sweden/Norway and could see 
each other more often. Anna H, Rob, Johan, Linda, Jonken, Karolina, Erik, Tanja, 
Teres, Sofia, Martin L, Anke, Uffe, Fredrik, Gia, Emanuela, Lina and Anna L. 
Thank you for caring and for all the fun times. My dear friend Anna A, thank you for 
always being there for me.  
 
My mother, wish you were here. 
 
Above all, thank you Jonas, my love! 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This work was supported by; the Stanley Medical Research Institute, the Swedish 
Research Council, Stiftelsen Sigurd och Elsa Goljes Minne and Karolinska Institutet. 
 



                                        References 
 

  49 

7 REFERENCES 
American Psychiatric Association, Diagnostic and Statistical Manual of Mental 

Disorders (DSM-IV), APA, Washington D.C (1994). 
Achim, C.L., Heyes, M.P. & Wiley, C.A. (1993) Quantitation of human 

immunodeficiency virus, immune activation factors, and quinolinic acid in 
AIDS brains. J Clin Invest, 91, 2769-2775. 

Adams, O., Besken, K., Oberdorfer, C., MacKenzie, C.R., Russing, D. & Daubener, W. 
(2004a) Inhibition of human herpes simplex virus type 2 by interferon gamma 
and tumor necrosis factor alpha is mediated by indoleamine 2,3-dioxygenase. 
Microbes Infect, 6, 806-812. 

Adams, O., Besken, K., Oberdorfer, C., MacKenzie, C.R., Takikawa, O. & Daubener, 
W. (2004b) Role of indoleamine-2,3-dioxygenase in alpha/beta and gamma 
interferon-mediated antiviral effects against herpes simplex virus infections. J 
Virol, 78, 2632-2636. 

Adams, W., Kendell, R.E., Hare, E.H. & Munk-Jorgensen, P. (1993) Epidemiological 
evidence that maternal influenza contributes to the aetiology of schizophrenia. 
An analysis of Scottish, English, and Danish data. Br J Psychiatry, 163, 522-
534. 

Andreasen, N.C., Arndt, S., Alliger, R., Miller, D. & Flaum, M. (1995) Symptoms of 
schizophrenia. Methods, meanings, and mechanisms. Arch Gen Psychiatry, 52, 
341-351. 

Antony, J.M., van Marle, G., Opii, W., Butterfield, D.A., Mallet, F., Yong, V.W., 
Wallace, J.L., Deacon, R.M., Warren, K. & Power, C. (2004) Human 
endogenous retrovirus glycoprotein-mediated induction of redox reactants 
causes oligodendrocyte death and demyelination. Nat Neurosci, 7, 1088-1095. 

Aronsson, F., Karlsson, H., Ljunggren, H.-G. & Kristensson, K. (2001) Persistence of 
the influenza A/WSN/33 virus RNA at midbrain levels of immunodefective 
mice. J. Neurovirol, 7, 117-124. 

Aronsson, F., Lannebo, C., Paucar, M., Brask, J., Kristensson, K. & Karlsson, H. 
(2002) Persistence of viral RNA in the brain of offspring to mice infected with 
influenza A/WSN/33 virus during pregnancy. J. Neurovirol., 8, 353-357. 

Asp, L., Beraki, S., Aronsson, F., Rosvall, L., Ogren, S.O., Kristensson, K. & Karlsson, 
H. (2005) Gene expression changes in brains of mice exposed to a maternal 
virus infection. Neuroreport, 16, 1111-1115. 

Atlas, A., Gisslen, M., Nordin, C., Lindstrom, L. & Schwieler, L. (2007) Acute 
psychotic symptoms in HIV-1 infected patients are associated with increased 
levels of kynurenic acid in cerebrospinal fluid. Brain Behav Immun, 21, 86-91. 

Beare, A.S. & Webster, R.G. (1991) Replication of avian influenza viruses in humans. 
Arch Virol, 119, 37-42. 

Becher, B., Bechmann, I. & Greter, M. (2006) Antigen presentation in autoimmunity 
and CNS inflammation: how T lymphocytes recognize the brain. J Mol Med, 
84, 532-543. 

Beraki, S., Aronsson, F., Karlsson, H., Ogren, S.O. & Kristensson, K. (2005) Influenza 
A virus infection causes alterations in expression of synaptic regulatory genes 
combined with changes in cognitive and emotional behaviors in mice. Mol 
Psychiatry, 10, 299-308. 

Bergstrom, T., Alestig, K., Svennerholm, B., Horal, P., Skoldenberg, B. & Vahlne, A. 
(1990) Neurovirulence of herpes simplex virus types 1 and 2 isolates in diseases 
of the central nervous system. Eur J Clin Microbiol Infect Dis, 9, 751-757. 

Binder, G.K. & Griffin, D.E. (2003) Immune-mediated clearance of virus from the 
central nervous system. Microbes Infect, 5, 439-448. 

Blond, J.L., Lavillette, D., Cheynet, V., Bouton, O., Oriol, G., Chapel-Fernandes, S., 
Mandrand, B., Mallet, F. & Cosset, F.L. (2000) An envelope glycoprotein of 
the human endogenous retrovirus HERV-W is expressed in the human placenta 
and fuses cells expressing the type D mammalian retrovirus receptor. J Virol, 
74, 3321-3329. 



References     
 

50 

Bock, M. & Stoye, J.P. (2000) Endogenous retroviruses and the human germline. Curr 
Opin Genet Dev, 10, 651-655. 

Bodaghi, B., Goureau, O., Zipeto, D., Laurent, L., Virelizier, J.L. & Michelson, S. 
(1999) Role of IFN-gamma-induced indoleamine 2,3 dioxygenase and 
inducible nitric oxide synthase in the replication of human cytomegalovirus in 
retinal pigment epithelial cells. J Immunol, 162, 957-964. 

Bonthius, D.J. & Perlman, S. (2007) Congenital viral infections of the brain: lessons 
learned from lymphocytic choriomeningitis virus in the neonatal rat. PLoS 
Pathog, 3, e149. 

Borrell, J., Vela, J.M., Arevalo-Martin, A., Molina-Holgado, E. & Guaza, C. (2002) 
Prenatal immune challenge disrupts sensorimotor gating in adult rats. 
Implications for the etiopathogenesis of schizophrenia. 
Neuropsychopharmacology, 26, 204-215. 

Bouvier, N.M. & Palese, P. (2008) The biology of influenza viruses. Vaccine, 26 Suppl 
4, D49-53. 

Broer, S. & Brookes, N. (2001) Transfer of glutamine between astrocytes and neurons. 
J Neurochem, 77, 705-719. 

Brown, A.S., Begg, M.D., Gravenstein, S., Schaefer, C.A., Wyatt, R.J., Bresnahan, M., 
Babulas, V.P. & Susser, E.S. (2004) Serologic evidence of prenatal influenza in 
the etiology of schizophrenia. Arch Gen Psychiatry, 61, 774-780. 

Brown, A.S., Cohen, P., Greenwald, S. & Susser, E.S. (2000a) Non-affective psychosis 
after prenatal exposure to rubella. Am J Psychiatry, 157, 438-443. 

Brown, A.S., Schaefer, C.A., Quesenberry, C.P., Jr., Liu, L., Babulas, V.P. & Susser, 
E.S. (2005) Maternal exposure to toxoplasmosis and risk of schizophrenia in 
adult offspring. Am J Psychiatry, 162, 767-773. 

Brown, A.S., Schaefer, C.A., Wyatt, R.J., Goetz, R., Begg, M.D., Gorman, J.M. & 
Susser, E.S. (2000b) Maternal exposure to respiratory infections and adult 
schizophrenia spectrum disorders: a prospective birth cohort study. Schizophr 
Bull, 26, 287-295. 

Buka, S.L., Cannon, T.D., Torrey, E.F. & Yolken, R.H. (2008) Maternal exposure to 
herpes simplex virus and risk of psychosis among adult offspring. Biol 
Psychiatry, 63, 809-815. 

Buka, S.L., Tsuang, M.T., Torrey, E.F., Klebanoff, M.A., Bernstein, D. & Yolken, R.H. 
(2001) Maternal infections and subsequent psychosis among offspring. Arch 
Gen Psychiatry, 58, 1032-1037. 

Cannon, T.D., Bearden, C.E., Hollister, J.M., Rosso, I.M., Sanchez, L.E. & Hadley, T. 
(2000) Childhood cognitive functioning in schizophrenia patients and their 
unaffected siblings: a prospective cohort study. Schizophr Bull, 26, 379-393. 

Cannon, T.D., Rosso, I.M., Bearden, C.E., Sanchez, L.E. & Hadley, T. (1999) A 
prospective cohort study of neurodevelopmental processes in the genesis and 
epigenesis of schizophrenia. Dev Psychopathol, 11, 467-485. 

Chang, C.W., Chuang, H.C., Yu, C., Yao, T.P. & Chen, H. (2005) Stimulation of 
GCMa transcriptional activity by cyclic AMP/protein kinase A signaling is 
attributed to CBP-mediated acetylation of GCMa. Mol Cell Biol, 25, 8401-
8414. 

Chen, Y.J., Johnson, M.A., Lieberman, M.D., Goodchild, R.E., Schobel, S., 
Lewandowski, N., Rosoklija, G., Liu, R.C., Gingrich, J.A., Small, S., Moore, 
H., Dwork, A.J., Talmage, D.A. & Role, L.W. (2008) Type III neuregulin-1 is 
required for normal sensorimotor gating, memory-related behaviors, and 
corticostriatal circuit components. J Neurosci, 28, 6872-6883. 

Chesler, D.A. & Reiss, C.S. (2002) The role of IFN-gamma in immune responses to 
viral infections of the central nervous system. Cytokine Growth Factor Rev, 13, 
441-454. 

Cook, E.H., Jr. & Scherer, S.W. (2008) Copy-number variations associated with 
neuropsychiatric conditions. Nature, 455, 919-923. 

Crnic, L.S. & Pizer, L.I. (1988) Behavioral effects of neonatal herpes simplex type 1 
infection of mice. Neurotoxicol Teratol, 10, 381-386. 



                                        References 
 

  51 

Dalley, J.W., Cardinal, R.N. & Robbins, T.W. (2004) Prefrontal executive and 
cognitive functions in rodents: neural and neurochemical substrates. Neurosci 
Biobehav Rev, 28, 771-784. 

Dalman, C., Allebeck, P., Gunnell, D., Harrison, G., Kristensson, K., Lewis, G., 
Lofving, S., Rasmussen, F., Wicks, S. & Karlsson, H. (2008) Infections in the 
CNS during childhood and the risk of subsequent psychotic illness: a cohort 
study of more than one million Swedish subjects. Am J Psychiatry, 165, 59-65. 

de la Torre, J.C., Mallory, M., Brot, M., Gold, L., Koob, G., Oldstone, M.B. & Masliah, 
E. (1996) Viral persistence in neurons alters synaptic plasticity and cognitive 
functions without destruction of brain cells. Virology, 220, 508-515. 

Dobbing, J. (1974) The later growth of the brain and its vulnerability. Pediatrics, 53, 2-
6. 

Dupressoir, A., Marceau, G., Vernochet, C., Benit, L., Kanellopoulos, C., Sapin, V. & 
Heidmann, T. (2005) Syncytin-A and syncytin-B, two fusogenic placenta-
specific murine envelope genes of retroviral origin conserved in Muridae. Proc 
Natl Acad Sci U S A, 102, 725-730. 

Eastman, C.L. & Guilarte, T.R. (1989) Cytotoxicity of 3-hydroxykynurenine in a 
neuronal hybrid cell line. Brain Res, 495, 225-231. 

Eastman, C.L., Urbanska, E., Love, A., Kristensson, K. & Schwarcz, R. (1994) 
Increased brain quinolinic acid production in mice infected with a hamster 
neurotropic measles virus. Exp Neurol, 125, 119-124. 

Eaton, W.W., Mortensen, P.B. & Frydenberg, M. (2000) Obstetric factors, urbanization 
and psychosis. Schizophr Res, 43, 117-123. 

Eccles, R. (2005) Understanding the symptoms of the common cold and influenza. 
Lancet Infect Dis, 5, 718-725. 

Ellman, L.M., Yolken, R.H., Buka, S.L., Torrey, E.F. & Cannon, T.D. (2009) 
Cognitive Functioning Prior to the Onset of Psychosis: The Role of Fetal 
Exposure to Serologically Determined Influenza Infection. Biol Psychiatry. 

Engel, J.A., Zhang, J., Bergstrom, T., Conradi, N., Forkstam, C., Liljeroth, A. & 
Svensson, L. (2000) Neonatal herpes simplex virus type 1 brain infection 
affects the development of sensorimotor gating in rats. Brain Res, 863, 233-240. 

Erhardt, S., Blennow, K., Nordin, C., Skogh, E., Lindstrom, L.H. & Engberg, G. (2001) 
Kynurenic acid levels are elevated in the cerebrospinal fluid of patients with 
schizophrenia. Neurosci Lett, 313, 96-98. 

Fallarino, F., Grohmann, U., Vacca, C., Bianchi, R., Orabona, C., Spreca, A., Fioretti, 
M.C. & Puccetti, P. (2002) T cell apoptosis by tryptophan catabolism. Cell 
Death Differ, 9, 1069-1077. 

Falls, D.L. (2003) Neuregulins: functions, forms, and signaling strategies. Exp Cell Res, 
284, 14-30. 

Falsig, J., van Beek, J., Hermann, C. & Leist, M. (2008) Molecular basis for detection 
of invading pathogens in the brain. J Neurosci Res, 86, 1434-1447. 

Fatemi, S.H., Earle, J., Kanodia, R., Kist, D., Emamian, E.S., Patterson, P.H., Shi, L. & 
Sidwell, R. (2002) Prenatal viral infection leads to pyramidal cell atrophy and 
macrocephaly in adulthood: implications for genesis of autism and 
schizophrenia. Cell Mol Neurobiol, 22, 25-33. 

Fatemi, S.H., Sidwell, R., Akhter, P., Sedgewick, J., Thuras, P., Bailey, K. & Kist, D. 
(1998a) Human influenza viral infection in utero increases nNOS expression in 
hippocampi of neonatal mice. Synapse, 29, 84-88. 

Fatemi, S.H., Sidwell, R., Kist, D., Akhter, P., Meltzer, H.Y., Bailey, K., Thuras, P. & 
Sedgwick, J. (1998b) Differential expression of synaptosome-associated protein 
25 kDa [SNAP-25] in hippocampi of neonatal mice following exposure to 
human influenza virus in utero. Brain Res, 800, 1-9. 

Fellerhoff, B. & Wank, R. (2009) Transporter associated with antigen processing and 
the chaperone tapasin: are non-classical HLA genes keys to the pathogenesis of 
schizophrenia? Med Hypotheses, 72, 535-538. 

Fouchier, R.A., Munster, V., Wallensten, A., Bestebroer, T.M., Herfst, S., Smith, D., 
Rimmelzwaan, G.F., Olsen, B. & Osterhaus, A.D. (2005) Characterization of a 



References     
 

52 

novel influenza A virus hemagglutinin subtype (H16) obtained from black-
headed gulls. J Virol, 79, 2814-2822. 

Francis, T. & Moore, A.M. (1940) A study of the neurotropic tendency in strains of the 
virus of epidemic influenza. J Exp Med, 72, 717-728. 

Frank, O., Giehl, M., Zheng, C., Hehlmann, R., Leib-Mosch, C. & Seifarth, W. (2005) 
Human endogenous retrovirus expression profiles in samples from brains of 
patients with schizophrenia and bipolar disorders. J Virol, 79, 10890-10901. 

Franklin, K.B.J. & Paxinos, G. (1997) The Mouse Brain in Stereotaxic Coordinates, 
Academic Press, San Diego, CA. 

Fredriksson, A., Archer T., Alm, H., Gordh, T. & Eriksson, P. (2004) Neurofunctional 
deficits and potentiated apoptosis by neonatal NMDA antagonist 
administration. Behav Brain Res,153, 367-376. 

Frankova, V., Jirasek, A. & Tumova, B. (1977) Type A influenza: postmortem virus 
isolations from different organs in human lethal cases. Arch Virol, 53, 265-268. 

Fujigaki, S., Saito, K., Takemura, M., Maekawa, N., Yamada, Y., Wada, H. & 
Seishima, M. (2002) L-tryptophan-L-kynurenine pathway metabolism 
accelerated by Toxoplasma gondii infection is abolished in gamma interferon-
gene-deficient mice: cross-regulation between inducible nitric oxide synthase 
and indoleamine-2,3-dioxygenase. Infect Immun, 70, 779-786. 

Fukui, S., Schwarcz, R., Rapoport, S.I., Takada, Y. & Smith, Q.R. (1991) Blood-brain 
barrier transport of kynurenines: implications for brain synthesis and 
metabolism. J Neurochem, 56, 2007-2017. 

Geyer, M.A. (2006) The family of sensorimotor gating disorders: comorbidities or 
diagnostic overlaps? Neurotox Res, 10, 211-220. 

Giegling, I., Hartmann, A.M., Genius, J., Benninghoff, J., Moller, H.J. & Rujescu, D. 
(2008) Systems biology and complex neurobehavioral traits. 
Pharmacopsychiatry, 41 Suppl 1, S32-36. 

Goddard, C.A., Butts, D.A. & Shatz, C.J. (2007) Regulation of CNS synapses by 
neuronal MHC class I. Proc Natl Acad Sci U S A, 104, 6828-6833. 

Gold, L.H., Brot, M.D., Polis, I., Schroeder, R., Tishon, A., de la Torre, J.C., Oldstone, 
M.B. & Koob, G.F. (1994) Behavioral effects of persistent lymphocytic 
choriomeningitis virus infection in mice. Behav Neural Biol, 62, 100-109. 

Goto, H. & Kawaoka, Y. (1998) A novel mechanism for the acquisition of virulence by 
a human influenza A virus. Proc Natl Acad Sci U S A, 95, 10224-10228. 

Gottesman, II & Erlenmeyer-Kimling, L. (2001) Family and twin strategies as a head 
start in defining prodromes and endophenotypes for hypothetical early-
interventions in schizophrenia. Schizophr Res, 51, 93-102. 

Gramsbergen, J.B., Hodgkins, P.S., Rassoulpour, A., Turski, W.A., Guidetti, P. & 
Schwarcz, R. (1997) Brain-specific modulation of kynurenic acid synthesis in 
the rat. J Neurochem, 69, 290-298. 

Gregg, N. (1941) Congenital cataract following German measles in the mother. Trans 
Opthalmol Soc, 3, 35-45. 

Griffin, D.E. (2003) Immune responses to RNA-virus infections of the CNS. Nat Rev 
Immunol, 3, 493-502. 

Guidetti, P., Amori, L., Sapko, M.T., Okuno, E. & Schwarcz, R. (2007) Mitochondrial 
aspartate aminotransferase: a third kynurenate-producing enzyme in the 
mammalian brain. J Neurochem, 102, 103-111. 

Guidetti, P., Luthi-Carter, R.E., Augood, S.J. & Schwarcz, R. (2004) Neostriatal and 
cortical quinolinate levels are increased in early grade Huntington's disease. 
Neurobiol Dis, 17, 455-461. 

Guidetti, P., Okuno, E. & Schwarcz, R. (1997) Characterization of rat brain kynurenine 
aminotransferases I and II. J Neurosci Res, 50, 457-465. 

Guidetti, P. & Schwarcz, R. (1999) 3-Hydroxykynurenine potentiates quinolinate but 
not NMDA toxicity in the rat striatum. Eur J Neurosci, 11, 3857-3863. 

Guillemin, G.J. & Brew, B.J. (2002) Implications of the kynurenine pathway and 
quinolinic acid in Alzheimer's disease. Redox Rep, 7, 199-206. 



                                        References 
 

  53 

Guillemin, G.J., Cullen, K.M., Lim, C.K., Smythe, G.A., Garner, B., Kapoor, V., 
Takikawa, O. & Brew, B.J. (2007) Characterization of the kynurenine pathway 
in human neurons. J Neurosci, 27, 12884-12892. 

Guillemin, G.J., Kerr, S.J. & Brew, B.J. (2005a) Involvement of quinolinic acid in 
AIDS dementia complex. Neurotox Res, 7, 103-123. 

Guillemin, G.J., Kerr, S.J., Pemberton, L.A., Smith, D.G., Smythe, G.A., Armati, P.J. 
& Brew, B.J. (2001a) IFN-beta1b induces kynurenine pathway metabolism in 
human macrophages: potential implications for multiple sclerosis treatment. J 
Interferon Cytokine Res, 21, 1097-1101. 

Guillemin, G.J., Kerr, S.J., Smythe, G.A., Smith, D.G., Kapoor, V., Armati, P.J., 
Croitoru, J. & Brew, B.J. (2001b) Kynurenine pathway metabolism in human 
astrocytes: a paradox for neuronal protection. J Neurochem, 78, 842-853. 

Guillemin, G.J., Smith, D.G., Smythe, G.A., Armati, P.J. & Brew, B.J. (2003) 
Expression of the kynurenine pathway enzymes in human microglia and 
macrophages. Adv Exp Med Biol, 527, 105-112. 

Guillemin, G.J., Smythe, G., Takikawa, O. & Brew, B.J. (2005b) Expression of 
indoleamine 2,3-dioxygenase and production of quinolinic acid by human 
microglia, astrocytes, and neurons. Glia, 49, 15-23. 

Gur, R.E., Keshavan, M.S. & Lawrie, S.M. (2007) Deconstructing psychosis with 
human brain imaging. Schizophr Bull, 33, 921-931. 

Hafner, H. (1998) Onset and course of the first schizophrenic episode. Kaohsiung J 
Med Sci, 14, 413-431. 

Halperin, J.J. & Heyes, M.P. (1992) Neuroactive kynurenines in Lyme borreliosis. 
Neurology, 42, 43-50. 

Han, Q., Robinson, H., Cai, T., Tagle, D.A. & Li, J. (2009) Biochemical and structural 
properties of mouse kynurenine aminotransferase III. Mol Cell Biol, 29, 784-
793. 

Harris, L.W., Sharp, T., Gartlon, J., Jones, D.N. & Harrison, P.J. (2003) Long-term 
behavioural, molecular and morphological effects of neonatal NMDA receptor 
antagonism. Eur J Neurosci, 18, 1706-1710. 

Harrison, P.J. (1999) The neuropathology of schizophrenia. A critical review of the 
data and their interpretation. Brain, 122 ( Pt 4), 593-624. 

Harrison, P.J. & Weinberger, D.R. (2005) Schizophrenia genes, gene expression, and 
neuropathology: on the matter of their convergence. Mol Psychiatry, 10, 40-68; 
image 45. 

Hayden, F.G., Fritz, R., Lobo, M.C., Alvord, W., Strober, W. & Straus, S.E. (1998) 
Local and systemic cytokine responses during experimental human influenza A 
virus infection. Relation to symptom formation and host defense. J Clin Invest, 
101, 643-649. 

Heyes, M.P., Saito, K., Lackner, A., Wiley, C.A., Achim, C.L. & Markey, S.P. (1998) 
Sources of the neurotoxin quinolinic acid in the brain of HIV-1-infected 
patients and retrovirus-infected macaques. Faseb J, 12, 881-896. 

Hilmas, C., Pereira, E.F., Alkondon, M., Rassoulpour, A., Schwarcz, R. & 
Albuquerque, E.X. (2001) The brain metabolite kynurenic acid inhibits alpha7 
nicotinic receptor activity and increases non-alpha7 nicotinic receptor 
expression: physiopathological implications. J Neurosci, 21, 7463-7473. 

Hjalmarsson, A., Blomqvist, P., Brytting, M., Linde, A. & Skoldenberg, B. (2009) 
Encephalitis after influenza in Sweden 1987-1998: a rare complication of a 
common infection. Eur Neurol, 61, 289-294. 

Hoffman, H.S. & Ison, J.R. (1980) Reflex modification in the domain of startle: I. 
Some empirical findings and their implications for how the nervous system 
processes sensory input. Psychol Rev, 87, 175-189. 

Horimoto, T. & Kawaoka, Y. (2005) Influenza: lessons from past pandemics, warnings 
from current incidents. Nat Rev Microbiol, 3, 591-600. 

Hosoya, T., Takizawa, K., Nitta, K. & Hotta, Y. (1995) glial cells missing: a binary 
switch between neuronal and glial determination in Drosophila. Cell, 82, 1025-
1036. 



References     
 

54 

Hotchin, J. & Seegal, R. (1977) Virus-induced behavioral alteration of mice. Science, 
196, 671-674. 

Huang, W.J., Liu, Z.C., Wei, W., Wang, G.H., Wu, J.G. & Zhu, F. (2006) Human 
endogenous retroviral pol RNA and protein detected and identified in the blood 
of individuals with schizophrenia. Schizophr Res, 83, 193-199. 

Ikeda, M., Takahashi, N., Saito, S., Aleksic, B., Watanabe, Y., Nunokawa, A., 
Yamanouchi, Y., Kitajima, T., Kinoshita, Y., Kishi, T., Kawashima, K., 
Hashimoto, R., Ujike, H., Inada, T., Someya, T., Takeda, M., Ozaki, N. & 
Iwata, N. (2008) Failure to replicate the association between NRG1 and 
schizophrenia using Japanese large sample. Schizophr Res, 101, 1-8. 

Ikonomidou, C., Bosch, F., Miksa, M., Bittigau, P., Vockler, J., Dikranian, K., 
Tenkova, T.I., Stefovska, V., Turski, L. & Olney, J.W. (1999) Blockade of 
NMDA receptors and apoptotic neurodegeneration in the developing brain. 
Science, 283, 70-74. 

Ireland, D.D., Stohlman, S.A., Hinton, D.R., Atkinson, R. & Bergmann, C.C. (2008) 
Type I interferons are essential in controlling neurotropic coronavirus infection 
irrespective of functional CD8 T cells. J Virol, 82, 300-310. 

Isohanni, M., Jones, P.B., Moilanen, K., Rantakallio, P., Veijola, J., Oja, H., Koiranen, 
M., Jokelainen, J., Croudace, T. & Jarvelin, M. (2001) Early developmental 
milestones in adult schizophrenia and other psychoses. A 31-year follow-up of 
the Northern Finland 1966 Birth Cohort. Schizophr Res, 52, 1-19. 

Iwasaki, Y., Hosoya, T., Takebayashi, H., Ogawa, Y., Hotta, Y. & Ikenaka, K. (2003) 
The potential to induce glial differentiation is conserved between Drosophila 
and mammalian glial cells missing genes. Development, 130, 6027-6035. 

Javitt, D.C. & Zukin, S.R. (1991) Recent advances in the phencyclidine model of 
schizophrenia. Am J Psychiatry, 148, 1301-1308. 

Jhamandas, K.H., Boegman, R.J., Beninger, R.J., Miranda, A.F. & Lipic, K.A. (2000) 
Excitotoxicity of quinolinic acid: modulation by endogenous antagonists. 
Neurotox Res, 2, 139-155. 

Job, D.E., Whalley, H.C., Johnstone, E.C. & Lawrie, S.M. (2005) Grey matter changes 
over time in high risk subjects developing schizophrenia. Neuroimage, 25, 
1023-1030. 

Johnson, N.P. & Mueller, J. (2002) Updating the accounts: global mortality of the 
1918-1920 "Spanish" influenza pandemic. Bull Hist Med, 76, 105-115. 

Johnson, R.T. (1988) The viral infections of the developing nervous system. In 
Johnson, R.T. & Lyon, G. (eds), Virus infections and the devloping nervous 
system. Kluwer Academic Publisher, Lancaster, pp. 1-9. 

Johnson, R.T. (1994) Infections during pregnancy. Adv Neurol, 64, 153-162. 
Jones, B.W., Fetter, R.D., Tear, G. & Goodman, C.S. (1995) glial cells missing: a 

genetic switch that controls glial versus neuronal fate. Cell, 82, 1013-1023. 
Jones, P., Rodgers, B., Murray, R. & Marmot, M. (1994) Child development risk 

factors for adult schizophrenia in the British 1946 birth cohort. Lancet, 344, 
1398-1402. 

Karlsson, H. (2003) Viruses and schizophrenia, connction or coincidence. Neuroreport, 
14, 535-542. 

Karlsson, H., Bachmann, S., Schroder, J., McArthur, J., Torrey, E.F. & Yolken, R.H. 
(2001) Retroviral RNA identified in the cerebrospinal fluids and brains of 
individuals with schizophrenia. Proc Natl Acad Sci U S A, 98, 4634-4639. 

Karlsson, H., Schroder, J., Bachmann, S., Bottmer, C. & Yolken, R.H. (2004) HERV-
W-related RNA detected in plasma from individuals with recent-onset 
schizophrenia or schizoaffective disorder. Mol Psychiatry, 9, 12-13. 

Kawabe, K., Iwasaki, T. & Ichitani, Y. (2007) Repeated treatment with N-methyl-d-
aspartate antagonists in neonatal, but not adult, rats causes long-term deficits of 
radial-arm maze learning. Brain Res, 1169, 77-86. 

Kawabe, K. & Miyamoto, E. (2008) Effects of neonatal repeated MK-801 treatment on 
delayed nonmatching-to-position responses in rats. Neuroreport, 19, 969-973. 

Kendell, R.E. & Kemp, I.W. (1989) Maternal influenza in the etiology of 
schizophrenia. Arch Gen Psychiatry, 46, 878-882. 



                                        References 
 

  55 

Kessler, M., Terramani, T., Lynch, G. & Baudry, M. (1989) A glycine site associated 
with N-methyl-D-aspartic acid receptors: characterization and identification of a 
new class of antagonists. J Neurochem, 52, 1319-1328. 

Kety, S.S., Wender, P.H., Jacobsen, B., Ingraham, L.J., Jansson, L., Faber, B. & 
Kinney, D.K. (1994) Mental illness in the biological and adoptive relatives of 
schizophrenic adoptees. Replication of the Copenhagen Study in the rest of 
Denmark. Arch Gen Psychiatry, 51, 442-455. 

Kilbourne, E.D. (2006) Influenza pandemics of the 20th century. Emerg Infect Dis, 12, 
9-14. 

Kim, J.S., Kornhuber, H.H., Holzmuller, B., Schmid-Burgk, W., Mergner, T. & 
Krzepinski, G. (1980) Reduction of cerebrospinal fluid glutamic acid in 
Huntington's chorea and in schizophrenic patients. Arch Psychiatr Nervenkr, 
228, 7-10. 

Kim, K.D., Zhao, J., Auh, S., Yang, X., Du, P., Tang, H. & Fu, Y.X. (2007) Adaptive 
immune cells temper initial innate responses. Nat Med, 13, 1248-1252. 

King, N.J. & Thomas, S.R. (2007) Molecules in focus: indoleamine 2,3-dioxygenase. 
Int J Biochem Cell Biol, 39, 2167-2172. 

Kiss, C., Ceresoli-Borroni, G., Guidetti, P., Zielke, C.L., Zielke, H.R. & Schwarcz, R. 
(2003) Kynurenate production by cultured human astrocytes. J Neural Transm, 
110, 1-14. 

Knerr, I., Schubert, S.W., Wich, C., Amann, K., Aigner, T., Vogler, T., Jung, R., 
Dotsch, J., Rascher, W. & Hashemolhosseini, S. (2005) Stimulation of GCMa 
and syncytin via cAMP mediated PKA signaling in human trophoblastic cells 
under normoxic and hypoxic conditions. FEBS Lett, 579, 3991-3998. 

Kolski, H., Ford-Jones, E.L., Richardson, S., Petric, M., Nelson, S., Jamieson, F., 
Blaser, S., Gold, R., Otsubo, H., Heurter, H. & MacGregor, D. (1998) Etiology 
of acute childhood encephalitis at The Hospital for Sick Children, Toronto, 
1994-1995. Clin Infect Dis, 26, 398-409. 

Koskiniemi, M., Rantalaiho, T., Piiparinen, H., von Bonsdorff, C.H., Farkkila, M., 
Jarvinen, A., Kinnunen, E., Koskiniemi, S., Mannonen, L., Muttilainen, M., 
Linnavuori, K., Porras, J., Puolakkainen, M., Raiha, K., Salonen, E.M., 
Ukkonen, P., Vaheri, A. & Valtonen, V. (2001) Infections of the central 
nervous system of suspected viral origin: a collaborative study from Finland. J 
Neurovirol, 7, 400-408. 

Krug, A., Markov, V., Eggermann, T., Krach, S., Zerres, K., Stocker, T., Shah, N.J., 
Schneider, F., Nothen, M.M., Treutlein, J., Rietschel, M. & Kircher, T. (2008) 
Genetic variation in the schizophrenia-risk gene neuregulin1 correlates with 
differences in frontal brain activation in a working memory task in healthy 
individuals. Neuroimage, 42, 1569-1576. 

Krystal, J.H., Karper, L.P., Seibyl, J.P., Freeman, G.K., Delaney, R., Bremner, J.D., 
Heninger, G.R., Bowers, M.B., Jr. & Charney, D.S. (1994) Subanesthetic 
effects of the noncompetitive NMDA antagonist, ketamine, in humans. 
Psychotomimetic, perceptual, cognitive, and neuroendocrine responses. Arch 
Gen Psychiatry, 51, 199-214. 

Kuiken, T. & Taubenberger, J.K. (2008) Pathology of human influenza revisited. 
Vaccine, 26 Suppl 4, D59-66. 

Kwun, H.J., Han, H.J., Lee, W.J., Kim, H.S. & Jang, K.L. (2002) Transactivation of the 
human endogenous retrovirus K long terminal repeat by herpes simplex virus 
type 1 immediate early protein 0. Virus Res, 86, 93-100. 

Lamb, R.A., Krug, R. M. (2001) Ch 46. Orthomyxoviridae: The Viruses and Their 
Replication. In Fields, B.N., Knipe, D. M. and Howley, P. M. (ed), Fields 
Virology. Lippincott-Raven, Philadelphia. 

Lancaster, K., Dietz, D.M., Moran, T.H. & Pletnikov, M.V. (2007) Abnormal social 
behaviors in young and adult rats neonatally infected with Borna disease virus. 
Behav Brain Res, 176, 141-148. 

Lavillette, D., Marin, M., Ruggieri, A., Mallet, F., Cosset, F.L. & Kabat, D. (2002) The 
envelope glycoprotein of human endogenous retrovirus type W uses a divergent 
family of amino acid transporters/cell surface receptors. J Virol, 76, 6442-6452. 



References     
 

56 

Law, A.J., Lipska, B.K., Weickert, C.S., Hyde, T.M., Straub, R.E., Hashimoto, R., 
Harrison, P.J., Kleinman, J.E. & Weinberger, D.R. (2006) Neuregulin 1 
transcripts are differentially expressed in schizophrenia and regulated by 5' 
SNPs associated with the disease. Proc Natl Acad Sci U S A, 103, 6747-6752. 

Lewis, D.A. & Levitt, P. (2002) Schizophrenia as a disorder of neurodevelopment. 
Annu Rev Neurosci, 25, 409-432. 

Li, B., Woo, R.S., Mei, L. & Malinow, R. (2007) The neuregulin-1 receptor erbB4 
controls glutamatergic synapse maturation and plasticity. Neuron, 54, 583-597. 

Li, S., Schulman, J., Itamura, S. & Palese, P. (1993) Glycosylation of neuraminidase 
determines the neurovirulence of influenza A/WSN/33 virus. J Virol, 67, 6667-
6673. 

Libbey, J.E., Sweeten, T.L., McMahon, W.M. & Fujinami, R.S. (2005) Autistic 
disorder and viral infections. J Neurovirol, 11, 1-10. 

Livak, K.J. & Schmittgen, T.D. (2001) Analysis of relative gene expression data using 
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods, 25, 
402-408. 

Lowing, P.A., Mirsky, A.F. & Pereira, R. (1983) The inheritance of schizophrenia 
spectrum disorders: a reanalysis of the Danish adoptee study data. Am J 
Psychiatry, 140, 1167-1171. 

Luby, E.D., Cohen, B.D., Rosenbaum, G., Gottlieb, J.S. & Kelley, R. (1959) Study of a 
new schizophrenomimetic drug; sernyl. AMA Arch Neurol Psychiatry, 81, 363-
369. 

Mangeney, M., Renard, M., Schlecht-Louf, G., Bouallaga, I., Heidmann, O., Letzelter, 
C., Richaud, A., Ducos, B. & Heidmann, T. (2007) Placental syncytins: Genetic 
disjunction between the fusogenic and immunosuppressive activity of retroviral 
envelope proteins. Proc Natl Acad Sci U S A, 104, 20534-20539. 

Manuelpillai, U., Nicholls, T., Wallace, E.M., Phillips, D.J., Guillemin, G. & Walker, 
D. (2003) Increased mRNA expression of kynurenine pathway enzymes in 
human placentae exposed to bacterial endotoxin. Adv Exp Med Biol, 527, 85-89. 

Mazefsky, C.A., Folstein, S.E. & Lainhart, J.E. (2008) Overrepresentation of mood and 
anxiety disorders in adults with autism and their first-degree relatives: what 
does it mean? Autism Res, 1, 193-197. 

McGhie, A. & Chapman, J. (1961) Disorders of attention and perception in early 
schizophrenia. Br J Med Psychol, 34, 103-116. 

McGrath, J.J., Pemberton, M.R., Welham, J.L. & Murray, R.M. (1994) Schizophrenia 
and the influenza epidemics of 1954, 1957 and 1959: a southern hemisphere 
study. Schizophr Res, 14, 1-8. 

Medana, I.M., Hien, T.T., Day, N.P., Phu, N.H., Mai, N.T., Chu'ong, L.V., Chau, T.T., 
Taylor, A., Salahifar, H., Stocker, R., Smythe, G., Turner, G.D., Farrar, J., 
White, N.J. & Hunt, N.H. (2002) The clinical significance of cerebrospinal fluid 
levels of kynurenine pathway metabolites and lactate in severe malaria. J Infect 
Dis, 185, 650-656. 

Medawar, P.B. (1948) Immunity to homologous grafted skin; the fate of skin 
homografts transplanted to the brain, to subcutaneous tissue, and to the anterior 
chamber of the eye. Br J Exp Pathol, 29, 58-69. 

Mednick, S.A., Machon, R.A., Huttunen, M.O. & Bonett, D. (1988) Adult 
schizophrenia following exposure to an influenza epidemic. Arch Gen 
Psychiatry, 45, 189-192.  

Mednick, S.A., Huttunen, M.O. & Machon, R.A. (1994) Prenatal influenza infections 
and adult schizophrenia. Schizophr Bull, 20, 263-267. 

Menninger, K. (1926) Influenza and schizophrenia: An analysis of post-influenzal 
¨dementia precox¨ as of 1918 and five years later. Am. J. Psychiatry, 5, 469-
529. 

Mi, S., Lee, X., Li, X., Veldman, G.M., Finnerty, H., Racie, L., LaVallie, E., Tang, 
X.Y., Edouard, P., Howes, S., Keith, J.C., Jr. & McCoy, J.M. (2000) Syncytin 
is a captive retroviral envelope protein involved in human placental 
morphogenesis. Nature, 403, 785-789. 



                                        References 
 

  57 

Moffett, J.R. & Namboodiri, M.A. (2003) Tryptophan and the immune response. 
Immunol Cell Biol, 81, 247-265. 

Mohammed, A.K, Magnusson, O., Maehlen, J., Fonnum, F., Norrby, E., Schultzberg, 
M. & Kristensson, K. (1990) Behavioural deficits and serotonin depletion in 
adult rats after transient infant nasal viral infection. Neuroscience, 35, 355-363. 

Morens, D.M., Taubenberger, J.K. & Fauci, A.S. (2008) Predominant role of bacterial 
pneumonia as a cause of death in pandemic influenza: implications for 
pandemic influenza preparedness. J Infect Dis, 198, 962-970. 

Morgan, V., Castle, D., Page, A., Fazio, S., Gurrin, L., Burton, P., Montgomery, P. & 
Jablensky, A. (1997) Influenza epidemics and incidence of schizophrenia, 
affective disorders and mental retardation in Western Australia: no evidence of 
a major effect. Schizophr Res, 26, 25-39. 

Mori, I., Diehl, A.D., Chauhan, A., Ljunggren, H.G. & Kristensson, K. (1999) Selective 
targeting of habenular, thalamic midline and monoaminergic brainstem neurons 
by neurotropic influenza A virus in mice. J Neurovirol, 5, 355-362. 

Moroni, F., Russi, P., Lombardi, G., Beni, M. & Carla, V. (1988) Presence of 
kynurenic acid in the mammalian brain. J Neurochem, 51, 177-180. 

Mortensen, P.B., Norgaard-Pedersen, B., Waltoft, B.L., Sorensen, T.L., Hougaard, D., 
Torrey, E.F. & Yolken, R.H. (2007) Toxoplasma gondii as a risk factor for 
early-onset schizophrenia: analysis of filter paper blood samples obtained at 
birth. Biol Psychiatry, 61, 688-693. 

Muller, J.E., Koen, L., Soraya, S., Emsley, R.A. & Stein, D.J. (2004) Anxiety disorders 
and schizophrenia. Curr Psychiatry Rep, 6, 255-261. 

Mullis, K., Faloona, F., Scharf, S., Saiki, R., Horn, G. & Erlich, H. (1986) Specific 
enzymatic amplification of DNA in vitro: the polymerase chain reaction. Cold 
Spring Harb Symp Quant Biol, 51 Pt 1, 263-273. 

Munn, D.H., Shafizadeh, E., Attwood, J.T., Bondarev, I., Pashine, A. & Mellor, A.L. 
(1999) Inhibition of T cell proliferation by macrophage tryptophan catabolism. 
J Exp Med, 189, 1363-1372. 

Nellaker, C., Yao, Y., Jones-Brando, L., Mallet, F., Yolken, R.H. & Karlsson, H. 
(2006) Transactivation of elements in the human endogenous retrovirus W 
family by viral infection. Retrovirology, 3, 44. 

Niebuhr, D.W., Millikan, A.M., Cowan, D.N., Yolken, R., Li, Y. & Weber, N.S. (2008) 
Selected infectious agents and risk of schizophrenia among U.S. military 
personnel. Am J Psychiatry, 165, 99-106. 

Nilsson, L. K., Linderholm, K. R., Engberg, G., Paulson, L., Blennow, K., Lindstrom, 
L. H., Nordin, C., Karanti, A., Persson, P. & Erhardt, S. (2005) Elevated 
levels of kynurenic acid in the cerebrospinal fluid of male patients with 
schizophrenia. Schizophr Res, 80, 315-322. 

Nygård, M. (2007) Effects of aging and inflammatory molecules on the 
suprachiasmatic circadian clock. Department of Neuroscience. Karolinska 
Institutet, Stockholm, p. 57. 

O'Callaghan, E., Sham, P., Takei, N., Glover, G. & Murray, R.M. (1991) Schizophrenia 
after prenatal exposure to 1957 A2 influenza epidemic. Lancet, 337, 1248-1250. 

O'Hearn, K., Asato, M., Ordaz, S. & Luna, B. (2008) Neurodevelopment and executive 
function in autism. Dev Psychopathol, 20, 1103-1132. 

Okuda, S., Nishiyama, N., Saito, H. & Katsuki, H. (1998) 3-Hydroxykynurenine, an 
endogenous oxidative stress generator, causes neuronal cell death with 
apoptotic features and region selectivity. J Neurochem, 70, 299-307. 

Oldstone, M.B.A. (1998) Influenza virus, the plague that may return. In Oldstone, 
M.B.A. (ed), Viruses, Plagues & History. Oxford University Press, Oxford, 
New York, pp. 172-186. 

Oliveira, A.L., Thams, S., Lidman, O., Piehl, F., Hokfelt, T., Karre, K., Linda, H. & 
Cullheim, S. (2004) A role for MHC class I molecules in synaptic plasticity and 
regeneration of neurons after axotomy. Proc Natl Acad Sci U S A, 101, 17843-
17848. 

Olney, J.W. (2002) New insights and new issues in developmental neurotoxicology. 
Neurotoxicology, 23, 659-668. 



References     
 

58 

Olney, J.W. & Farber, N.B. (1995) Glutamate receptor dysfunction and schizophrenia. 
Arch Gen Psychiatry, 52, 998-1007. 

Oluwole, S.O., Yao, Y., Conradi, S., Kristensson, K. & Karlsson, H. (2007) Elevated 
levels of transcripts encoding a human retroviral envelope protein (syncytin) in 
muscles from patients with motor neuron disease. Amyotroph Lateral Scler, 8, 
67-72. 

Ozawa, K., Hashimoto, K., Kishimoto, T., Shimizu, E., Ishikura, H. & Iyo, M. (2006) 
Immune activation during pregnancy in mice leads to dopaminergic 
hyperfunction and cognitive impairment in the offspring: a neurodevelopmental 
animal model of schizophrenia. Biol Psychiatry, 59, 546-554. 

Pantelis, C., Velakoulis, D., McGorry, P.D., Wood, S.J., Suckling, J., Phillips, L.J., 
Yung, A.R., Bullmore, E.T., Brewer, W., Soulsby, B., Desmond, P. & 
McGuire, P.K. (2003) Neuroanatomical abnormalities before and after onset of 
psychosis: a cross-sectional and longitudinal MRI comparison. Lancet, 361, 
281-288. 

Papaleo, F., Crawley, J.N., Song, J., Lipska, B.K., Pickel, J., Weinberger, D.R. & Chen, 
J. (2008) Genetic dissection of the role of catechol-O-methyltransferase in 
cognition and stress reactivity in mice. J Neurosci, 28, 8709-8723. 

Parsons, C.G., Danysz, W., Quack, G., Hartmann, S., Lorenz, B., Wollenburg, C., 
Baran, L., Przegalinski, E., Kostowski, W., Krzascik, P., Chizh, B. & Headley, 
P.M. (1997) Novel systemically active antagonists of the glycine site of the N-
methyl-D-aspartate receptor: electrophysiological, biochemical and behavioral 
characterization. J Pharmacol Exp Ther, 283, 1264-1275. 

Paul, S., Ricour, C., Sommereyns, C., Sorgeloos, F. & Michiels, T. (2007) Type I 
interferon response in the central nervous system. Biochimie, 89, 770-778. 

Pedersen, C.B. & Mortensen, P.B. (2001) Evidence of a dose-response relationship 
between urbanicity during upbringing and schizophrenia risk. Arch Gen 
Psychiatry, 58, 1039-1046. 

Perron, H., Lazarini, F., Ruprecht, K., Péchoux-Longin, C., Seilhean, D., Sazdovitch, 
V., Créange, A., Battail-Poirot, N., Sibaï, G., Santoro, L., Jolivet, M., Darlix, J.-
L., Rieckmann, P., Arzberger, T., Hauw, J.-J. & Lassmann, H. (2005) Human 
endogenous retrovirus (HERV)-W ENV and GAG proteins: Physiological 
expression in human brain and pathophysiological modulation in multiple 
sclerosis lesions. J Neurovirol, 11, 23-33. 

Perron, H., Mekaoui, L., Bernard, C., Veas, F., Stefas, I. & Leboyer, M. (2008) 
Endogenous Retrovirus Type W GAG and Envelope Protein Antigenemia in 
Serum of Schizophrenic Patients. Biol Psychiatry, 64, 1019-1023 

Perry, W., Minassian, A., Lopez, B., Maron, L. & Lincoln, A. (2007) Sensorimotor 
gating deficits in adults with autism. Biol Psychiatry, 61, 482-486. 

Pfefferkorn, E.R. (1984) Interferon gamma blocks the growth of Toxoplasma gondii in 
human fibroblasts by inducing the host cells to degrade tryptophan. Proc Natl 
Acad Sci U S A, 81, 908-912. 

Piskulic, D., Olver, J.S., Norman, T.R. & Maruff, P. (2007) Behavioural studies of 
spatial working memory dysfunction in schizophrenia: a quantitative literature 
review. Psychiatry Res, 150, 111-121. 

Pletnikov, M.V., Rubin, S.A., Carbone, K.M., Moran, T.H. & Schwartz, G.J. (2001) 
Neonatal Borna disease virus infection (BDV)-induced damage to the 
cerebellum is associated with sensorimotor deficits in developing Lewis rats. 
Brain Res Dev Brain Res, 126, 1-12. 

Pletnikov, M.V., Rubin, S.A., Schwartz, G.J., Moran, T.H., Sobotka, T.J. & Carbone, 
K.M. (1999) Persistent neonatal Borna disease virus (BDV) infection of the 
brain causes chronic emotional abnormalities in adult rats. Physiol Behav, 66, 
823-831. 

Pletnikov, M.V., Rubin, S.A., Vogel, M.W., Moran, T.H. & Carbone, K.M. (2002) 
Effects of genetic background on neonatal Borna disease virus infection-
induced neurodevelopmental damage. I. Brain pathology and behavioral 
deficits. Brain Res, 944, 97-107. 



                                        References 
 

  59 

Prudhomme, S., Oriol, G. & Mallet, F. (2004) A retroviral promoter and a cellular 
enhancer define a bipartite element which controls env ERVWE1 placental 
expression. J Virol, 78, 12157-12168. 

Rantakallio, P., Jones, P., Moring, J. & Von Wendt, L. (1997) Association between 
central nervous system infections during childhood and adult onset 
schizophrenia and other psychoses: a 28-year follow-up. Int J Epidemiol, 26, 
837-843. 

Reinacher, M., Bonin, J., Narayan, O. & Scholtissek, C. (1983) Pathogenesis of 
neurovirulent influenza A virus infection in mice. Route of entry of virus into 
brain determines infection of different populations of cells. Lab Invest, 49, 686-
692. 

Reinhard, J.F., Jr. (1998) Altered tryptophan metabolism in mice with herpes simplex 
virus encephalitis: increases in spinal cord quinolinic acid. Neurochem Res, 23, 
661-665. 

Rice, D. & Barone, S., Jr. (2000) Critical periods of vulnerability for the developing 
nervous system: evidence from humans and animal models. Environ Health 
Perspect, 108 Suppl 3, 511-533. 

Richt, J.A. & Rott, R. (2001) Borna disease virus: a mystery as an emerging zoonotic 
pathogen. Vet J, 161, 24-40. 

Rosso, I.M., Bearden, C.E., Hollister, J.M., Gasperoni, T.L., Sanchez, L.E., Hadley, T. 
& Cannon, T.D. (2000) Childhood neuromotor dysfunction in schizophrenia 
patients and their unaffected siblings: a prospective cohort study. Schizophr 
Bull, 26, 367-378. 

Rothberg, M.B., Haessler, S.D. & Brown, R.B. (2008) Complications of viral 
influenza. Am J Med, 121, 258-264. 

Rubin, S., Liu, D., Pletnikov, M., McCullers, J., Ye, Z., Levandowski, R., Johannessen, 
J. & Carbone, K. (2004) Wild-type and attenuated influenza virus infection of 
the neonatal rat brain. J Neurovirol, 10, 305-314. 

Rubin, S.A., Sylves, P., Vogel, M., Pletnikov, M., Moran, T.H., Schwartz, G.J. & 
Carbone, K.M. (1999) Borna disease virus-induced hippocampal dentate gyrus 
damage is associated with spatial learning and memory deficits. Brain Res Bull, 
48, 23-30. 

Rudin, M., Ben-Abraham, R., Gazit, V., Tendler, Y., Tashlykov, V. & Katz, Y. (2005) 
Single-dose ketamine administration induces apoptosis in neonatal mouse brain. 
J Basic Clin Physiol Pharmacol, 16, 231-243. 

Ruprecht, K., Obojes, K., Wengel, V., Gronen, F., Kim, K.S., Perron, H., Schneider-
Schaulies, J. & Rieckmann, P. (2006) Regulation of human endogenous 
retrovirus W protein expression by herpes simplex virus type 1: implications for 
multiple sclerosis. J Neurovirol, 12, 65-71. 

Rzeski, W., Kocki, T., Dybel, A., Wejksza, K., Zdzisinska, B., Kandefer-Szerszen, M., 
Turski, W.A., Okuno, E. & Albrecht, J. (2005) Demonstration of kynurenine 
aminotransferases I and II and characterization of kynurenic acid synthesis in 
cultured cerebral cortical neurons. J Neurosci Res, 80, 677-682. 

Saha, R.N. & Pahan, K. (2006) Regulation of inducible nitric oxide synthase gene in 
glial cells. Antioxid Redox Signal, 8, 929-947. 

Saito, K., Crowley, J.S., Markey, S.P. & Heyes, M.P. (1993) A mechanism for 
increased quinolinic acid formation following acute systemic immune 
stimulation. J Biol Chem, 268, 15496-15503. 

Saito, K., Markey, S.P. & Heyes, M.P. (1992) Effects of immune activation on 
quinolinic acid and neuroactive kynurenines in the mouse. Neuroscience, 51, 
25-39. 

Samuel, M.A. & Diamond, M.S. (2005) Alpha/beta interferon protects against lethal 
West Nile virus infection by restricting cellular tropism and enhancing neuronal 
survival. J Virol, 79, 13350-13361. 

Sanders, A.R., Duan, J., Levinson, D.F., Shi, J., He, D., Hou, C., Burrell, G.J., Rice, 
J.P., Nertney, D.A., Olincy, A., Rozic, P., Vinogradov, S., Buccola, N.G., 
Mowry, B.J., Freedman, R., Amin, F., Black, D.W., Silverman, J.M., Byerley, 
W.F., Crowe, R.R., Cloninger, C.R., Martinez, M. & Gejman, P.V. (2008) No 



References     
 

60 

significant association of 14 candidate genes with schizophrenia in a large 
European ancestry sample: implications for psychiatric genetics. Am J 
Psychiatry, 165, 497-506. 

Schwab, S.G., Mondabon, S., Knapp, M., Albus, M., Hallmayer, J., Borrmann-
Hassenbach, M., Trixler, M., Gross, M., Schulze, T.G., Rietschel, M., Lerer, B., 
Maier, W. & Wildenauer, D.B. (2003) Association of tumor necrosis factor 
alpha gene -G308A polymorphism with schizophrenia. Schizophr Res, 65, 19-
25. 

Schwarcz, R. & Hunter, C.A. (2007) Toxoplasma gondii and schizophrenia: linkage 
through astrocyte-derived kynurenic acid? Schizophr Bull, 33, 652-653. 

Schwarcz, R., Rassoulpour, A., Wu, H.Q., Medoff, D., Tamminga, C.A. & Roberts, 
R.C. (2001) Increased cortical kynurenate content in schizophrenia. Biol 
Psychiatry, 50, 521-530. 

Schwarz, M.J., Kronig, H., Riedel, M., Dehning, S., Douhet, A., Spellmann, I., 
Ackenheil, M., Moller, H.J. & Muller, N. (2006) IL-2 and IL-4 polymorphisms 
as candidate genes in schizophrenia. Eur Arch Psychiatry Clin Neurosci, 256, 
72-76. 

Seamon, K. & Daly, J.W. (1981) Activation of adenylate cyclase by the diterpene 
forskolin does not require the guanine nucleotide regulatory protein. J Biol 
Chem, 256, 9799-9801. 

Selten, J.P., Brown, A.S., Moons, K.G., Slaets, J.P., Susser, E.S. & Kahn, R.S. (1999) 
Prenatal exposure to the 1957 influenza pandemic and non-affective psychosis 
in The Netherlands. Schizophr Res, 38, 85-91. 

Shi, L., Fatemi, S.H., Sidwell, R.W. & Patterson, P.H. (2003) Maternal influenza 
infection causes marked behavioral and pharmacological changes in the 
offspring. J Neurosci, 23, 297-302. 

Shirts, B.H., Wood, J., Yolken, R.H. & Nimgaonkar, V.L. (2007) Comprehensive 
evaluation of positional candidates in the IL-18 pathway reveals suggestive 
associations with schizophrenia and herpes virus seropositivity. Am J Med 
Genet B Neuropsychiatr Genet, 147B, 343-350. 

Silva, N.M., Rodrigues, C.V., Santoro, M.M., Reis, L.F., Alvarez-Leite, J.I. & 
Gazzinelli, R.T. (2002) Expression of indoleamine 2,3-dioxygenase, tryptophan 
degradation, and kynurenine formation during in vivo infection with 
Toxoplasma gondii: induction by endogenous gamma interferon and 
requirement of interferon regulatory factor 1. Infect Immun, 70, 859-868. 

Simonsen, L., Clarke, M.J., Schonberger, L.B., Arden, N.H., Cox, N.J. & Fukuda, K. 
(1998) Pandemic versus epidemic influenza mortality: a pattern of changing age 
distribution. J Infect Dis, 178, 53-60. 

Smith, D.G., Guillemin, G.J., Pemberton, L., Kerr, S., Nath, A., Smythe, G.A. & Brew, 
B.J. (2001) Quinolinic acid is produced by macrophages stimulated by platelet 
activating factor, Nef and Tat. J Neurovirol, 7, 56-60. 

Smith, S.E., Li, J., Garbett, K., Mirnics, K. & Patterson, P.H. (2007) Maternal immune 
activation alters fetal brain development through interleukin-6. J Neurosci, 27, 
10695-10702. 

Smith, W., Andrewes, C.H. & Laidlaw, P.P. (1933) A virus obtained from influenza 
patients. Lancet, 1, 66-68. 

Soundravally, R. & Hoti, S.L. (2008) Polymorphisms of the TAP 1 and 2 gene may 
influence clinical outcome of primary dengue viral infection. Scand J Immunol, 
67, 618-625. 

Soustelle, L., Trousse, F., Jacques, C., Ceron, J., Cochard, P., Soula, C. & Giangrande, 
A. (2007) Neurogenic role of Gcm transcription factors is conserved in chicken 
spinal cord. Development, 134, 625-634. 

Speciale, C. & Schwarcz, R. (1990) Uptake of kynurenine into rat brain slices. J 
Neurochem, 54, 156-163. 

Spencer, S.J., Heida, J.G. & Pittman, Q.J. (2005) Early life immune challenge--effects 
on behavioural indices of adult rat fear and anxiety. Behav Brain Res, 164, 231-
238. 



                                        References 
 

  61 

Steen, R.G., Mull, C., McClure, R., Hamer, R.M. & Lieberman, J.A. (2006) Brain 
volume in first-episode schizophrenia: systematic review and meta-analysis of 
magnetic resonance imaging studies. Br J Psychiatry, 188, 510-518. 

Stefanis, N.C., Trikalinos, T.A., Avramopoulos, D., Smyrnis, N., Evdokimidis, I., 
Ntzani, E.E., Ioannidis, J.P. & Stefanis, C.N. (2007) Impact of schizophrenia 
candidate genes on schizotypy and cognitive endophenotypes at the population 
level. Biol Psychiatry, 62, 784-792. 

Stefansson, H., Rujescu, D., Cichon, S., Pietilainen, O.P., Ingason, A., Steinberg, S., 
Fossdal, R., Sigurdsson, E., Sigmundsson, T., Buizer-Voskamp, J.E., Hansen, 
T., Jakobsen, K.D., Muglia, P., Francks, C., Matthews, P.M., Gylfason, A., 
Halldorsson, B.V., Gudbjartsson, D., Thorgeirsson, T.E., Sigurdsson, A., 
Jonasdottir, A., Bjornsson, A., Mattiasdottir, S., Blondal, T., Haraldsson, M., 
Magnusdottir, B.B., Giegling, I., Moller, H.J., Hartmann, A., Shianna, K.V., 
Ge, D., Need, A.C., Crombie, C., Fraser, G., Walker, N., Lonnqvist, J., 
Suvisaari, J., Tuulio-Henriksson, A., Paunio, T., Toulopoulou, T., Bramon, E., 
Di Forti, M., Murray, R., Ruggeri, M., Vassos, E., Tosato, S., Walshe, M., Li, 
T., Vasilescu, C., Muhleisen, T.W., Wang, A.G., Ullum, H., Djurovic, S., 
Melle, I., Olesen, J., Kiemeney, L.A., Franke, B., Sabatti, C., Freimer, N.B., 
Gulcher, J.R., Thorsteinsdottir, U., Kong, A., Andreassen, O.A., Ophoff, R.A., 
Georgi, A., Rietschel, M., Werge, T., Petursson, H., Goldstein, D.B., Nothen, 
M.M., Peltonen, L., Collier, D.A., St Clair, D. & Stefansson, K. (2008) Large 
recurrent microdeletions associated with schizophrenia. Nature, 455, 232-236. 

Stefansson, H., Sarginson, J., Kong, A., Yates, P., Steinthorsdottir, V., Gudfinnsson, E., 
Gunnarsdottir, S., Walker, N., Petursson, H., Crombie, C., Ingason, A., 
Gulcher, J.R., Stefansson, K. & St Clair, D. (2003) Association of neuregulin 1 
with schizophrenia confirmed in a Scottish population. Am J Hum Genet, 72, 
83-87. 

Stefansson, H., Sigurdsson, E., Steinthorsdottir, V., Bjornsdottir, S., Sigmundsson, T., 
Ghosh, S., Brynjolfsson, J., Gunnarsdottir, S., Ivarsson, O., Chou, T.T., 
Hjaltason, O., Birgisdottir, B., Jonsson, H., Gudnadottir, V.G., Gudmundsdottir, 
E., Bjornsson, A., Ingvarsson, B., Ingason, A., Sigfusson, S., Hardardottir, H., 
Harvey, R.P., Lai, D., Zhou, M., Brunner, D., Mutel, V., Gonzalo, A., Lemke, 
G., Sainz, J., Johannesson, G., Andresson, T., Gudbjartsson, D., Manolescu, A., 
Frigge, M.L., Gurney, M.E., Kong, A., Gulcher, J.R., Petursson, H. & 
Stefansson, K. (2002) Neuregulin 1 and susceptibility to schizophrenia. Am J 
Hum Genet, 71, 877-892. 

Stevenson, P.G., Bangham, C.R. & Hawke, S. (1997a) Recruitment, activation and 
proliferation of CD8+ memory T cells in an immunoprivileged site. Eur J 
Immunol, 27, 3259-3268. 

Stevenson, P.G., Hawke, S. & Bangham, C.R. (1997b) Protection against influenza 
virus encephalitis by adoptive lymphocyte transfer. Virology, 232, 158-166. 

Stone, T.W. (1993) Neuropharmacology of quinolinic and kynurenic acids. Pharmacol 
Rev, 45, 309-379. 

Stuart-Harris, C.H. (1939) A neurotropic strain of human influenza virus. Lancet, 1, 
497-499. 

Studahl, M. (2003) Influenza virus and CNS manifestations. J Clin Virol, 28, 225-232. 
Sugaya, N. (2002) Influenza-associated encephalopathy in Japan. Semin Pediatr Infect 

Dis, 13, 79-84. 
Suh, H.S., Zhao, M.L., Rivieccio, M., Choi, S., Connolly, E., Zhao, Y., Takikawa, O., 

Brosnan, C.F. & Lee, S.C. (2007) Astrocyte indoleamine 2,3-dioxygenase is 
induced by the TLR3 ligand poly(I:C): mechanism of induction and role in 
antiviral response. J Virol, 81, 9838-9850. 

Sutkowski, N., Conrad, B., Thorley-Lawson, D.A. & Huber, B.T. (2001) Epstein-Barr 
virus transactivates the human endogenous retrovirus HERV-K18 that encodes 
a superantigen. Immunity, 15, 579-589. 

Suvisaari, J., Mautemps, N., Haukka, J., Hovi, T. & Lonnqvist, J. (2003) Childhood 
central nervous system viral infections and adult schizophrenia. Am J 
Psychiatry, 160, 1183-1185. 



References     
 

62 

Swartz, K.J., During, M.J., Freese, A. & Beal, M.F. (1990) Cerebral synthesis and 
release of kynurenic acid: an endogenous antagonist of excitatory amino acid 
receptors. J Neurosci, 10, 2965-2973. 

Swerdlow, N.R., Geyer, M.A. & Braff, D.L. (2001) Neural circuit regulation of 
prepulse inhibition of startle in the rat: current knowledge and future challenges. 
Psychopharmacology (Berl), 156, 194-215. 

Takahashi, M., Yamada, T., Nakajima, S., Nakajima, K., Yamamoto, T. & Okada, H. 
(1995) The substantia nigra is a major target for neurovirulent influenza A 
virus. J Exp Med, 181, 2161-2169. 

Tandon, R., Keshavan, M.S. & Nasrallah, H.A. (2008) Schizophrenia, "just the facts" 
what we know in 2008. 2. Epidemiology and etiology. Schizophr Res, 102, 1-
18. 

Taveggia, C., Thaker, P., Petrylak, A., Caporaso, G.L., Toews, A., Falls, D.L., 
Einheber, S. & Salzer, J.L. (2008) Type III neuregulin-1 promotes 
oligodendrocyte myelination. Glia, 56, 284-293. 

Teesalu, T., Kulla, A., Asser, T., Koskiniemi, M. & Vaheri, A. (2002) Tissue 
plasminogen activator as a key effector in neurobiology and neuropathology. 
Biochem Soc Trans, 30, 183-189. 

Terness, P., Bauer, T.M., Rose, L., Dufter, C., Watzlik, A., Simon, H. & Opelz, G. 
(2002) Inhibition of allogeneic T cell proliferation by indoleamine 2,3-
dioxygenase-expressing dendritic cells: mediation of suppression by tryptophan 
metabolites. J Exp Med, 196, 447-457. 

Tobita, K., Sugiura, A., Enomote, C. & Furuyama, M. (1975) Plaque assay and primary 
isolation of influenza A viruses in an established line of canine kidney cells 
(MDCK) in the presence of trypsin. Med Microbiol Immunol (Berl), 162, 9-14. 

Tohmi, M., Tsuda, N., Watanabe, Y., Kakita, A. & Nawa, H. (2004) Perinatal 
inflammatory cytokine challenge results in distinct neurobehavioral alterations 
in rats: implication in psychiatric disorders of developmental origin. Neurosci 
Res, 50, 67-75. 

Torrey, E.F., Miller, J., Rawlings, R. & Yolken, R.H. (1997) Seasonality of births in 
schizophrenia and bipolar disorder: a review of the literature. Shizophrenia 
Research, 28, 1-38. 

Turski, W.A. & Schwarcz, R. (1988) On the disposition of intrahippocampally injected 
kynurenic acid in the rat. Exp Brain Res, 71, 563-567. 

Van Kaer, L., Ashton-Rickardt, P.G., Ploegh, H.L. & Tonegawa, S. (1992) TAP1 
mutant mice are deficient in antigen presentation, surface class I molecules, and 
CD4-8+ T cells. Cell, 71, 1205-1214. 

Volmer, R., Prat, C.M., Le Masson, G., Garenne, A. & Gonzalez-Dunia, D. (2007) 
Borna disease virus infection impairs synaptic plasticity. J Virol, 81, 8833-
8837. 

Walsh, T., McClellan, J.M., McCarthy, S.E., Addington, A.M., Pierce, S.B., Cooper, 
G.M., Nord, A.S., Kusenda, M., Malhotra, D., Bhandari, A., Stray, S.M., 
Rippey, C.F., Roccanova, P., Makarov, V., Lakshmi, B., Findling, R.L., Sikich, 
L., Stromberg, T., Merriman, B., Gogtay, N., Butler, P., Eckstrand, K., Noory, 
L., Gochman, P., Long, R., Chen, Z., Davis, S., Baker, C., Eichler, E.E., 
Meltzer, P.S., Nelson, S.F., Singleton, A.B., Lee, M.K., Rapoport, J.L., King, 
M.C. & Sebat, J. (2008) Rare structural variants disrupt multiple genes in 
neurodevelopmental pathways in schizophrenia. Science, 320, 539-543. 

Wang, C., McInnis, J., Ross-Sanchez, M., Shinnick-Gallagher, P., Wiley, J.L. & 
Johnson, K.M. (2001) Long-term behavioral and neurodegenerative effects of 
perinatal phencyclidine administration: implications for schizophrenia. 
Neuroscience, 107, 535-550. 

Webster, R.G., Bean, W.J., Gorman, O.T., Chambers, T.M. & Kawaoka, Y. (1992) 
Evolution and ecology of influenza A viruses. Microbiol Rev, 56, 152-179. 

Wolff, A.R. & Bilkey, D.K. (2008) Immune activation during mid-gestation disrupts 
sensorimotor gating in rat offspring. Behav Brain Res, 190, 156-159. 

Woodberry, K.A., Giuliano, A.J. & Seidman, L.J. (2008) Premorbid IQ in 
schizophrenia: a meta-analytic review. Am J Psychiatry, 165, 579-587. 



                                        References 
 

  63 

Wright, P.F.a.W., R. G. (2001) Ch 47 Orthomyxoviruses. In Fields, B.N., Knipe, D. M. 
and Howley, P. M. (ed), Fields Virology. Lippincott-Raven, Philadelphia. 

Xu, C., Qi, S., Gao, L., Cui, H., Liu, M., Yang, H., Li, K. & Cao, B. (2007) Genetic 
polymorphisms of LMP/TAP gene and hepatitis B virus infection risk in the 
Chinese population. J Clin Immunol, 27, 534-541. 

Yao, Y., Schroder, J., Nellaker, C., Bottmer, C., Bachmann, S., Yolken, R.H. & 
Karlsson, H. (2008) Elevated levels of human endogenous retrovirus-W 
transcripts in blood cells from patients with first episode schizophrenia. Genes 
Brain Behav, 7, 103-112. 

Yolken, R.H. & Torrey, E.F. (2008) Are some cases of psychosis caused by microbial 
agents? A review of the evidence. Mol Psychiatry, 13, 470-479. 

Yoshida, R., Urade, Y., Tokuda, M. & Hayaishi, O. (1979) Induction of indoleamine 
2,3-dioxygenase in mouse lung during virus infection. Proc Natl Acad Sci U S 
A, 76, 4084-4086. 

Yu, C., Shen, K., Lin, M., Chen, P., Lin, C., Chang, G.D. & Chen, H. (2002) GCMa 
regulates the syncytin-mediated trophoblastic fusion. J Biol Chem, 277, 50062-
50068. 

Yu, L., Yang, M.S., Zhao, J., Shi, Y.Y., Zhao, X.Z., Yang, J.D., Liu, Z.J., Gu, N.F., 
Feng, G.Y. & He, L. (2004) An association between polymorphisms of the 
interleukin-10 gene promoter and schizophrenia in the Chinese population. 
Schizophr Res, 71, 179-183. 

Zambon, M.C. (2001) The pathogenesis of influenza in humans. Rev Med Virol, 11, 
227-241. 

Zhao, J., Kim, K.D., Yang, X., Auh, S., Fu, Y.X. & Tang, H. (2008) Hyper innate 
responses in neonates lead to increased morbidity and mortality after infection. 
Proc Natl Acad Sci U S A, 105, 7528-7533. 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


