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Without the hard little bits of marble which are called 'facts' or 'data' one cannot compose 
a mosaic; what matters, however, are not so much the individual bits, but the successive 
patterns into which you arrange them, then break them up and rearrange them. 

 

The act of creation 

ARTHUR KOESTLER, 1970 

 





 

 

ABSTRACT 
Neuroinflammation has been implicated in several psychiatric conditions. Based on 

experimental studies, the glia-derived tryptophan metabolite kynurenic acid (KYNA) may be 

especially relevant for positive psychotic symptoms and impaired executive functioning. The 

first two studies (I and II) of this thesis translate these experimental findings to bipolar 

disorder patients. Rooted in a genome-wide association study against cerebrospinal fluid 

(CSF) concentrations of KYNA, we used a multi-pronged approach and linked the identified 

genetic risk marker not only with other CSF biomarkers in bipolar patients, but also with 

specific symptoms such as delusions, hallucinations, and impaired executive functioning. We 

conducted cell studies, postmortem analyses, and clinical association studies that together 

suggested a sorting nexin 7 driven activation of caspase-8/IL-1ß as a mechanism underlying 

increased CSF concentration of KYNA in psychotic bipolar patients. Caspase-1 is activated 

by the purinergic ionotropic receptor P2X7R. This receptor is suggested to be internalized by 

a G-protein coupled receptor kinase 3 (GRK-3)-dependent mechanism. Decreased protein 

levels of GRK-3 have been observed in postmortem studies of schizophrenia and psychotic 

bipolar patients. In study III, we used a mouse with a targeted deletion for GRK3. These mice 

displayed impaired P2X7R internalization, increased brain levels of IL-1ß, increased 

immunoreactivity for the astrocytic marker glial fibrillary acidic protein (GFAP), a more 

pronounced accumulation of hippocampal KYNA, as well as an accentuated dopaminergic 

response to amphetamine. In behavior models, these animals displayed disrupted pre-pulse 

inhibition, as well as impaired contextual fear conditioning with spared cue-specific fear 

conditioning. Taken together, these findings suggest that the GRK3-/- mouse is a novel genetic 

animal model of schizophrenia that may prove useful in exploring the actions of the emerging 

immunomodulatory drugs in psychotic disorders. Study IV was a validation study aiming at 

defining an algorithm that identifies bipolar disorder patients in Swedish national registries as 

accurate as possible, a pre-requisite for study V. In the last study V of this thesis, we studied 

the association between psychotic disorders and rheumatoid arthritis (RA). We found that the 

previously reported inverse association is likely to have been confounded by underreporting 

and/or underdiagnosis of RA. However, an inverse association between schizophrenia and 

seronegative RA may be real, tentatively due to shared genetic underpinnings involving glia 

functioning.  

 In conclusion, this thesis suggests an important role of glial mechanisms in the 

pathophysiology of the two main psychiatric disorders, schizophrenia and bipolar disorder. 

Our results add to growing evidence that cytokine and kynurenine metabolite signaling is tied 

to psychotic and cognitive symptoms. These findings open up for novel drug targets and 



imply that contemporary glia research can provide a rewarding foundation for investigations 

into pathology of psychiatric disorders. 
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1 INTRODUCTION 
Schizophrenia and bipolar disorder are the two main psychotic disorders. The burden of 

these illnesses is overwhelming in terms of premature death, disability, and impaired 

psychosocial functioning (Murray & Lopez, 1996). The total societal costs for these 

disorders are high and mainly due to lost productivity (Ekman, Granstrom, Omerov, Jacob, 

& Landen, 2013a, 2013b). Psychiatric diagnostics is based on self-reported experiences as 

well as objective reports and observed abnormalities in behavior. Similar to other 

psychiatric syndromes, schizophrenia and bipolar disorder are defined as clusters of co-

occurring symptoms and categorized into discrete entities. The symptoms of schizophrenia 

and bipolar disorders overlap, however. Delusions and/or hallucinations are the hallmark of 

schizophrenia but a substantial part of patients with bipolar disorder also experience similar 

although less pronounced symptoms during episodes of abnormal mood (Dunayevich & 

Keck, 2000). Although persistent cognitive impairment is prototypically attributed to a 

schizophrenic course of illness, recent studies have revealed analogous cognitive 

impairments also in patients with euthymic bipolar disorder (Yatham et al., 2010), and the 

type and degree of impairment is similar between bipolar disorder type I and II (Palsson et 

al., 2013). The strongest risk factor for both disorders is a family history, and 

epidemiological studies have estimated that the heritability for schizophrenia, as well as 

bipolar disorder, is between 60-80% (Kieseppa, Partonen, Haukka, Kaprio, & Lonnqvist, 

2004; Lichtenstein et al., 2009; Sullivan, Kendler, & Neale, 2003). A large molecular 

genetic study has suggested a genetic correlation of 68%, calculated using common single 

nucleotide polymorphisms (SNPs), and further implied a polygenic basis for both disorders 

(Cross-Disorder Group of the Psychiatric Genomics et al., 2013). Thus, it is unlikely that 

risk profile scores constructed from common alleles, showing low to modest association 

with schizophrenia or bipolar disorder, could serve as diagnostic tests. Instead, this genetic 

information can be used to further our understanding of the biological underpinnings of 

these disorders. However, the assumption that the fairly arbitrary constellations of 

symptoms that define psychotic syndromes are reflecting discrete biological processes is 

hugely optimistic. The overlapping and polygenic risk score of psychotic disorders is in fact 

not only compatible with a ‘common disease–common variant’ model, but can as well, and 

not in conflict with this model, be described as the result of complex, and sometimes poorly 

defined, syndromes providing a precarious base for molecular genetic studies. Suggestions 

have therefore been raised that studies of less complex traits, with a more clear-cut link to 

biology, could provide additional information (Szatmari et al., 2007). The most informative 
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phenotype is in this regard a measurable biological compound that is implied in biological 

processes linked to a more specific clinical symptomatology than the constructed cluster of 

syndromes defining a Diagnostic and Statistical Manual of Mental Disorders (DSM) 

category. Kynurenic acid (KYNA), a metabolite of the kynurenine (KYN) pathway, is such 

a candidate in regard to psychotic disorders. KYNA antagonizes both the strychnine-

insensitive glycine-binding site at the N-methyl-D-aspartic receptor (NMDAR) (non-

competitively) (Stone, 1993), as well as the alpha-7-nicotinic acetylcholine receptor 

(competitively) (α7nAChR) (Hilmas et al., 2001), and studies of postmortem frontal cortex 

obtained from individuals with schizophrenia have revealed increased levels of KYNA 

(Sathyasaikumar et al., 2011; Schwarcz et al., 2001). In samples of cerebrospinal fluid 

(CSF) from persons with schizophrenia and from persons with bipolar disorder patients, 

KYNA concentrations have consistently been increased in comparison to healthy controls 

(Erhardt, Blennow, et al., 2001; Linderholm et al., 2012; Nilsson et al., 2005; Olsson et al., 

2010). A bulk of experimental findings suggests that increased KYNA levels may be 

especially relevant for impaired executive functioning as well as positive psychotic 

symptoms (Schwarcz, Bruno, Muchowski, & Wu, 2012), i.e., symptoms shared between 

the schizophrenic and bipolar phenotype. A role of KYNA in the pathophysiology of 

psychosis also converges with recent findings suggesting a ‘neuroinflammatory’ component 

of psychotic disorders (Haarman et al., 2014; Kahn & Sommer, 2014; Najjar & Pearlman, 

2014). The brain KYN pathway, more or less exclusively playing out in glia cells 

(Schwarcz et al., 2012), is very sensitive to inflammatory responses (Guillemin, Smythe, 

Takikawa, & Brew, 2005).  

 In study I of this thesis, we show an association between increased levels of CSF 

KYNA and a lifetime occurrence of psychotic features in bipolar disorder type I patients. In 

study II, we first perform a genome-wide association study (GWAS) against CSF KYNA 

levels in mood stable bipolar disorder. A genetic marker that we found to be associated 

with CSF KYNA is then studied in-depth. Through a multi-pronged and translational 

approach, we connect caspase-8/interleukin (IL)-1β/KYNA signaling to specific symptoms 

such as delusions, hallucinations, and impaired executive functioning. In study III, we 

describe an alternative activation pathway for KYNA production, converging with the 

previous evidence demonstrating caspases as a linchpin in glia activation (Burguillos et al., 

2011). Mice lacking functional G-protein coupled receptor kinase 3 (GRK-3) are described 

regarding their biochemical alterations and their phenotype. The aim of study IV was to 

validate the bipolar disorder diagnoses in Swedish national registries, which was a pre-

requisite for the last study V. In study V, we use Swedish national registries to test whether 
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psychotic disorders and the autoimmune disease rheumatoid arthritis (RA) are genetically 

correlated. 

 

1.1 THE KYNURENINE PATHWAY OF TRYPTOPHAN DEGRADATION 

1.1.1 The enzymatic steps 

The essential amino acid L-tryptophan (TRP) can be catabolized into serotonin or along the 

KYN pathway. Urine analyses in healthy subjects have revealed that in peripheral tissue the 

KYN pathway accounts for more than 90% of the metabolism (Leklem, 1971), albeit that the 

percentage of serotonin synthesis is likely to be slightly more pronounced in the brain (Gal & 

Sherman, 1980). The pathway is initiated by the oxidative opening of the TRP insole ring, 

either by the action of indoleamine 2,3-dioxygenase 1/2 (IDO1 and IDO2) or by tryptophan 

2,3-dioxygenase (TDO2), hereby transforming TPK to N-formylkynurenine. This metabolite 

is rapidly hydrolyzed to KYN, i.e., the central metabolite of the pathway. KYN serves as a 

substrate for kynurenine aminotransferases (KAT-I/II/III/IV) as well as for kynureninase 

(KYNU) and kynurenine 3-monooxygenase (KMO). KATs irreversible transamination of 

KYN forms the end-metabolite KYNA. Competing with this synthesis, KMO and KYNU 

catalyze the degradation of KYN to 3-hydroxykynurenine (3-HK) and anthranilic acid 

(ANA), respectively. 3-HK and ANA are then metabolized to 3-hydroxyanthranilic acid 

(3-HANA) forming the second branch of the pathway. Similar to KYN, 3-HK serves as a 

substrate of the competing enzymes of KATs and KYNU, converting 3-HK to either the end-

metabolite xanthurenic acid or 3-HANA, respectively. 3-hydroxyanthranilic acid  

3,4-dioxygenase (3-HAO) subsequently catalyzes 3-HANA into 2-amino-3-carboxymuconic-

6-semialdehyde, a compound that is in turn converted via 2-amino-3-carboxymuconate-6-

semialdehyde decarboxylase (ACMSD) to picolinic acid (PIC) or non-enzymatically to 

QUIN. Finally, QUIN is catabolized to NAD+ and carbon dioxide by the action of quinolinate 

phosphoribosyl transferase (QPRT). 

 

1.1.2 The kynurenine pathway in brain 

An early study of intraperitoneally (i.p.) injected [14C]-L-TRP in Sprague-Dawley rats 

estimated that approximately 40% of the KYN pool in the brain is locally synthesized (Gal & 

Sherman, 1980). However, later studies in gerbils revealed that the immune state in the 
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periphery, in contrast to the brain, drastically changes the proportion of peripheral 

contribution to the brain KYN pool (Kita, Morrison, Heyes, & Markey, 2002). Further, 

organ-specific species differences regarding the enzyme activity in the pathway have been 

observed (Allegri, Bertazzo, Biasiolo, Costa, & Ragazzi, 2003) with notably high levels of 

KYNA in the human brain (Moroni, Russi, Lombardi, Beni, & Carla, 1988; Turski et al., 

1988), an observation in accordance with the high proportion of astrocytes in the human brain 

(see the discussion about cellular segregation of the brain KYN pathway in brain below). In 

situ brain perfusion studies in rats have revealed that TRP, KYN, ANA, and 3-HK crosses the 

brain-blood barrier (BBB) also under physiological conditions, while the cerebral uptake of 

KYNA, 3-HANA, and QUIN is negligible (Fukui, Schwarcz, Rapoport, Takada, & Smith, 

1991). Complete catabolism along the pathway in brain is then preferentially taking place in 

glia cells (Schwarcz & Pellicciari, 2002). As astrocytes lack KMO, but contain KATs, the 

KYN metabolism is in these cells largely shunted against the end-metabolite KYNA 

(Guillemin, Kerr, Smythe, et al., 2001). By contrast, microglia lack KATs and preferentially 

synthesizes 3-HK and its downstream metabolites (Guidetti, Hoffman, Melendez-Ferro, 

Albuquerque, & Schwarcz, 2007). Also the transformation of TRP to N-formylkynurenine 

seems to occur differently between astrocytes and microglia, because only astrocytes express 

TDO2 mRNA and protein and microglia display a higher IDO activity (Guillemin et al., 

2005; Miller et al., 2004). 

 A possible contribution of neuron-derived metabolites to the brain pool of KYN 

metabolites remains controversial. Cultured human fetal neurons (purity of 98-99% for 

microtubule-associated protein 2 (MAP2)+ cells after identification and removal of glial 

fibrillary acidic protein (GFAP)+ and cluster of differentiation molecule 68 (CD68)+ cells) 

were shown to express TDO2 but very low levels of KATII and subsequently low levels of 

KYN together with non-detectable KYNA levels. KMO and KYNU expression were shown to 

be low with non-detectable levels of 3-HK, low levels of QUIN, and relatively higher levels 

of PIC (Guillemin et al., 2007). After stimulation with the pro-inflammatory cytokine 

interferon (IFN)-γ, KYNA levels became detectable while QUIN and PA levels were 

unchanged.  

 Given their predominantly myeloid origin, bone marrow (BM)-derived perivascular 

macrophages, located in distinct brain immune sentinels, could theoretically contribute to 

brain KYN metabolism in a similar way as microglia, i.e., preferentially synthesizing along 

the 3-HK route (Heyes, Saito, & Markey, 1992). The in vivo phenotype of these cells, 

however, differs substantially from their peripheral counterparts (Nayak, Zinselmeyer, Corps, 
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& McGavern, 2012), and at least under physiological conditions the question of a significant 

contribution of these sentinels to the brain pool of KYN metabolites remains highly elusive. 

 

1.1.3 What's neurotransmission got to do with it? 

QUIN was the first metabolite in the KYN pathway shown to be neuroactive. In 1978, a 

study in mice revealed that i.p. injections of QUIN caused seizures (Lapin, 1978). Although a 

low affinity agonist at NMDAR (a half-maximal efficacy dose (EC50) above 100 µM), QUIN 

has repeatedly been implicated in excitotoxicity (Lugo-Huitron et al., 2013; Schwarcz, 

Whetsell, & Mangano, 1983). Several factors may facilitate the in vivo excitotoxicity of 

QUIN.  Firstly, pro-inflammatory cytokines can induce a vigorous increase in QUIN 

synthesis (Beagles, Morrison, & Heyes, 1998), with a concomitant release of Fe2+ ions from 

damaged neurons hereby causing a by-pass mechanism of normally restrained 3-HAO 

activity due to availability of Fe2+ ions (Stachowski & Schwarcz, 2012). Regions such as the 

hippocampus and striatum also appear to lack an efficient mechanism for rapid intracellular 

uptake of QUIN, as well as for extracellular degradation (Foster, Miller, Oldendorf, & 

Schwarcz, 1984). Being the predominate producer of QUIN in the brain, microglia appear to 

lack QPRT (Guillemin et al., 2005), suggesting that astrocytic and neuronal uptake of QUIN 

for QPTR degradation then can become an important rate-limiting catabolic factor. Secondly, 

QUIN has displayed subunit specificity for NMDAR, preferring a composition containing the 

subunits NR2A and NR2B (de Carvalho, Bochet, & Rossier, 1996). Thus, 

neurodevelopmental phase, as well as brain region, may modulate the neurotoxic effect of 

QUIN. Notably, regions that have been shown to have a high vulnerability to QUIN 

(Schwarcz & Kohler, 1983), e.g., hippocampus and striatum, largely overlap with regions of 

a predominant NR2A/NR2B expression (Paoletti, 2011). Finally, in addition to excitatory 

effects on neuronal NMDAR, QUIN is shown to activate astrocytic NMDAR, hereby causing 

a Ca2+ efflux (Lee et al., 2010) and potential astrotoxicity similar to the effects on neurons. 

 Although NMDAR antagonists can reverse the vast majority of toxic effects of QUIN, 

the toxicity may reach further than effects on NMDAR. While, free radical generation and 

oxidative stress is generally considered to be dependent of its effect on NMDAR, studies 

have also suggested that QUIN can mediate reactive oxygen species (ROS) independent of 

NMDAR (Stipek, Stastny, Platenik, Crkovska, & Zima, 1997), as well as inducing expression 

of pro-inflammatory cytokines leading to the formation of free radicals (Block & Schwarz, 

1994). 
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 KYNA is within the brain more or less exclusively produced by astrocytes. The 

astrocytic release mechanism is indicated to be exocytosis, most likely through  

Ca2+-dependent SNARE complex formation (Yamamura et al., 2013). KYNA antagonizes 

the glycine-binding site at NMDAR, as well as α7nAChR, already at low µM concentrations 

(half maximal inhibitory concentration [IC50] ∼ 8-30 µM [IC50 ∼ 230 µM in the presence of 

10 µM glycine] and IC50 ∼ 7 µM, respectively) (Hilmas et al., 2001; Kessler, Terramani, 

Lynch, & Baudry, 1989; Parsons et al., 1997; Stone, 1993). At substantially higher 

concentrations, KYNA also blocks the glutamate recognition site at NMDAR as well as the 

α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) and the kainate 

receptors (Kessler et al., 1989). Further, KYNA has been proposed to be an agonist at the 

relatively recently discovered G-protein coupled receptor 35 (GPR35) with an EC50 ranging 

between 7 and 100 µM (J. Wang et al., 2006).  

 In the brain, KYNA has repeatedly displayed remarkable neurochemical effects. The 

vast majority of the neurochemical effects observed when experimentally manipulating 

KYNA levels in brain (e.g., by using KAT-II or KMO inhibitors as well as administering 

KYN) have been interpreted as secondary to the effect on the glycine site of NMDAR. 

Electrophysiological studies have indicated that the glycine-site is not saturated by glycine/D-

serine in vivo (Bergeron, Meyer, Coyle, & Greene, 1998; Chen, Muhlhauser, & Yang, 2003). 

Thus, KYNA could play a significant role in NMDAR functioning. Already in the early 

1980s, pioneer studies revealed that KYNA could reduce excitotoxic neuronal damage 

caused by QUIN (Foster et al., 1984; Perkins & Stone, 1982; Schwarcz et al., 1983). Later 

studies have confirmed that increasing brain KYNA within the observed physiological range 

(Stone, 1993) reduces the activity of brain excitatory transmission (Erhardt, Hajos, Lindberg, 

& Engberg, 2000; Nemeth et al., 2004). Thus, the observed in vivo effects on glutamatergic 

transmission fit well with an antagonistic effect on the glycine site of NMDAR. It should 

however be noted that the extracellular concentration of KYNA in rodents and humans is 

typically in the nM range, i.e., far below the concentrations normally required for KYNA to 

antagonize the glycine site of NMDAR in vitro. It has therefore been argued that other targets 

may be responsible for the observed in vivo effects on glutamatergic transmission, e.g., 

α7nAChR (Hilmas et al., 2001) or GPR35 (Moroni, Cozzi, Sili, & Mannaioni, 2012). 

Notably, whole-brain concentration of KYNA should not be confused with local 

concentrations within the synapse. Further, a perisynaptic, as well as an extrasynaptic, 

distribution of NMDAR will be more easily accessed by astrocytic released KYNA and 

counteract the typical problem with decay of transmitter concentrations over distance (Araque 

et al., 2014). Nevertheless, a recent study showed that KYNA, pharmacologically isolated to 
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stimulate GPR35, decreases evoked excitatory postsynaptic current (eEPSC) amplitudes in 

CA3-CA1 synapses of the rat hippocampus. This implicates that GPR35 activation may 

contribute to the observed effect of KYNA on excitatory transmission (Berlinguer-Palmini et 

al., 2013). In 2001, a study of cultured hippocampal neurons also suggested KYNA to be a 

more potent inhibitor at α7nAChR than at the glycine site of NMDAR (Hilmas et al., 2001). 

However, subsequent studies in hippocampal slices have resulted in discrepant results 

(Alkondon, Pereira, & Albuquerque, 2011; Alkondon, Pereira, Eisenberg, et al., 2011; 

Arnaiz-Cot et al., 2008; Dobelis, Staley, & Cooper, 2012; Mok, Fricker, Weil, & Kew, 2009; 

Stone, 2007). Overall, the predominant in vivo mechanism causing the robust effect of 

KYNA on glutamatergic transmission is elusory and may be explained by actions on 

NMDAR, α7nAChR, GPR35, or unknown targets, as well as combined effects on these 

targets.  

 KYNA has also been studied in relation to dopaminergic transmission. Elevated levels 

of endogenous KYNA cause an increased firing rate and burst firing activity of dopamine 

neurons in the rat ventral tegmental area (VTA) (Erhardt & Engberg, 2002; Erhardt, Oberg, 

Mathe, & Engberg, 2001; Linderholm et al., 2007). Accordingly, lowering of brain KYNA 

concentration decreases firing rate and burst firing activity of these neurons, indicating a tonic 

modulatory control by KYNA (Schwieler, Erhardt, Nilsson, Linderholm, & Engberg, 2006). 

The excitatory actions on dopaminergic VTA neurons by elevated KYNA converges with 

multiple lines of evidence suggesting that NMDAR hypofunctioning cause an excessive 

firing of dopamine neurons in the mesolimbic pathway (French, Ferkany, Abreu, & 

Levenson, 1991; Kahn & Sommer, 2014; Schwieler et al., 2006). The exact mechanism is not 

known, but it has been hypothesized that the disinhibition of dopamine neurons is caused by a 

loop of reduced GABAergic firing (Schwartz, Sachdeva, & Stahl, 2012). Notably, 

GABAergic interneurons are about 10-fold more sensitive to NMDAR inhibitors than 

glutamatergic neurons in the hippocampus (Grunze et al., 1996). In a study using a transgenic 

mouse model of schizophrenia, administration of a partial α7nAChR agonist also attenuated 

excessive striatal dopamine release during an acoustic pre-pulse inhibition (PPI) test session 

(Kucinski et al., 2012). Nonetheless, in healthy male rats, 7-Cl-KYNA, a selective antagonist 

at the glycine-site of the NMDAR without activity on the α7nAChR, produces the same 

magnitude of response on VTA dopamine neurons as KYNA at equipotent concentrations 

(Linderholm et al., 2007). In fact, in this study intravenous administration of a selective 

antagonist at the α7nAChR did not affect firing of VTA dopaminergic neurons, whereas i.p. 

administration in a high dose was associated with a decreased firing rate and percent burst 

firing activity. Importantly, positron emission tomography (PET) studies have confirmed that 
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schizophrenia patients typically display elevated midbrain dopamine synthesis and release 

capacity (Kahn & Sommer, 2014). Moreover, drugs causing NMDAR hypofunctioning 

induce schizophrenia-like symptoms, including positive and negative symptoms as well as 

cognitive deficits, in healthy individuals (Krystal et al., 1994), and they exacerbate symptoms 

in patients with schizophrenia (Malhotra et al., 1997). Further, pharmacological elevation of 

brain KYNA is associated with a marked increase in dopamine response to amphetamine 

(Olsson et al., 2009), a finding in agreement with PET studies of untreated schizophrenia 

patients, revealing an abnormal and excessive dopamine release following administration of 

amphetamine (Abi-Dargham et al., 1998; Laruelle, 1998)  

 Although the KYN pathway is mainly studied in relation to the adult brain, a growing 

interest in KYNA, as well as QUIN, from a neurodevelopmental perspective has gradually 

emerged. In a recent in vitro study of neuronal network maturation, pharmacological 

interventions with QUIN and KYNA revealed that a balance between these two compounds 

is decisive for the maintenance of network activity in terms of synchronous burst frequency 

(Verstraelen et al., 2014). In another study of pregnant rats, administering a KMO inhibitor 

rapidly increased KYNA levels in embryo brains with a subsequent perturbation in synaptic 

maturation as measured by the NR2B to NR2A ratio (Forrest, Khalil, Pisar, Darlington, & 

Stone, 2013). A role of KYNA and QUIN in neurodevelopmental processes is in full 

agreement with the importance of glial signaling in brain development (Aguzzi, Barres, & 

Bennett, 2013; Schafer et al., 2012). 

 In a study of human glioma cells, TDO2-derived production of KYN is reported to 

enhance growth and motility by activating the aryl hydrocarbon receptor (a ligand-activated 

transcript factor; AhR) (Opitz et al., 2011). It is likely that KYN-mediated activation of the 

AhR is not only relevant in the setting of cancer. AhR, with a peak expression at postnatal 

day 3-10, is suggested as the target of 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)-mediated 

neurotoxicity (Williamson, Gasiewicz, & Opanashuk, 2005). In developing neurons, irregular 

or excessive activation of AhR has also suggested to cause disrupted neural development 

(Akahoshi, Yoshimura, & Ishihara-Sugano, 2006). 

 Similar to QUIN, 3-HK is also shown to be neurotoxic, although the likely mechanism 

is by inducing apoptosis (Chiarugi, Meli, & Moroni, 2001; Guidetti & Schwarcz, 1999). 
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1.1.4 The kynurenine pathway waltzes with pro-inflammatory cytokines 

Inflammatory responses are accompanied by IDO induction in the periphery as well as in the 

brain. As was first shown for lipopolysaccharides (LPS) (Yoshida & Hayaishi, 1978), studies 

have repeatedly shown that pro-inflammatory cytokines can up-regulate IDO mRNA 

expression with a subsequent increase in protein levels, enzyme activity, and higher activity 

in the KYN pathway. The most potent cytokine in this regard is the prototypical M1 

macrophage activator IFN-γ (Pemberton, Kerr, Smythe, & Brew, 1997), although less 

pronounced responses also have been observed for IFN-α (Pemberton et al., 1997), IFN-β 

(Guillemin, Kerr, Pemberton, et al., 2001), tumor necrosis factor (TNF)-α (Pemberton et al., 

1997), as well as the combination of TNF-α, IL-6, or IL-1β (Fujigaki et al., 2006). 

Intriguingly, a study of peripheral macrophages indicated that IDO in fact increases the 

expression of M2 markers, such as IL-10 and the chemokine receptor CXCR4, while 

decreasing M1 markers (X. F. Wang et al., 2014). This suggests that IDO activation has an 

important immunomodulatory effect. In vitro studies have revealed increased mRNA 

expression of IDO following IFN-γ stimulation in microglia, and to a lesser extent in 

astrocytes (Guillemin et al., 2005). This has lead to the idea that IDO induction by  

pro-inflammatory cytokines in the brain shunts the pathway towards production of QUIN, a 

notion supported by studies of CNS infections in which the increase in QUIN typically is 

more pronounced than the increase in KYNA (Schwarcz et al., 2012). However, a study of 

humans receiving IFN-α treatment revealed that both arms of the pathway were equally 

activated (Raison et al., 2010). A possible explanation may be the status of the BBB, as 

infiltrating BM-derived macrophages response with a much higher production of QUIN to 

IFN-γ than microglia (Guillemin, Smith, Smythe, Armati, & Brew, 2003). Importantly, of the 

enzymes that use KYN as a substrate, KMO has the lowest Km (Michaelis-Menten constant), 

i.e., the concentration of substrate that leads to half-maximal velocity, and is therefore most 

sensitive to saturation. Contrary to IDO, the other enzyme catalyzing the transformation of 

TPK to N-formylkynurenine, i.e., TDO2, has not yet been implicated in regulation by 

cytokines. 

  

1.1.5 Observations from clinical studies of psychotic disorders 

Measurements of cytokines in CSF from schizophrenia patients have been performed in 

several studies although with limited sample sizes. In the early studies, insensitivity of the 

used assays was a major problem, causing puzzling results (el-Mallakh, Suddath, & Wyatt, 
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1993; Katila, Hurme, Wahlbeck, Appelberg, & Rimon, 1994; Rapaport et al., 1997). In 2003, 

a study using a more sensitive IL-6 assay was performed (Garver, Tamas, & Holcomb, 2003). 

Thirty-one schizophrenic patients were included following a recent psychotic exacerbation 

and a brief antipsychotic-free period. Patients were reported to display increased levels of 

CSF IL-6 in comparison to healthy controls. In 2009, our group performed a patients versus 

controls comparison of several pro-inflammatory cytokines from unthawed CSF using a 

multiplex assay with a guaranteed lowest detection limit of 1pg/mL for each cytokine 

(Soderlund et al., 2009). The twenty-six first-episode schizophrenia patients displayed 

markedly increased CSF levels of IL-1β. In 2013, a CSF study of IL-6 levels (minimum 

detectable level of 0.039 pg/ml) reported increased CSF levels in schizophrenia patients 

although patients with a major depressive disorder (mean Hamilton Rating Scale for 

Depression (HAMD)-21 score of approximately 13) also displayed increased levels in 

comparison to controls (Sasayama et al., 2013). No correlation between serum and CSF 

levels of IL-6 was observed. CSF analyses of cytokines in bipolar disorder patients are 

restricted to one small study by our group (Soderlund et al., 2011). Similar to the previous 

analysis of schizophrenia, these 30 euthymic bipolar I, or II, patients displayed increased 

levels of IL-1β in comparison to 30 healthy controls.  

 In 2013, Rao et al. measured mRNA and protein levels of IL-1β and TNF-α in 

postmortem human frontal cortex (Brodmann area (BA) 10), from 10 schizophrenia patients 

and 10 age-matched controls (Rao, Kim, Harry, Rapoport, & Reese, 2013). Both cytokines 

displayed increases in mRNA and protein levels although the IL-1β induction was far more 

prominent. A morphological examination was performed using immunohistochemical 

staining for GFAP, a widely used marker for astrocytes, and human leucocyte antigen 

(HLA)-DR, expressed in microglia (Gehrmann, Banati, & Kreutzberg, 1993), BM-derived 

macrophages (Zhang et al., 2011), and reactive astrocytes (Pulver, Carrel, Mach, & de 

Tribolet, 1987; Ransohoff & Estes, 1991). GFAP+ astrocytes appeared to be more 

hypertrophic in schizophrenia tissue, while HLA-DR+ cells (morphologically characterized 

as microglia) appeared to have ‘a more defined cell body with more distinct cell processes’. 

In line with the detection of hypertrophic astrocytes, mRNA and protein expression of GFAP 

were also increased. CD11b was used as a marker of microglia activity and increased mRNA 

and protein levels were detected in tissue obtained from schizophrenia subjects. Intriguingly, 

levels of inducible nitric oxide synthetase (iNOS) and c-FOS, both markers of excitotoxicity 

and inducible by QUIN (Braidy, Grant, Adams, Brew, & Guillemin, 2009; Massieu, 

Rocamora, Palacios, Mengod, & Boddeke, 1992), were unaltered. Indeed, a previous study of 

the sample sampled indicated a hypoglutamateric and hyperdopaminergic state (Rao, Kellom, 



 

  19 

Reese, Rapoport, & Kim, 2012). Fillman et al. have also measured mRNA expression of 

cytokines in the dorsolateral prefrontal cortex of 20 individuals with schizophrenia and their 

matched controls (Fillman et al., 2013). IL-6 and IL-8 mRNAs were significantly upregulated 

in schizophrenia while IL-1β mRNA showed an approximate 30% increase that did not reach 

significance. A post hoc ANOVA analysis, however, showed significantly greater IL-1β 

mRNA expression levels in individuals with schizophrenia as compared to in tissue obtained 

from schizoaffective disorder patients. The density of major histocompatibility complex 

(MHC)-II-positive cells (based on morphology these cells were assumed to be microglia) was 

also increased in the schizophrenia sample. 

 In bipolar disorder, Rao et al. have performed a similar study as the one using 

postmortem human frontal cortex from schizophrenia patients (Rao, Harry, Rapoport, & Kim, 

2010). Similar to in the study of schizophrenia, tissue obtained from bipolar patients 

displayed increased mRNA and protein levels of IL-1β, but with no significant differences in 

TNF-α concentrations between patient and control tissue. CD11b levels were also increased, 

as were levels of iNOS and c-FOS. 

 Increased brain levels of IL-1β, or other pro-inflammatory cytokines, in schizophrenia 

and bipolar patients could then be accompanied by IDO induction and a subsequent increase 

in QUIN and KYNA levels. A study of postmortem frontal cortex obtained from individuals 

with schizophrenia and controls, however, revealed that mRNA for IDO was not significantly 

different between the two groups (Miller et al., 2004). Surprisingly, an increased density of 

TDO2-immunopositive astrocytes was instead observed in the schizophrenia group. A 

follow-up study of postmortem anterior cingulate gyrus also confirmed increased mRNA and 

protein levels of TDO2 as well as the metabolic product KYN (Miller, Llenos, Dulay, & 

Weis, 2006). In this study, tissue from bipolar disorder patients was also included, and in 

tissue obtained from those with a history of psychotic episodes a similar up-regulation of 

astrocytic TDO2 was shown. Given that TDO2 is exclusively located in astrocytes, the effect 

of such an up-regulation would theoretically be a shunting of the pathway towards KYNA. 

Increased levels of KYN and KYNA have indeed also been observed in postmortem 

prefrontal cortex of schizophrenia patients, while 3-HK levels were unaltered 

(Sathyasaikumar et al., 2011; Schwarcz et al., 2001). In a study using THP-1 cells and human 

primary peripheral blood mononuclear cells as models for microglia, either IL-1β or IL-6 

could induce IDO enzyme activity alone or combined (Yamada, Akimoto, Kagawa, 

Guillemin, & Takikawa, 2009). Thus, the plausible mechanism for IL-1β to induce brain 

KYNA production in psychotic disorders is by TDO induction; a so far unproven hypothesis. 

In addition, decreased KMO activity has been implicated in both schizophrenia and psychotic 
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bipolar disorder (Holtze et al., 2011; Lavebratt et al., 2014; Sathyasaikumar et al., 2011), 

suggesting a scenario in which IL-1β driven KYNA production can be further enhanced. 

 

1.1.6 Kynurenic acid: behavioral effects in animal models 

PPI of startle is a cross-species measurement of the ability of a weak non-startling sensory 

stimulus to inhibit a startle response caused by a sudden intense sensory stimulus. PPI is 

conceptualized as an operational measure of a process called ‘sensorimotor gating’, i.e., the 

ability to automatically filter out redundant stimuli (Powell, Zhou, & Geyer, 2009). Patients 

with schizophrenia commonly exhibit deficits in PPI independently of whether auditory, 

tactile, or electrocutaneous stimulus, are used. PPI deficits are repeatedly shown to correlate 

significantly with thought disorder in schizophrenic patients (Powell et al., 2009), then 

possibly reflecting the inability to filter irrelevant thoughts. Studies of healthy volunteers 

have also suggested that PPI may reflect aspects of cognitive processing (Bitsios, 

Giakoumaki, Theou, & Frangou, 2006; Giakoumaki, Bitsios, & Frangou, 2006). Importantly, 

a disrupted PPI is not specific to schizophrenia, but has been reported in a broad range of 

disorders such as post-traumatic stress disorder, obsessive compulsive disorder, Tourette´s 

syndrome, and non-epileptic seizures (Braff, Geyer, & Swerdlow, 2001). Deficits in PPI can 

also be reversed by antipsychotics and the analogous animal model has therefore been widely 

used to test novel drugs for schizophrenia as well as in the context of genetic mouse models 

(Powell et al., 2009). In rats, an elevation of endogenous KYNA also produces PPI deficits 

that are restored by clozapine or haloperidol (Erhardt, Schwieler, Emanuelsson, & Geyer, 

2004). Further, a recent study of rats reported that ketamine induced disruption in auditory 

gating can be reversed by administering a KAT-II inhibitor (Kozak et al., 2014).  

 Locomotor response to amphetamine is suggested to reflect aspects of psychomotor 

agitation in humans. In mice, a subchronic elevation of KYNA does not change the 

spontaneous locomotor activity, but produces an exaggerated amphetamine-induced 

hyperlocomotion (Olsson, Larsson, & Erhardt, 2012), a frequently used behavioral model for 

hyperactivity in mania (Young, Minassian, Paulus, Geyer, & Perry, 2007). 

 KYNA has also been studied in animal models of cognitive impairments. In a  

set-shifting task performed by mice, increasing brain KYNA, by injections of KYN, caused 

behavioral responses analogous to impaired set-shifting in humans (Alexander, Wu, 

Schwarcz, & Bruno, 2012), also seen in schizophrenia (Perianez et al., 2007), and bipolar 

disorders (Yatham et al., 2010), especially in bipolar patients with a history of psychosis 
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(Bora, Yucel, & Pantelis, 2010). The impairments in set-shifting ability could also be 

reversed by the α7nAChR positive allosteric modulator galantamine, a promising drug 

candidate for treating persisting cognitive impairment in bipolar disorder patients (Iosifescu 

et al., 2009). In rats, administration of KYN with a subsequent increase in KYNA causes 

impairment in contextual fear conditioning (Chess, Landers, & Bucci, 2009), a model 

designed to mimic dysfunction in contextual processing seen in for example schizophrenia 

(Maren, Phan, & Liberzon, 2013). The aforementioned KAT-II inhibitor has also been tested 

in non-human primates (rhesus monkeys) and improved spatial memory impairments caused 

by ketamine (Kozak et al., 2014). 

   

1.2 A GLIA PERSPECTIVE 

1.2.1 Neuroinflammation: is the brain really on fire? 

Recognizing and responding to microbial pathogens or sterile tissue injury are the cardinal 

functions of innate immune cells. These basic defense mechanisms are within the brain 

parenchyma operational in microglia and astrocytes. In peripheral tissue, dendritic cells 

(DCs) are the critical link to adaptive immune responses. DCs main function is to take up 

antigens and present them on the cell surface associated with MHC-II molecules. DCs then 

migrate to the lymphatic nodes where they present antigens to naive or memory T cells. The 

normal brain parenchyma lacks such professional antigen presenting cells (Xanthos & 

Sandkuhler, 2014), although microglia under certain conditions can overcome the restraining 

microenvironment and present antigen (Jarry et al., 2013; Wlodarczyk, Lobner, Cedile, & 

Owens, 2014). Thus, adaptive immunity in the brain parenchyma is probably under most 

conditions initiated by recruited professional antigen presenter from the circumventricular 

organs, the choroid plexus, and the meninges (Anandasabapathy et al., 2011). Activated T 

cells are also able to readily cross the BBB (Trifilo, Bergmann, Kuziel, & Lane, 2003), and 

microglia, as well as astrocytes, respond to their cytokine directives. This leads to an 

extensive compromise of the BBB and a prominent infiltration of peripheral immune cells. 

The initial recognition of danger will culminate in a vigorous inflammatory response 

designed to kill of an invading microbe and ‘clean’ the damaged area, but will inevitably lead 

to extensive collateral damage on post-mitotic neurons. Such inflammatory responses, 

fulfilling the basic criteria of inflammation, are rare within the brain and occur only as a 

response to severe injury or infection. However, the term ‘neuroinflammation’ has recently 

been adopted to also describe processes within the CNS that do not actually fulfill the classic 
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criteria of inflammation but as a common denominator involve activation of microglia and 

astrocytes (Aguzzi et al., 2013; Filiou, Arefin, Moscato, & Graeber, 2014; Xanthos & 

Sandkuhler, 2014). As will be discussed below, these cells perform a continuous surveillance 

of brain homeostasis and can respond to a large variety of extrinsic cues. The functional 

importance of the interplay between cytokines, the KYN pathway metabolites, and 

neurotransmission is best understood from this perspective. 

 

1.2.2 Microglia: no common macrophage 

Microglia are commonly referred to as the resident tissue macrophages of the brain 

parenchyma. It is, however, important to recognize that microglia is genetically distinct from 

infiltrating BM-derived macrophages (Schulz et al., 2012). Primitive myeloid progenitors 

from the yolk sac invade the brain early in development, before vascularization, and give rise 

to the microglia population that is estimated to constitute approximately 10% of all cells in 

the CNS (Alliot, Godin, & Pessac, 1999; Alliot, Lecain, Grima, & Pessac, 1991; Ginhoux et 

al., 2010). The microglia cell pool is then maintained through local self-renewal and is 

throughout life independent of blood input (Ajami, Bennett, Krieger, McNagny, & Rossi, 

2011; Ajami, Bennett, Krieger, Tetzlaff, & Rossi, 2007; Ginhoux et al., 2010; Mildner et al., 

2011). Being shielded from serum proteins, microglia are from an immunological 

perspective downregulated. In addition, neuron-derived signaling has been identified as an 

important tonic restraining factor (Cardona et al., 2006; Hoek et al., 2000; Saijo, Crotti, & 

Glass, 2013). In the normal adult brain, microglia typically display a small soma and a  

tree-like structure of branches. As revealed by two-photon imaging, the soma is more or 

less stationary, while the fine branches are continuously extended and retracted to scan the 

surroundings (Nimmerjahn, Kirchhoff, & Helmchen, 2005). Traditionally, the main 

purpose of this steady-state phenotype of microglia is considered to be surveillance, and 

when detecting pathology, e.g., an intruding microbe, the cell will produce a response 

(Davalos et al., 2005). This activation state of microglia, defined as the production of 

cytokines, is commonly considered the linchpin of neuroinflammation. Typically, although 

not always, the cell then also undergo morphological changes resulting in a variety of 

different shapes. Recently, the classification system for effector responses of the 

mononuclear phagocyte system (Mantovani et al., 2004) has been applied to microglia.  

In vitro, microglia also respond to prototypical IFN-γ stimulation with a rather stereotypic 

pathway of gene expression resulting in a phenotype resembling M1 (Chhor et al., 2013). In 
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fact, the M1/M2b and M2a phenotype can readily be discriminated in vitro using prototypical 

cytokines as polarizing stimuli (Chhor et al., 2013). Importantly, much less is known about 

the microglia phenotypes in vivo. A recent methodology called ‘translating ribosome affinity 

purification’ (TRAP) may however change that. TRAP provides global profiling of mRNAs 

bypassing the need for tissue fixation or single-cell suspensions (Heiman, Kulicke, Fenster, 

Greengard, & Heintz, 2014). The highly reciprocal microglia may then be studied in vivo 

introducing less potential artifacts. Hitherto, studies of disease models and postmortem tissue 

suggest that microglia activation in disease may be more complex than the rather simplistic 

M1/M2 model. This does not only pertain to neuroinflammation in psychiatric disorders 

(Kahn & Sommer, 2014), but also to neurodegenerative diseases such as Alzheimer's disease 

and amyotrophic lateral sclerosis (Chiu et al., 2013). Given the reciprocal nature of microglia 

and astrocytes, the type of activation state may also vary over time (Cherry, Olschowka, & 

O'Banion, 2014).  

 Importantly, microglia perform a variety of homeostatic functions in the so-called 

‘resting state’. Recently, it has therefore been proposed that the concept of 

neuroinflammation do not have to be defined categorically as a response to a pathological 

process (Xanthos & Sandkuhler, 2014). Instead changes in neural activity may result in glial 

responses that even include pro- and anti-inflammatory processes simultaneously. 

Maladaptive responses could then have a role in disease. This model converges with recent 

findings in the field of basic glia physiology. In 2013, an elegant and important study on the 

physiological roles of microglia in brain plasticity was performed (Parkhurst et al., 2013). 

The authors used CX3CR1CreER mice. These animals express tamoxifen-inducible Cre 

recombinase that allow for specific manipulation of gene function in microglia. Since 

microglia are a self-renewing population with a low turnover in comparison to BM-derived 

cells, they were able to specifically express the diphtheria toxin receptor in microglia, while 

leaving other CX3CR1+ populations intact. Mice depleted of microglia showed deficits in 

multiple learning tasks and a significant reduction in motor-learning-dependent synapse 

formation. Malfunctioning homeostatic microglia/astrocyte functions have an even more 

devastating effect during neurodevelopment. As discussed previously, the balance between 

QUIN and KYNA was decisive for the maintenance of network activity in a model of 

neuronal maturation. Impaired functional maturation is also a consequence of insufficient 

synaptic pruning, i.e., activity-dependent elimination of synapses. Astrocytes upregulate C1q 

expression in neurons during the postnatal period (Stevens et al., 2007), and microglia in 

response to C1q expression promotes synaptic elimination through C3/C3R-dependent 

phagocytosis (Schafer et al., 2012). This ‘tagging’ of unwanted synapses by the complement 
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cascade, leading to phagocytosis by microglia, seems to be identical to previously described 

classical mechanisms within the innate immune system where opsonization with activated C3 

fragments leads to phagocytosis of pathogens. Similar fundamental co-operations between 

microglia and astrocytes are described throughout neurodevelopment and a putative role of 

malfunctioning glia in disease is evidently not restricted to neurodegenerative processes, but 

holds even stronger implications for neurodevelopmental disorders (Aguzzi et al., 2013; 

Clarke & Barres, 2013). 

 How do microglia then produce IL-1β? Similar to other macrophages, microglia are 

equipped with a large battery of pattern-recognition receptors. These can broadly be divided 

into receptors sensing ‘stranger signals’, i.e., pathogens, and ‘danger signals’, i.e., damaged 

cell release. However, for example the toll-like receptors (TLR) can be activated by both 

stimuli. Thus, the cell machinery for immune activation in microglia is largely overlapping 

with what has been previously observed in peripheral macrophages, although the set of 

extrinsic cues in the microenvironment differ. ATP stimulation of the purinergic ionotropic 

P2X7 receptor (P2X7R) is a powerful danger signaling mechanism to increase the IL-1β 

release from microglia (Takenouchi, Sugama, Iwamaru, Hashimoto, & Kitani, 2009) as well 

as other macrophages (Ferrari et al., 2006). In brain, ATP is not only released by damaged 

cells, but also from active synapses. Thus, it has been suggested that P2X7R signaling 

represent a neural activity-coding cue (Khakh & North, 2012; Xanthos & Sandkuhler, 2014). 

The intracellular P2X7R signal then depends on activation of caspase-1 to cleave inactive 

pro-IL-1β into mature IL-1β (Takenouchi et al., 2009). Glial cells cultured from brain of 

P2X7R-/- mice produce less IL-1β, while IL-6 levels are unaltered, hereby suggesting a 

regulatory mechanism more selective for IL-1β (Mingam et al., 2008). Similar to microglia, 

stimulation of human astrocytes with ATP also results in P2X7R/caspase-1-dependent IL-1β 

production (Minkiewicz, de Rivero Vaccari, & Keane, 2013). Stimulation of TLR-4 with 

LPS is another prototypical mechanism by which macrophages can increase the secretion of 

IL-1β. This mechanism depends on activation of caspase-8 in microglia (Burguillos et al., 

2011). Interestingly, LPS-induced hypersensitivity has been observed in wild-type (WT) mice 

but not P2X7R-/- mice (Clark et al., 2010), and both mechanisms are boosted in 

astrocyte/microglia co-cultures compared to purified microglia cultures (Barbierato et al., 

2013). In study II, our initial GWAS against CSF levels of KYNA in bipolar disorder 

subjects pinpointed a caspase-8/IL-1β driven mechanism that was further supported by the 

follow-up analyses and experiments. Postmortem studies of schizophrenia and bipolar 

disorder patients have also reported reduced cortical concentrations of GRK-3 mRNA and 

protein (Bychkov, Ahmed, Gurevich, Benovic, & Gurevich, 2011; Rao, Rapoport, & Kim, 
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2009; Shaltiel, Shamir, Levi, Bersudsky, & Agam, 2006), and P2X7R internalization is 

suggested to be dependent on a GRK-3/β-arrestin-2/dynamin-driven mechanism (Feng et al., 

2005). We therefore in study III set out to investigate aberrant P2X7R internalization caused 

by non-functional GRK-3 as a mechanism leading to increased production of IL-1β, a 

subsequent induction of the KYNA synthesis, and neurochemical alterations as well as 

behavioral effects.  

 Although the functional role of MHC-I/II in microglia and astrocytes remains largely 

elusive, upregulation is commonly observed in the activation states (Hanisch, 2013; Smith et 

al., 2013). RA is an immune-mediated chronic inflammatory joint disease in which the MHC 

region is the single most important genetic risk locus (Klareskog, Catrina, & Paget, 2009). 

Recent GWAS of schizophrenia have also suggested associations with genetic markers 

spanning the MHC region (Ripke et al., 2013). Further, numerous epidemiological studies 

have described an inverse association between RA and schizophrenia (Mors, Mortensen, & 

Ewald, 1999). In study V, we therefore use Swedish national patient registries, as well multi-

generational registries, to assess the association between psychotic disorders and RA, aiming 

at detecting a possible genetic correlation. 
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2 AIMS 
The overarching aim of this thesis was to further our understanding of the role of glia-derived 

KYNA signaling in positive psychotic symptoms and executive functioning. To achieve this, 

our specific aims were:  

• To test the associations between a lifetime history of psychotic symptoms in bipolar 

disorder patients and CSF concentrations of KYNA, IL-1β, and the dopamine 

metabolite homovanillic acid (HVA) (study I and II). 

 

• To test the association between set-shifting performance in remitted bipolar disorder 

patients and cerebrospinal fluid concentration of IL-1β and KYNA (study II). 

 

• To investigate the genetic determinants of cerebrospinal fluid concentration of KYNA 

in bipolar disorder (study II). 

 

• To characterize the main molecular mechanisms mediating a genetically caused 

increase of KYNA and subsequent clinical symptoms in bipolar disorder (study II). 

 

• To investigate mice with a targeted deletion for GRK3 (GRK3-/-) in regard to 

biochemical abberations and behavior (study III). 

 

• To develop an optimal algorithm for identification of bipolar disorder patients in the 

Swedish national patient-register (study IV), a pre-requiste for study V. 

 

• To assess the associations between RA and schizophrenia in Swedish national patient-

registers, and the extent to which any observed associations are specific to 

RA/schizophrenia. Finally, to extend the assessments per rheumatoid arthritis subtype 

and to risks in first-degree relatives.  
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3 MATERIALS AND METHODS 

This section provides a summary of the different materials and methods used in the five 

studies. For a complete description of a material or method, please see the method section of 

each paper.  

 

3.1 CELL EXPERIMENTS (STUDY II) 

3.1.1 Human astrocyte cultures 

Human embryonic primary cortical astrocytes were purchased from ScienCellTM Research 

Laboratories and cultured according to manufacturer’s recommendations. Prior to 

experiments, characterization of the cells was performed to rule out the presence of microglia 

or neurons in the culture. All experiments were performed on cells in passage 4. Cells were 

serum starved for 24 hours prior to experiments and were then stimulated with IL-1β (10 

ng/ml) or IFN-γ for 1, 3, 24, and 48 hours. 

 

3.1.2 Quantitative real-time PCR 

Cells stimulated with IL-1β (10ng/ml) or IFN-γ (200ng/ml) for 1, 3 and 24 hours were used 

for gene expression analysis. Total RNA was extracted using Trizol® Reagent (Invitrogen) 

according to the manufacturer's protocol. The amount and purity of total RNA was measured 

using a NanoDrop® 1000 spectrophotometer. Complementary DNA was synthesized using 

TaqMan® Reverse Transcription Reagents in a thermal cycler. TaqMan PCR amplification 

reactions were performed using TaqMan Universal Master mix and 250ng of cDNA in 

MicroAmp Optical Plates with MicroAmp Optical Adhesive Film (Applied Biosystems). 

Quantitative PCR was performed using the Fast Real-Time PCR System (Applied 

Biosystems). Pre-developed specific primers (TaqMan® Gene Expression Assays, Applied 

Biosystems,) were used to detect IDO1 (Assay ID Hs00158027_m1), TDO2 (Assay ID 

Hs00194611_m1) and HPRT1 (Assay ID Hs01003270_g1). Sample threshold cycle (Ct) 

values in standard curve samples containing IDO1, TDO2 and HPRT1 mRNA were used to 

calculate the cDNA concentration equivalents in the test samples. The IDO1/TDO2 data were 

then normalized to HPRT1 reference gene expression to obtain relative concentration and are 

presented as relative units. 
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3.1.3 Western blot 

Cells stimulated with IL-1β (10ng/ml) or IFN-γ (200ng/ml) for 48 hours were used for 

protein analysis. Total protein was extracted using ice-cold lysis buffer and homogenized by 

sonication. After centrifugation the supernatants were mixed with loading buffer, denatured at 

95°C for 5 minutes, subjected to NuPAGE 10% or 4-12% Bis–Tris gel electrophoresis and 

then electrophoretically transferred to nitrocellulose membranes (Invitrogen, LC2001). 

Membranes were blocked in 5% non-fat milk, in Tris buffered saline with 1% tween, or 

Odyssey blocking buffer (927-40000) for 1 hour prior to antibody labeling. The membrane 

was incubated with primary antibody against TDO2 (1:2000) or IDO1 (1:1000) over night in 

4°C, washed in TBS-T and then incubated with secondary antibody for 1 hour in room 

temperature. Following wash in TBS-T, membranes were developed using either the Licor 

Odyssey scanner or SuperSignal West Pico Chemiluminescence substrate. Protein levels 

were normalized to β-actin (1:5000) and blots were analyzed using Quantity One 1-D 

Analysis Software (Bio-Rad). 

 

3.1.4 Analysis of kynurenic acid  

Cell culture supernatants were collected and immediately frozen on dry ice and kept in - 20°C 

until analysis. In order to precipitate residual protein, samples were centrifuged at 14000 rpm 

for 5 minutes and an equal volume of perchloric acid (0.4M) was added to the supernatants. 

The centrifugation procedure was repeated followed by addition of 70% perchloric acid and 

centrifugation 2 more times. For analysis of KYNA, an isocratic reversed-phase high-

performance liquid chromatography (HPLC) system with fluorescence detection was used. 

The system included a dual-piston high-liquid delivery pump (Bischoff, Leonberg, 

Germany), a ReproSil-Pur C18 column (4×150 mm, Dr. Maisch GmbH, Ammerbuch, 

Germany) and a fluorescence detector (Jasco Ltd, Hachioji city, Japan) with an excitation 

wavelength of 344 nm and an emission wavelength of 398 nm (18 nm bandwidth). A mobile 

phase of 50 mM sodium acetate (pH 6.2, adjusted with acetic acid) and 7.0% acetonitrile was 

pumped through the reversed-phase column at a flow rate of 0.5 mL/min. Samples of 30-50 

µL were manually injected together with mobile phase in a total injection volume of 100 µL 

(ECOM). Zinc acetate (0.5 M, not pH adjusted) was delivered after the column by a 

peristaltic pump (P-500, Pharmacia) at a flow rate of 0.10 mL/hr. Signals from the 

fluorescence detector were transferred to a computer for analysis with Datalys Azur 

(http://datalys.net). The retention time of kynurenic acid was about 7–8 min. The sensitivity 
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of the system was verified by analysis of a standard mixture of KYNA with concentrations 

from 0.25 to 30nM, which resulted in a linear standard plot. The lower detection limit of the 

system was set to 0.625nM, and samples below this limit are reported as undetectable. To 

verify the reliability of this method, some samples were analyzed in duplicate, and the mean 

intraindividual variation was below 5%.  

 

3.2 ANIMAL EXPERIMENTS (STUDY III) 

3.2.1 Ethical considerations 

All experiments were approved by and performed in accordance with the guidelines of the 

Ethical Committee of Northern Stockholm, Sweden. All efforts were made to minimize the 

number of animals used and their suffering. 

  

3.2.2 Animals 

Male mice homozygous for a targeted mutation in the gene coding for GRK3 on a C57BL/6J 

background (B6.129-Adrbk2tm1Rjl/J) were used. All had been generated at the Jackson 

Laboratory. The mutation is created in a 129-derived embryonic stem cell line and exons 7 

and 8 (encoding part of the protein kinase catalytic domain) are in these mice replaced with a 

PGK-neomycin resistance cassette (in the antisense orientation). Age-matched WT C57BL/6J 

male littermates were used as controls in all experiments. A subset of these mice was used in 

both the PPI and microdialysis experiments. For biochemical analysis of KYNA, as well as 

determination of PPI following intracebroventricular (i.c.v.) administration of IL-1β, only 

C57BL/6J mice were used. Environmental conditions were checked daily and maintained 

under constant temperature (25°C) and humidity (40–60%) in a room with 12 h light/dark 

cycle (lights on at 06:00 hours). Food and water were provided ad libitum.  

 

3.2.3 Brain P2X7R internalization 

Mice were anesthetized with isoflurane and following decapitation the brains were quickly 

removed and stored at -80°C until use. Tissues were homogenized in complete hypotonic 

buffer and centrifuged at 1200 rcf for 10 min at 4 °C. The resulting supernatant was 

centrifuged again at 21600 rcf for 10 min at 4 °C. The obtained pellet contained internal 
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membranes and was resuspended in extraction buffer. The remaining supernatant was 

centrifuged at 150 000 rcf for 2 hours at 4 °C and the pellet which contained plasma 

membranes, was dissolved in EB. The protein content of internal and plasma membrane 

fractions was determined using the BCA protein assay kit (Pierce, Thermo Scientific) 

according to the recommendations of the supplier.  

 Internal and plasma membrane fractions were separated on NuPAGE 4-12% Bis-Tris 

gel electrophoresis (Invitrogen) and transferred to nitrocellulose membranes (Invitrogen). The 

non-specific binding sites were blocked with 5% low-fat dried milk in Tris buffer (50 mM 

Tris-Cl, 6 mM NaCl) containing 0.1% Tween 20 for 1 hour at room temperature. The 

membranes were later incubated with a primary antibody against P2RX7 (1:10 000,  

Cat # APR-004, Almone Labs) overnight at 4 °C. Following three washes in Tris buffer 

containing 0.1% Tween 20, the blots were probed with horseradish peroxidase-conjugated 

secondary antibodies (Cat # 7076 and # 7074, Cell signaling Technology) for 1 hour at room 

temperature. Specific protein bands were visualized using chemiluminescent detection 

reagents (Supersignal West Pico and West Femto, Thermo Scientific). β-actin antibody  

(1:10 000, Cat # 3700, Cell Signaling Technology) was used as a protein-loading control and 

all signal intensity measurements were made using Quantity One software (Bio-Rad 

Laboratories). Obtained data of P2X7R was normalized to β-actin.  

 

3.2.4 Kynurenic acid and cytokines in brain tissue 

Mice were euthanized as described in the previous section and their brains removed. While 

on ice, hippocampi were quickly dissected out and stored in -80°C. Samples were 

homogenized in ice-cold lysis buffer, protease inhibitor, phosphatase Inhibitor Cocktail 3 and 

phosphatase Inhibitor 2, using a Bullet Blender®. Homogenates were then centrifuged and the 

supernatant were used for cytokine quantification. Cytokines were then detected with a 

multiplex sandwich enzyme-linked immunosorbent assay. We employed Discovery assays 

(MesoScale) as per the manufacturer's protocol on a SECTOR® Imager 2400 instrument 

(http://www.mesoscale.com). All samples were analyzed in duplicates. IL-1β was reliably 

detectable in all hippocampal samples. The lowest level of detection for IL-1β was 0.4 pg/ml 

and the variation coefficient was less than 13%.  

 To determine KYNA concentration, samples were subjected to analysis utilizing an 

HPLC system as described above. At the day of analysis, brain tissue was diluted eightfold in 

0.4M PCA (containing 0.1 % sodium metabisulfite, 0.05 % EDTA) and homogenized using a 
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Bullet Blender®. The homogenate was then centrifuged and 1ml of the supernatant was 

mixed with 100 µl 70% strength PCA. This solution was then re-centrifuged, and the 

supernatant transferred to a new eppendorf tube for HPLC analysis.  

 

3.2.5 In vivo microdialysis 
Mice were anesthetized in a small Plexiglas chamber continuously ventilated with 

isoflurane. The body temperature of the animals was controlled by a thermometer and a 

heating pad maintained at 37 °C (Homeothermic Blanket Control Unit 50-7053-F, Harvard 

Apparatus). An ocular lubricant was then applied and sterile saline was given subcutaneous 

to prevent dehydration. After the scalp was incised, the skull was cleaned and a thin layer 

of quick-setting cyanoacrylate glue was applied to the exposed skull, serving as an adhesive 

surface to the cement. A small hole was then drilled over either the ventral hippocampus, or 

the striatum, and a guide cannula containing a dummy probe was implanted and secured to 

the skull with acrylic dental cement (Dentalon® plus). Stereotactic coordinates were 

according to the mouse brain atlas by Paxinos. The wound was then swabbed with 

bupivacaine, sutured and mice were allowed to recover single-housed for 48 hours. 

 All microdialysis experiments were performed while the mice were freely moving in 

their home cage. On the day of experiment, mice were tethered to a liquid swivel and a 

microdialysis probe was inserted through the guide cannula and connected to a 

microinfusion pump set to a speed of 1 µl/min and perfused with Ringer solution. All 

samples were collected in plastic tubes attached to the tether throughout the experiment and 

immediately subjected to HPLC analysis. The first three samples were taken for 

determination of basal extracellular KYNA or dopamine. Results for subsequent samples 

were calculated as percentages of basal levels. Values were not corrected for in vitro probe 

recovery. The mice then received an i.p. injection of probenecid (200 mg/kg), or 

amphetamine (2 mg/kg), and microdialysates were collected in 30 minutes intervals for up 

to 300 minutes. After the session, the mice were sedated with isoflurane and sacrificed with 

cervical dislocation and tissues were frozen for later analysis and histological verification 

of probe placement. 

 KYNA was measured with a HPLC system as described above. Dopamine was 

detected after 30 µl of brain perfusate was separated by reversed-phase liquid 

chromatography using a 55 mM sodium acetate buffer (pH 4.1, 10 % methanol) with 1.16 

mM octanesulfonic acid and 0.01 mM Na2EDTA. The mobile phase was delivered by an 

HPLC pump (Bischoff Chromatography) through a Agilent Eclipse XDB-C18 column 
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(Agilent Technologies) at a rate of 0.7 ml/min. Samples were then quantified by sequential 

oxidation and reduction in a high-sensitivity analytical cell controlled by a potentiostat with 

an applied potential of -350 mV for detection of dopamine. The signals from the detector 

were transferred to a computer for analysis. The retention time of dopamine was 

approximately 7 min. 

 

3.2.6 Intracerebroventricular injection of IL-1β 

Surgery was according to the in vivo microdialysis surgical procedures up to the point of scull 

exposure. Here, a small hole was drilled through the skull and a thin glass capillary was then 

inserted into the ventricle. Thereafter, IL-1β or vehicle was infused over a time period of 8 

minutes (4 µl infusion volume). The capillary was allowed to stay in for another 5 minutes to 

minimize backflow. The wound was then closed with a stainless steel suture clip and mice 

were allowed recover in their home cage. Mice were sacrificed 6 hours post-infusion by 

cervical dislocation under isoflurane anesthesia and brain tissues harvested and stored at  

-80°C. For i.c.v. IL-1β behavioral experiments (conducted at UCSD), surgery were 

performed as described previously (Vinkers et al., 2007). A 23-gauge 7-mm unilateral 

stainless steel guide cannula was implanted above the lateral ventricle. Mice recovered for 5 

days prior to behavioral testing. IL-1β was infused through a 30-gauge 8-mm injector in a 

volume of 0.5 µl (via gravity infusion). At the end of the study, the cannula placement was 

checked via dye infusion. 

 

3.2.7 Immunohistochemistry 

Anesthetized mice (5/genotype) were perfused via the ascending aorta with Tyrode’s  

Ca2+-free solution at 37˚C, followed by fixation with a solution of 4% para-formaldehyde 

and 0.4% picric acid in 0.16 M phosphate buffer (pH 6.9 at 37oC) and then with identical 

fixative at 4°C (Zamboni & DeMartino, 1967). After decapitation, brains were rapidly 

excised and immersed in ice-cold para-formaldehyde with picric acid for 90 min and rinsed 

overnight in phosphate buffered 10% sucrose (pH 7.4). The tissue was frozen using CO2, cut 

at 14 µm thickness on a cryostat (Microm, Heidelberg, Germany) and thaw-mounted on 

SuperFrost plus slides (VWR, Radnor, PA). Sections spanning approximately bregma  

0.98-(-2.30) were included in the analysis, thus including areas such as the thalamus, the 

hippocampus (HC) and the caudate putamen (CPu). These were pretreated with 0.03 % H2O 
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and incubated with antiserum against GFAP (Sigma-Aldrich) overnight at 4˚C, and then 

processed according to the TSA-plus Fluorescein System (PerkinElmer Life Science). 

Briefly, sections were washed in TNT buffer (0.1 M Tris-HCl, pH 7.5; 0.15 M NaCl; 0.05 % 

Tween 20; Sigma-Aldrich), incubated with TNB buffer (0.1 M Tris-HCl, pH 7.5; 0.15 M 

NaCl; 0.5 % blocking reagent) for 30 min at room temperature (RT), followed by anti-rabbit 

horseradish-peroxidase conjugated secondary antibody (Dako A/S) diluted 1:200 in TNB 

buffer for 30 min. Sections were washed in TNT buffer and incubated in biotinyl tyramide 

fluorescein conjugate (PerkinElmer Life Science) diluted 1:200 in amplification diluent for 

10 min at RT. Sections were analyzed with a Nikon Eclipse E600 Fluorescence microscope 

equipped with 10X objective. The GFAP labeling was quantified using the Image J Software 

(National Institutes of Health). In brief, the area of interest was encircled on micrographs, and 

the sum of labeling, with intensity above a set threshold is calculated by the program (raw 

integrated density). 

 

3.2.8 Pre-pulse inhibition experiments 

Startle response and PPI testing were performed on GRK3-/- and wild-type mice in a dual 

setup of ventilated, sound-attenuating commercial startle chambers (35×33×46 cm,  

SR-LAB™ system, San Diego Instruments, CA, USA). Within each chamber a Plexiglas 

cylinder was mounted, into which the mouse was placed. Sudden movements by the mouse 

were detected by a piezoelectric accelerometer attached below the cylinder. A loudspeaker 

provided the broadband background noise and acoustic stimuli and a standard computer 

controlled the presentations of acoustic stimuli. The experimental session consisted of a  

10-min acclimatization period to a 65-dB background noise (continuous throughout the 

session), followed by presentation of four trial types: a 40-ms, 120-dB startle pulse (PULSE 

ALONE), and three 20-ms prepulse+pulse combinations (69, 73 or 81 dB prepulses followed 

100 ms later by a 120 dB stimulus (PREPULSE+PULSE). There were 12 presentations of the 

PULSE ALONE trial and 10 presentations of each PREPULSE+PULSE combination. 

Throughout the session, hidden NOSTIM trials (i.e., no acoustic stimulus) were presented in 

between each trial. Trial types were presented in a pseudo-random order with an average 

inter-trial interval (ITI) of 15 s, not including the hidden NOSTIM trials. In addition, six 

PULSE ALONE trials were presented at the beginning to assess startle reactivity before 

appreciable habituation, and the end of the acoustic test session. For IL-1β infusion 

experiments, a brief session (20 min) was conducted every hour for 6 hours post-infusion as 



 

34 

described previously (Gresack & Risbrough, 2011). Briefly, a 2-min acclimation period was 

followed by presentation of four 120 dB pulse trials and then two blocks of prepulse+pulse 

trials. In the first block, prepulse trials varied by their prepulse intensity (69, 73, 77 dB above 

background; 10 of each), whereas in the second block, prepulse trials had a constant prepulse 

of 73 dB but varied interstimulus intervals (ISI) of 20, 120, 360 ms (four trials of each). 

 

3.2.9 Trace fear conditioning experiments 

The trace fear conditioning experiment was carried out in a fear conditioning chamber  

(Med Associates Inc., St. Albans, VT, USA). Mice were exposed to 2 trials of tone 

(conditioning stimulus) and foot-shock (unconditioned stimulus) pairings in training 

(conditioning) as previously described (Terrando et al., 2010). Briefly, during the 

conditioning context, mice were allowed to explore the chamber for 100 s before a 20 s tone 

cue (75 dB). After an 18 s trace interval, a foot shock (2 s duration, 0.5 mA intensity) was 

delivered through the stainless steel rods on the floor of the apparatus. A second tone-shock 

pairing was repeated after 100 s inter trial interval. The mouse was removed 30 s after the 

second shock termination. Freezing was scored automatically by the Med Associate software 

and defined as lack of movement besides respiration (Kim, Fanselow, DeCola, & Landeira-

Fernandez, 1992). Three days later, mice were returned in the original context, with no tone 

or shock presented. Tone dependent memory was performed approximately 3 hours after the 

context assessment in a novel environment (a plastic floor covered the metal grid and a 

pyramidal shape was inserted in the rectangular box). Mice were placed in the apparatus and 

in response to the same cue (tone). No background noise was provided. After 100 s 

exploration, the auditory cue was presented for 20 s followed by a 120 s inter trial interval, 

then another 20 s cue presented. The percentage of time spent freezing was used to score 

learning and memory. A reduction in percent freezing represents impairment of these 

abilities.  

 

3.3 HUMAN STUDIES (STUDY I-V) 

3.3.1 Ethical considerations 

All studies were conducted in accordance with the Declaration of Helsinki and approved by 

the Regional Ethics Committee in Stockholm. All individuals in study I, II and III provided 
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a written and oral informed consent. Individual medical records were assessed in study IV 

after written or oral informed consent. Register data (study IV and V) were merged and 

anonymized by the National Board of Health and Welfare and the linking of personal 

identification numbers to cases destroyed after merging. 

 

3.3.2 St. Göran Bipolar Project (study I-III) 

St. Göran Bipolar Project is a prospective, longitudinal, and two-center study of more than 

450 meticulously phenotyped Swedish bipolar patients, and age- and sex-matched 

population-based controls (n=135). The aim of St. Göran Bipolar project is to provide early 

identification, assessment, treatment, and follow-up of patients with bipolar disorder, and it 

is designed as a clinical program intertwined with the regular health care system. The St. 

Göran Bipolar project was launched in 2005 at a tertiary bipolar outpatient unit at the 

Northern Stockholm psychiatric clinic in Stockholm, Sweden. Clinical data used in study  

I-III derive from patients enrolled at this unit between October 2005 and April 2008. During 

this time period the catchment area for the clinic included approximately 320 000 persons 

over 18 years of age who live in neighborhoods ranging from inner city areas with a high 

socio-economic to suburbs with higher deprivation indices. This outpatient unit treated the 

vast majority of all known patients in the catchment area with a diagnosis of bipolar 

disorder I, II, NOS, cyclothymia, or a schizoaffective syndrome of bipolar type.  

 Board-certified psychiatrists at the bipolar unit, or residents in psychiatry completing 

their psychiatric training at this unit, conducted the intake interviews. The assessments were 

based on all available sources of information, including patient records, and interviews with 

next of kin when feasible. A consensus panel of experienced board-certified psychiatrists 

specialized in bipolar disorder made a ‘best estimate’ diagnosis. Enrolled study subjects 

were at least 18 years of age, met the current DSM-IV criteria for a bipolar disorder (-I, -II, 

NOS, cyclothymia, or schizoaffective syndrome of bipolar type), and consented to 

participate. The baseline investigations were carried out when the patients were in 

remission. The fasting patient arrives at the clinic at 08.00, where a somatic status is taken, 

followed by blood-work and lumbar puncture. Cognitive testing and Magnetic Resonance 

Imaging (MRI) were also completed during a state of remission. Importantly, each 

investigation is optional for participating patients. Therefore the number of included 

subjects varies across investigations. For ethical reasons, treatment is not affected by 

participation in the study. 
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 The baseline clinical diagnostic instrument for bipolar disorder is the Affective 

Disorder Evaluation (ADE), which was translated and modified to suit Swedish conditions, 

after permission from the originator Gary S. Sachs. The ADE is a semi-structured interview 

that includes adapted versions of the mood and psychosis modules of the Structured 

Clinical Interview for DSM-IV (SCID), and was developed for the Systematic Treatment 

Enhancement Program of Bipolar Disorder (STEP-BD) project (Sachs et al., 2003).  

Co-morbid psychiatric disorders are screened for by utilizing the Mini International 

Neuropsychiatric Interview (M.I.N.I.) (Sheehan et al., 1998). To screen for alcohol and 

substance abuse, the self-report questionnaires Alcohol Use Disorders Identification Test 

(AUDIT) (Saunders, Aasland, Babor, de la Fuente, & Grant, 1993) and Drug Use Disorders 

Identification Test (DUDIT) (Berman, Bergman, Palmstierna, & Schlyter, 2005) are used. 

The severity of the disorder is rated using the Clinical Global Impression (CGI) rating 

scales. The Montgomery-Åsberg Depression Rating Scale (MADRS) and the Young Mania 

Rating Scale (YMRS) are used to assess depressive and manic symptoms in patients.  

 The population-based controls were randomly selected by Statistics Sweden and  

age- and sex-matched for the subset of patients that had volunteered for lumbar puncture. 

Control subjects underwent a psychiatric interview by an experienced clinician at the 

tertiary bipolar unit using the M.I.N.I. to exclude psychiatric disorders. Moreover, they 

completed the questionnaires AUDIT and DUDIT and underwent somatic examination, 

blood tests, and lumbar puncture. Exclusion criteria were overconsumption of alcohol 

(defined as elevated concentrations of carbohydrate deficient transferrin, >8 standard drinks 

per time more than two times per week, and/or amnesia and/or loss of control more than 

once per month), other substance abuse, untreated endocrinological disorders, pregnancy, 

dementia, schizophrenia or bipolar disorder in first-degree relatives, neurological conditions 

other than mild migraines and coexistent psychiatric conditions other than past minor 

depressive episodes, isolated episodes of panic disorder, previous mild eating or obsessive 

compulsive disorder that had remitted spontaneously or with brief psychotherapy 

counseling.  

 

3.3.3 Cohorts in study II 

The core sample in study II consisted of 76 genotyped euthymic bipolar I or II patients that 

had CSF KYNA concentrations measured (sample I). All these individuals were enrolled 

from the St. Göran Bipolar Project. Data from an additional cohort 565 genotyped bipolar 
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patients were also obtained and served as a replication sample (sample II). This sample 

consisted of bipolar patients from St. Göran Bipolar Project without CSF KYNA data, and 

bipolar patients enrolled from Huddinge bipolar cohort (Lavebratt et al., 2014). This 

replication sample comprised 420 bipolar I patients, 108 bipolar II patients, 32 bipolar NOS 

patients, and 5 patients with schizoaffective disorder of bipolar type. Forty-six genotyped 

general population controls from St. Göran Bipolar Project also contributed with data (28 

females and 18 males). For the analyses of CSF IL-1β, we used two previously described 

cohorts (Soderlund et al., 2011) of patients (sample III) and controls. All included patients 

were in remission at time of data collection. 

 

3.3.4 Lumbar puncture proceedings (study I-III)  

Subjects fasted overnight before the standardized CSF collection that occurred between 9.00 

and 10.00 a.m. The spinal needle was inserted into the L3/L4 or L4/L5 interspace and a total 

volume of 12 ml of the CSF was collected, gently inverted to avoid gradient effects, and 

divided into 1.0-1.6 ml aliquots that were stored at -80 ̊C pending analysis.  

 

3.3.5 Analyses of cerebrospinal fluid (study I-III) 

KYNA was analyzed as previously described using a HPLC system. HVA concentrations 

were measured together with the major serotonin metabolite 5-hydroxyindoleacetic acid  

(5-HIAA), and the major noradrenaline metabolite 3-methoxy-4 hydroxyphenylglycol 

(MHPG), using selected ion monitoring with deuterium-labelled internal standards. After 

preparations the analysis was performed on a Finnigan 3200 GC-MS system. To adjust for 

the ventriculo-lumbar concentration gradient along the spinal cord, we calculated  

height-corrected values for HVA (Blennow et al., 1993). A sandwich immunoassay-based 

protein array multiplex system (Invitrogen AB) was used to quantify cytokines. The 

guaranteed lowest detection limit for each cytokine (IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8,  

IL-10, granulocyte-macrophage colony-stimulating factor (GM)-CSF, IFN-γ and TNF-α) was 

1 pg/mL. The samples were incubated with beads coated with the specific antibodies. 

Thereafter, incubations were conducted with biotin-conjugated antibodies and streptavidin-

phycoerythrin. Standard curves (Biosource International) ranging from 0.38 pg/mL to 1025 

pg/mL of the respective cytokine were used for quantification. A Luminex reader (Luminex 

Corporation) was used to simultaneously quantify the concentrations of the cytokines. 



 

38 

 

3.3.6 Neuropsychological testing (study II)  

The neuropsychological testing in St. Göran Bipolar Project is carried out by experienced 

clinical psychologists. The test battery mainly consists of Wechsler Adult Intelligence Scale 

(WAIS) and the Delis-Kaplan Executive Functioning System (D-KEFS). In study II we used 

Trail Making Test (TMT) from D-KEFS. We first extracted Number Sequencing (connecting 

the numbers 1-16) and Letter Sequencing, (connecting the letters A-P). The ‘switching cost’ 

was the total time taken for combined letter/number switching minus the Combined Number 

Sequencing + Letter Sequencing. These variables are extracted as raw scores and then 

converted to a contrast score in which the scaled score 10 is average in the normal population, 

with 7-13 reflecting +/- 1 SD and lower scores are reflecting difficulties in set shifting 

thought to capture cognitive inflexibility. The derived scores are thought to enhance the test’s 

sensitivity to executive functioning while minimizing the influence of non-cognitive factors. 

 

3.3.7 Genotyping (study II and III) 

Genotyping was done as part of enrollment of this cohort in a large multi-center GWAS 

effort (the Stanley study). In study II, the core sample (sample I) as well as the control sample 

were genotyped using the Affymetrix 6.0 array (Santa Clara, CA, USA) at the Broad Institute 

in Boston, MA. Subjects in the replication sample were genotyped using the Affymetrix 6.0 

chip or the Illumina OmniExpress chip. Subjects in study III were genotyped using the 

Affymetrix 6.0 array. 

 

3.3.8 Quality control and genome-wide association analysis (study II) 

The quality control has been described previously (Bergen et al., 2010). The primary analysis 

in the GWAS was a linear regression of CSF KYNA residuals on single-SNP allele dosage. 

‘Genome-wide significant’ was set to P < 5×10-8. To control for potential population 

substructure we used multidimensional scaling. All analyses were done using the statistical 

software programs R (R Development Core Team, Vienna, Austria). 
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3.3.9 Expression quantitative trait locus analyses (study II) 

Fibroblast data from the Matched Co-Twin Analysis (Nica et al., 2011) were used to create a 

discovery sample. We searched the data regarding the effect of rs10158645 genotype 

(associated with CSF KYNA in the GWAS) on gene expression by default set to a search of 

+/- 1Mb, i.e., cis-effects. We then proceeded to study the effect of rs10158645 genotype on 

SNX7 expression in a replication sample (all unrelated subjects of the HapMap3 populations; 

n = 198), based on data from another cell type (lymphoblastoid cell lines). 

 

3.3.10 Postmortem studies (study II) 

Analyses of mRNA coexpression were performed using a post-mortem brain tissue collection 

deposited in the Braincloud database (http://braincloud.jhmi.edu). Through an authorized 

access (Marquis P. Vawter), we were able to obtain data on 272 postmortem tissue 

homogenates of prefrontal grey matter (DLPFC; i.e., BA46/9) from healthy donors. The 

sample and the methods are previously described (Colantuoni et al., 2011). For the 

coexpression analysis of the long non-coding RNA (lncRNA) RP5-896L10.1, we used an 

additional sample from the Functional Genomics Laboratory at University of California, in 

which RNA-seq analyses for both coding and non-coding transcripts was assayed from 32 

DLPFC samples. Levels of CASP8 mRNA in relation to psychosis in bipolar disorder were 

studied using data obtained from the Stanley Medical Research Institute (SMRI) database 

(www.stanleygenomics.org). A prior meta-analysis (Elashoff et al., 2007) of 105 DLPFC 

(BA 46) samples using the SMRI microarray collection, the ‘Array Collection,’ was queried 

comparing bipolar disorder cases with psychotic features to bipolar disorder cases without 

psychotic features. Diagnosis was here made according to DSM-IV-TR. 

 

3.3.11 Swedish registers (study IV and V) 

All residents in Sweden receive a 10-digit personal identification number, which is consistent 

throughout all national registers and make register linkage possible. The National Patient 

Register (NPR) is held at The National Board of Health and Welfare and contains 

information on inpatient care since 1964. Diagnoses are reported using the International 

Statistical Classification of Diseases and Related Health Problems (ICD). Every record has an 

admission and discharge date, together with the main diagnosis and secondary diagnoses. 
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Since 2001, the NPR registers corresponding data from outpatient visits in specialized non-

primary care. The nationwide Multi-Generation Register (MGR), Statistics Sweden, holds 

information on first-degree relatives of Swedish residents born from 1932 and onwards who 

were alive in or after 1961. During the last two decades, national quality assurance registers 

with detailed individual data related to disorder onset, subtype, clinical course, comorbidity 

and treatment have also been established in the Swedish health care system. These registers 

are administered by representatives from the respective clinical specialty and supported by 

the Swedish Association of Local Authorities and Regions. The Swedish National Quality 

Register for Bipolar Disorder (BipoläR) contains data for patients diagnosed with bipolar 

disorder-I, -II, NOS, or schizoaffective disorder of bipolar type. This register is based on 

treating psychiatrists’ systematically collecting data and assigning a bipolar disorder 

diagnoses according to the ICD-10 and DSM- IV-TR.  

 

3.3.12 Medical chart review in study IV 

Using the HDR, we first identified all individuals with at least one discharge diagnosis of 

bipolar disorder according to ICD-8 (1973–1986; diagnostic codes 296.00 ⁄ .1 ⁄ .2 ⁄ .3 ⁄ .88 ⁄ 

.99), ICD-9 (1987–1996; codes 296.0 ⁄.1 ⁄.2 ⁄.3 ⁄.4 ⁄.8 ⁄.9), or ICD-10 (from 1997; codes  

F30–31). Cases were diagnosed between January 1, 1973, and December 31, 2004 (HDR has 

nationwide coverage for psychiatric inpatient care since 1973, and December 31, 2004, was 

the last date of inclusion into the current register linkage). To keep the number of  

false-positive cases low, without losing too many true-positive cases, we required at least two 

separate discharges from hospital with a diagnosis of bipolar disorder. All individuals had to 

be alive and not having emigrated at the time of data merging (2005). Further, individuals 

with more than one inpatient diagnosis of schizophrenia were excluded. The study population 

included then included all individuals diagnosed with bipolar disorder in the county of 

Sörmland between 1973 and 2004 according to the criteria above. In conjunction with 

enrollment in a genetic study of bipolar disorder (the Stanley study), cases were asked for 

written or oral informed consent to access and review their medical records. Of 558 identified 

cases, 255 subjects (45.7%) agreed to participate and have their medical records scrutinized. 

Among these patients, 135 were randomly sampled for a retrospective chart review. Two 

board-certified psychiatrists conducted the chart review and reassessed diagnoses according 

to the DSM-IV-TR.  
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3.3.13 Analytic approach in study V 

In study V, we aimed to assess the relative risk of RA in patients with schizophrenia and in 

their first-degree relatives (children, siblings, and parents), using a sufficiently large study 

population and to the extent possible assess these risks in relation to seropositive and 

seronegative RA (as defined by the ICD-10). In contrast to previous studies, we also assessed 

the risk of schizophrenia in first-degree relatives of RA probands. To gauge effects primarily 

related to diagnostic intensity, we also assessed risks of RA in patients with schizoaffective 

and bipolar disorder. We furthermore investigated the risks of non-inflammatory 

musculoskeletal diseases (osteoarthritis) and inflammatory non-RA diseases (ankylosing 

spondylitis) in patients with these 3 major psychotic disorders and in their first-degree 

relatives. 

 The intraindividual risks were analyzed using Cox regression models with attained age 

as time scale. Exposure was treated as a time-varying covariate, such that a person was 

considered as unexposed before the date of the first psychiatric diagnosis (and vice versa), 

and as exposed thereafter. Follow-up ended with first diagnosis of the disease under study, 

death, emigration, or end-of-follow-up.  

 The risks in first-degree relatives of patients with disease under study were analyzed 

using Cox regression with robust sandwich CIs (attained age as time scale). Exposure was 

time varying, here meaning that first-degree relatives were considered unexposed up until the 

date of first occurrence of the proband’s first diagnosis, and as exposed thereafter. Follow-up 

began at birth and ended with first occurrence of the outcome diagnoses, end-of-follow-up, 

death, or emigration.  
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4 RESULTS 

4.1 STUDY I 

Fifty-five patients from the St. Göran Bipolar Project who met the DSM-IV criteria for 

bipolar I disorder were included in the analyses. All patients were in remission. Patients with 

a history of psychotic features (defined as a lifetime history of hallucinations and/or delusions 

during an episode of abnormal mood) had higher levels of CSF KYNA compared to patients 

without a history of psychotic features (p = 0.01, see Figure. 1).  

 
Figure 1. Cerebrospinal fluid (CSF) levels of kynurenic acid (KYNA) in patients with bipolar I disorder. Open circles 
represent patients without a history of psychotic features (n = 12); mean age = 37 years [standard deviation (SD) = 14]. 
Closed circles represent patients with a history of psychotic features (n = 43); mean age = 39 years (SD = 14). The 
horizontal lines indicate mean values. Mann–Whitney U-test, **p = 0.01.  

 

CSF KYNA concentration increased with age (p = .003), but in line with a similar age 

distribution in the two groups the analysis was stable for age adjustment (OR = 4.9;  

p = .03). Differences regarding pharmacological treatments between the groups could not 

explain the increased CSF concentration in patients with a history of psychosis.  

 

4.2 STUDY II 

4.2.1 Cerebrospinal fluid analyses, psychosis, and set-shifting performance 

In sample I, CSF KYNA concentration was independent of bipolar disorder subtype (p = .43). 

An effect of age on CSF KYNA concentration was observed (p = .002). To account for 

potential age confounding, we used the normally distributed residuals from a linear regression 

of age vs. CSF KYNA when age was indicated as a potential confounder. A history of 
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psychosis was defined in accordance with study I. Thirty-six patients in this sample had a 

history of psychosis, while 40 patients had no history of psychosis. Comparing the use of 

different pharmacological treatments between the groups, only lithium use was significantly 

more common in the group with psychosis (p = .034). However, the use of lithium was not 

significantly associated with CSF KYNA concentration (p = .75). Only bipolar patients with 

a history of psychosis had increased KYNA levels compared to controls (Figure 2A). Bipolar 

patients with a history of psychosis also had increased CSF KYNA levels compared to  

non-psychotic bipolar patients (Figure 2A). CSF HVA concentration was successfully 

determined in 72 of the 76 patients in sample I and in 45 of the 46 of the general population 

controls. A strong positive correlation to CSF KYNA was observed in patients (Figure 2B), 

as well as in controls. Analogous to the analysis of CSF KYNA, the psychotic bipolar group 

had a significantly higher mean CSF HVA concentration than healthy controls, as well as in 

comparison to the non-psychotic group, while no significant difference in CSF HVA 

concentration was seen between controls and non-psychotic bipolar patients (Figure 2C). 

Fifty-one of the 76 patients in sample I had agreed to carry out TMT (from D-KEFS) to 

evaluate executive functions in terms of set-shifting ability. As described under methods and 

materials, we used the contrast score of condition 4 minus condition 1+2. A score of 10 

reflects average performance in a normal population, while lower scores indicate diminished 

cognitive flexibility in terms of decreased set-shifting ability. The mean CSF KYNA 

concentration was significantly higher in patients that scored <10 compared to patients 

scoring ≥10 or higher (Figure 2D). The use of different pharmacological treatments was 

equally distributed across these two groups. 
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Figure 2. CSF concentrations of kynurenic acid (KYNA) in euthymic bipolar disorder patients and healthy controls. 
(A) CSF KYNA in 46 healthy controls, 40 bipolar disorder (BD) patients without a history of psychosis, and 36 BD patients 
with a history of psychosis. One-way ANOVA with Tukey post hoc tests (using residuals from a linear regression of age vs. 
CSF KYNA); p = 9.3x10-3, post hoc tests; controls vs. non- psychotic BD, p = 0.99, controls vs. psychotic BD, p = .015, and 
non-psychotic bipolar disorder vs. psychotic BD, p = .026. (B) The correlation between CSF KYNA and CSF HVA (nM) in 
72 of these 76 BD patients. Pearson's r = .67; P=9.4x10-11. (C) CSF HVA (nM) concentration in 72 BD patients with or 
without a history of psychosis in comparison to CSH HVA levels in 45 healthy controls. One-way ANOVA followed by 
Tukey post hoc tests revealed that the psychotic BD group had a significantly higher mean CSF HVA concentration 
(280±14.4 nM) compared to controls (216±10.6 nM, p = .003), and non-psychotic BD patients (227±15.6 nM, p = .024), 
while no significant different in CSF HVA concentration was seen between controls and non-psychotic BD patients (p = .81). 
(D) CSF KYNA (nM) in the 51 BD patients who underwent trail- making test (TMT). The mean CSF KYNA concentration 
was significantly higher in patients that scored below average on the contrast score (<10, n=26; 2.12± 0.12 nM) compared to 
patients scoring average or higher (>=10, n=25; 1.62±0.21 nM, p = .048). All error bars represent SEM. Two-sided p-values, 
statistical significance set to p <.05. *p < .05,**p < .01,***p < .001. 

 

4.2.2 Genome-wide association study 

Despite the modest sample size (n = 76), one SNP (rs10158645) located within 1p.21.3, 

reached genome-wide statistical significance in relation to CSF KYNA (p = 2.6x10-8; Figure 

3A and 3B). To control for population substructure, we also analyzed the association using 

multidimensional scaling. In line with a low grade of genetic diversity (all subjects and their 

parents were born in Sweden), this yielded a similar result as the unadjusted analysis  

(p = 4.33x10-8).  
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Figure 3. Genome-wide association study against kynurenic acid levels in cerebrospinal fluid (CSF) of 76 euthymic 
bipolar disorder patients. (A) Manhattan plot from the GWAS against age-adjusted CSF kynurenic acid (KYNA) levels in 
bipolar disorder. The single nucleotide polymorphism (SNP) rs10158645, located within 1p.21.3, reached genome-wide 
statistical significance in relation to CSF KYNA concentration among bipolar disorder patients (β = 1.07, p = 2.58x10-8, MAF 
= 0.15). (B) KYNA levels in carriers of the T/T genotype (n = 55), the G/T genotype (n = 21), and the T/T genotype (n = 1) in 
rs10158645. The y-axis displays residuals from a regression of age vs. CSF KYNA concentration (nM).  

 

4.2.3 Causal inference analyses  

In sample I, the minor allele of rs10158645 was also associated with increased CSF HVA 

concentration (n = 72, p =7.3x10-7), as well as a history of psychotic symptoms (n = 76, 

OR=3.98, p = .011). We therefore endeavored to statistically evaluate a mediation model with 

rs10158645 allele frequency as the causal variable, CSF KYNA as the mediator, and CSF 

HVA as the outcome variable. Using a non-parametric bootstrap method (Hayes & Preacher, 

2013), the indirect effect that estimates the amount of mediation was significant (point 

estimate = 64.8, 95% bootstrap CI: 35.7-101), while the direct (direct effect = total effect – 

indirect effect) was smaller and non-significant (point estimate = 42.6, 95% bootstrap  

CI: -0.53-85.7). This model also had a better fit than the reversed one, suggesting that the 

causal minor allele in rs10158645 increases CSF HVA via KYNA, in agreement with 

previous experimental studies. To study whether the effect of KYNA on psychosis in bipolar 

disorder was driven by its effect on dopaminergic transmission, we tested a mediation model 

in which CSF KYNA was the causal variable, CSF HVA the mediator, and psychosis the 

outcome variable. This model also gave a significant indirect effect (point estimate = 0.71, 

95% bootstrap CI: 0.15-1.81) with a non-significant direct effect (point estimate = 0.15, 95% 
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bootstrap CI: -0.61-0.90), suggesting that the increased risk of psychosis caused by elevated 

levels of KYNA was mediated by dopamine neurotransmission. 

 

4.2.4 Replications 

Analogous to results in bipolar patients, a significant effect of the minor allele in rs10158645 

on CSF KYNA concentration (adjusted for age) was also seen in the control sample  

(n = 46, p = .036). Including an adjustment for population stratification gave a similar result 

(p = .021). We then studied the effect of rs1018645 genotype on psychosis in bipolar disorder 

using a replication sample of 565 bipolar patients without CSF KYNA data (sample II). 

Similar to the result from sample I, we observed an increased risk of psychosis in sample II 

for patients carrying the minor G allele (OR = 1.50; p= .020). Using a recessive model 

yielded an OR of 6.45 (p = .013). Combining both samples (n=641) yielded an OR of 1.59 (p 

= .002) under an additive model. 

 

4.2.5 Effect of the polymorphism on set-shifting performance 

Of the 76 patients in sample I, 51 agreed to participate in TMT testing. In the replication 

sample, 38 patients had carried out TMT. To achieve sufficient power, we tested the effect of 

rs10158645 on set-shifting ability using a combined sample (n = 89). Carriers of the minor 

allele scored close to average (n = 60, M = 10.1±0.30), while the non-carriers had a 

significantly lower mean contrast score (M = 8.93±0.47, p = .035), indicating diminished 

cognitive flexibility. 

 

4.2.6 mRNA expression analyses 

To study they the effect of rs10158645 genotype on gene expression, we used the fibroblast 

data from the Matched Co-Twin Analysis (Nica et al., 2011) as a discovery sample. The 

effect of rs10158645 genotype was by default set to a search of +/- 1Mb, i.e., cis-effects. This 

revealed a significant association between the minor allele in rs10158645 and decreased 

expression of the nearby gene SNX7 (p = 2.0x10-4). We then studied the effect of rs10158645 

genotype on SNX7 expression in a replication sample (all unrelated subjects of the HapMap3 

populations; n = 198), based on data from another cell type (lymphoblastoid cell lines) and 
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again observed a significant and similar association (p = .0096). rs10158645 is located in an 

intron of RP5-896L10.1, a long noncoding RNA (lncRNA) gene that is predominately 

expressed in the brain, and approximately 2 kB from a predicted enhancer region. Although 

sparsely studied, lncRNA have recently been shown to regulate the expression of nearby 

genes, i.e., cis-effects (Lai et al., 2013). Utilizing tissue (dorsolateral prefrontal cortex; 

DLPFC) from 32 postmortem human brains, we also found an inverse coexpression of  

RP5- 896L10.1 and SNX7 (r = -.23; p = .030), suggesting that the observed cis-effect of 

rs10158645 on SNX7 was mediated by increased RP5-896L10 expression. Against this 

background, we deemed that the most likely functionality of the locus identified in the 

GWAS was in relation to SNX7. 

 Although previous studies of SNX7 are scarce, a recent report showed that in 

hepatocytes a down-regulation of SNX7 increases caspase-8 protein levels, most likely by 

inducing the degradation of the short form of c-FLIP at the riboptosome platform (Xu et al., 

2012). Supporting a functional link between SNX7 and caspase-8 in brain tissue, we also 

found a strong inverse coexpression of SNX7 and CASP8 (r = -.44; P = 1.6x10-14; Figure 4) in 

DLPFC by utilizing 272 postmortem human brain samples. 

 
Figure 4. Brain mRNA coexpression of sorting nexin 7 (SNX7) and caspase-8 (CASP8). Scatter plot of mRNA 
expression of SNX7 and CASP8 in postmortem homogenates of prefrontal grey matter (BA46/9) from 272 healthy donors. A 
strong inverse coexpression of SNX7 and CASP8 was found (r = -.44; P = 1.6x10-14). Axis display residuals adjusted for RNA 
integrity number (RIN) and batch. 

 

4.2.7 Analyses of caspase-8 and IL-1β 

To test the relevance of brain caspase-8 induced activation of IL-1β for psychotic symptoms 

in bipolar disorder, we first studied brain DLPFC CASP8 mRNA expression in a postmortem 

sample of 105 bipolar patients. This revealed that CASP8 expression was significantly 

increased in bipolar patients with psychotic features compared to bipolar patients without 
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psychotic features (fold change: 1.15, 99%CI: 1.04-1.20). Secondly, we re-analyzed a sample 

of 27 male euthymic bipolar patients and 30 male healthy controls with regard to CSF IL-1β 

data (sample III). Both patients with a history of psychosis and the non-psychotic group had 

significantly higher CSF IL-1β concentrations compared to controls (Figure 5A). However, 

the psychotic group had significantly higher CSF IL-1β concentration compared to non-

psychotic bipolar patients (p = .020). Sixteen of these patients agreed to carry out TMT. Nine 

scored ≥10, while 7 scored <10. The median CSF IL-1β concentration was significantly 

higher in patients that scored <10 compared to patients scoring ≥10 (p = .012; Figure 5B). A 

putative influx of peripheral IL-1β to the brain may influence central levels of IL-1β. To 

avoid uncontrolled confounding by peripheral inflammation we also measured serum  

high-sensitive CRP (hsCRP). Partial correlation analyses with hsCRP as covariate however 

yielded a similar result (rs = -.59, p = 0.021; Figure 5C). 

 

Figure 5. CSF concentrations of IL-1β euthymic bipolar disorder patients and healthy controls. (A) CSF IL-1β in 30 
healthy male volunteers, 16 bipolar disorder (BD) patients without a history of psychosis, and 11 BD patients with a history 
of psychosis. One-way ANOVA with Tukey post hoc tests; controls vs. non-psychotic BD, p = 5.8x10-5, controls vs. 
psychotic BD, p < 1x10-6, and non-psychotic bipolar disorder vs. psychotic BD, p = .020. (B) 16 of these BD patients carried 
out the trail making test (TMT). 9 patients scored 10 or above on the contrast score and 7 scored below 10. The median CSF 
IL-1ß concentration was higher in the group with more difficulties in set-shifting compared to the group that scored 10 or 
above (Mann-Whitney U test, p = .012). (C) A possible confounding effect of peripheral inflammation was assessed with 
correlation analyses. Increasing CSF IL-1ß concentration was associated with difficulties in set-shifting (rs =-0.53, p = .034), 
also when adjusting for hsCRP concentration (rs = -.59, p = .021). Error bars represent mean±SEM in 5A and in 5B the 
median and third quartile. Statistical significance set to p <.05. *p < .05, **p < .01, ***p < .001, ****p < .0001. 
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4.2.8 IL-1β and TDO2 induction in human cultured astrocytes 

We then investigated whether IL-1β can activate the KYN pathway by inducing IDO1 and/or 

TDO2, hereby accounting for the observed increase in CSF KYNA in bipolar disorder. Fetal 

human cortical astrocytes were cultured and stimulated with recombinant human IL-1β (10 

ng/ml). IFN-γ (200 ng/ml) was used as positive control. Stimulation with IL-1β or IFN-γ 

increased the expression of IDO1 mRNA compared to vehicle treated cells (p <.0001 and p 

<.0001, respectively). Stimulation with IL-1β, in contrast to IFN-γ increased the expression 

of TDO2 mRNA (p < .0001 and p = .40, respectively). Protein levels of IDO1 and TDO2 

were analyzed by Western Blotting at baseline and after exposure to IL-1β (10 ng/ml) or  

IFN-γ (200 ng/ml) for 48 hours (Fig. 6A, 6B). Low levels of IDO1 protein expression were 

detected in unstimulated cells, but despite the marked increase of IDO1 mRNA levels 

following IL-1β stimulation, no changes in protein levels were observed (p = .41; Figure 6A). 

Stimulation with IFN-γ (200 ng/ml) was associated with a marked increase in IDO1 protein 

levels (p = .001; Figure 6A). TDO2 protein expression was readily detectable at all  

time-points including baseline. Stimulation with IL-1β increased protein levels of TDO2 

compared to vehicle treated cells (p = .006; Figure 6B), whereas stimulation with IFN-γ (200 

ng/ml) did not affect protein levels of TDO2 (p = .21; Figure 6B).  

 

Figure 6. Protein levels of IDO1 and TDO2 in fetal human cortical astrocytes stimulated with IL-1β and IFN-γ. IDO 
and TDO immunopositive bands are normalized to β-actin. Bar graphs represent IDO1 and TDO2 protein levels expressed as 
% of vehicle treated control cultures. Data are reported as mean±SEM. Representative Western blots of IDO1 and TDO2 are 
shown below each bar graph. (A) Low levels of IDO1 protein expression were detected in unstimulated cells, but despite the 
marked increase of IDO1 mRNA levels following IL-1β stimulation, no changes in protein levels were observed after 48 h 
IL-1β exposure (p = .41). Stimulation with IFN-γ was associated with a marked increase in protein levels of IDO1 (p = .001). 
(B) Stimulation with IL-1β for 48 hours increased protein levels of TDO2 compared to vehicle treated cells (p = .006), 
whereas stimulation with IFN-γ did not affect protein levels of TDO2 (p = .21). *p <.05, **p <.01, ***p <.001. 
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KYNA was also analyzed, and at 24 hours cells stimulated with IL-1β showed 4 times higher 

KYNA concentrations (p <0.0001; Figure 7A). Cells stimulated with IFN-γ had >85 times 

higher KYNA concentrations compared to vehicle treated cells (p <0.0001; Figure 7B). 

 

Figure 7. Kynurenic acid levels in fetal human cortical astrocytes stimulated with IL-1β and IFN-γ. Fetal cultured 
human cortical astrocytes stimulated with recombinant human IL-1β (10 ng/ml) and interferon (IFN)-γ (200 ng/ml). All cells 
were analyzed at time-points 1, 3, and 24 hours. Bar graphs represent % of vehicle (t=1h) at these time points. Experiments 
were performed in triplicate and repeated twice. Data are shown as mean±SEM. (A) At 24 hours, cells stimulated with IL-1β 
showed 4 times higher KYNA concentrations (mean±SEM: 1.70±0.11 nM) than vehicle treated cells (0.42±0.10 nM, p 
<.0001). (B) At 24 hours, cells stimulated with IFN-γ had more than 85 times higher KYNA concentrations (10.8±0.34 nM) 
than vehicle treated cells (0.14±0.04 nM, p <.0001). Statistical analyses: one-way ANOVA with Bonferroni post hoc tests. 
All p-values are two sided. *p <.05, **p <.01, ***p <.001. 

 

4.3 STUDY III 

4.3.1 Impaired P2X7R internalization and hippocampal IL-1β increase in 
GRK3-/- mice   

After preparation, whole brain internal and plasma membrane fractions were separated and 

Western blot was performed to analyze P2X7R protein levels in the internal and plasma 

membrane fractions from drug-naïve GRK3-/- and WT mice. Signal intensity measurements 

showed a significant decrease of P2X7R protein level in the internal membrane from GRK3-/- 

mice compared to WT mice, and a significantly decreased internal/plasma membrane ratio in 

GRK3-/- mice (Figure 8A). We then quickly dissected out hippocampi from euthanized  

GRK3-/- and WT mice, and IL-1β, IL-6, KC/GRO (IL-8), IL-10, IL-12p70, INF-γ and TNF-α 

were detected using a multiplex sandwich enzyme-linked immunosorbent assay. GRK3-/- 

mice showed a specific increase in hippocampal IL-1β compared to age-matched WT mice 

(figure 8B), while no significant differences between GRK3-/- and WT mice were detected 

regarding concentrations of IL-6, KC/GRO (IL-8), IL-10, IL-12p70, INF-γ, or TNF-α (data 

not shown). 
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Figure 8. Impaired P2X7R internalization and increased hippocampal IL-1β in in GRK3-/- mice. (a) P2RX7 protein 
levels in internal/plasma fractions from GRK3 -/- mice and age matched wild-type controls (WT) analyzed by Western 
blot. (b) IL-1β concentrations in hippocampus from GRK3-/- and WT mice. All bars represent median ± IQR. *p < 0.05, 
**p < 0.01. 

 

4.3.2 IL-1β induces the production of kynurenic acid in vivo and GRK3-/- 
mice display increased accumulation of hippocampal kynurenic acid 

We administered IL-1β i.c.v. in C57BL/6 mice. An elevation in whole-brain KYNA levels 

was observed 6 hours after infusion of (Figure 9A). We then performed microdialysis 

experiments in awake, freely moving GRK3-/- and corresponding WT mice. To measure 

KYNA turnover we then blocked the organic acid transport by administration of probenecid 

(200 mg × kg-1, i.p.), a previously shown effective strategy for increasing brain tissue levels 

of KYNA (Erhardt et al., 2004). An increased accumulation in hippocampal KYNA was 

observed in GRK3-/- mice compared to WT mice (Figure 9B). 

 

4.3.3 GRK3-/- mice display increased dopaminergic responsiveness to 
amphetamine 

Striatal dopamine levels were measured by microdialysis in GRK3-/- and WT mice following 

an amphetamine challenge (2 mg/kg i.p.). Whereas basal striatal dopamine levels did not 

differ between the groups, a more pronounced amphetamine-induced release of dopamine 

was observed in GRK3-/- mice compared to WT mice (Figure 9C).  
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Figure 9. IL-1β induces KYNA leading to dysregulated dopaminergic transmission. (a) Brain KYNA levels in 
C57BL/6J mice 6 hours post intracerebroventricular administration of IL-1β at escalating doses or vehicle. (b) Administration 
of probenecid and accumulation of hippocampal KYNA in GRK3 -/- and WT littermate mice. (c) Administration of 
amphetamine and accumulation of striatal dopamine in GRK3 -/- mice and WT littermates measured by in vivo microdialysis. 
Each bar represents the mean ± SEM in (a) and each point represents the mean ± SEM percent of baseline in (b) and (c). 
 *p <0.05, **p <0.01, ***/+++p <0.001, ****p <0.0001. 

 

4.3.4 Immunohistochemical labeling for GFAP 

Sections spanning approximately bregma 0.98-(-2.30) were included in the analysis, thus 

including areas such as the thalamus, the hippocampus (HC), and the caudate putamen (CPu). 

Immunohistochemical labeling for GFAP in sections suggested increased immunoreactivity 

in the anterodorsal thalamic nucleus (AD), CPu and HC, at approximately bregma -1,34, in 

GRK3-KO compared to WT mice (Figure 10).  
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Figure 10. The two first panels show immunofluorescence micrographs labeled for GFAP in the GFAP in the hippocampus 
(HC) in GRK3-K0 (A) and WT (B). Scalebar = 200 µm; p = .007 The two panels in the middle show immunofluorescence 
micrographs labeled for GFAP in the caudate putamen (CPu) in GRK3-K0 (A) and WT (B). Scalebar = 200 µm; p = .001 The 
lowest panels show immunofluorescence micrographs labeled for, at approximately bregma -1.34, in the anterodorsal 
thalamic nucleus (AD) in GRK3-K0 (A) and WT (B). Scalebar = 200 µm; p = .044. The GFAP labeling was quantified using 
the Image J Software (National Institutes of Health). In brief, the area of interest was encircled on micrographs, and the sum 
of labeling, with intensity above a set threshold is calculated by the program (raw integrated density). Statistical analysis was 
performed with unpaired two-tailed T-test and statistical significance was set at p = .05. 

 

4.3.5 Disrupted pre-pulse inhibition in GRK3-/- mice 

We now administrated IL-1β i.c.v. in C57BL/6 mice and observed a significantly disrupted 

PPI. Notably, the only effective amount of IL-1β in this regard was the same as that found to 

induce KYNA (0.5 ng; se above; Figure 11A and 11B). Data from the ISI block was 

collapsed into 3-h time blocks and post-hoc tests indicated that IL-1β disrupted PPI at the 
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lowest dose (0.5 ng) tested (p < 0.05). The 0.5 ng dose, analyzed over the entire 6-h time 

period, also revealed a main effect of drug that persisted across the session. IL-1β 

administration did not affect startle magnitude. Startle response and PPI testing were then 

performed on drug-naïve GRK3-/- and WT mice. GRK3-/- mice displayed impaired PPI as 

evidenced by a significant genotype × prepulse intensity interaction (Figure 11C). The post-

hoc test revealed a significant PPI decrease in the GRK3-/- mice at the 73 dB prepulse 

intensity (Figure 11C). GRK3-/- and WT mice did not differ in startle magnitude (Figure 

11D). 

  

  
 
Figure 11. GRK3-/- mice display disrupted pre-pulse inhibition. Dose response of IL-1β (ng) administered 
intracerebroventricular on pre-pulse inhibition (PPI) during the ISI block. (a) Data represent average PPI during the ISI 
block at every hour over a 6 hour period, and (b) collapsed across hours 1-3 post-infusion. (c) PPI in GRK3-/-and  
age-matched littermate WT mice at different prepulse intensities. *Main effect of drug. (c) Startle magnitude in GRK3-/-

and WT mice. Each bar represents the mean ± SEM in and in (b) each point represents the mean ± SEM percent of 
baseline. *p <0.05. 

 

4.3.6 GRK3-/- mice display specific disruptions of contextual fear learning 

GRK3-/- and WT mice underwent the trace fear conditioning and percent freezing during each 

phase of the task was measured. No statistically significant difference in freezing time was 

observed between groups in the training stage (Fig. 12A). However, GRK3-/- mice exhibited 
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significantly reduced freezing in context compared to WT mice (Figure 12B). No difference 

in freezing times in the auditory-cued assessment was observed (Figure 12C). 

  

 
 
Figure 12. GRK3-/- mice displayed specific disruptions of contextual fear learning and memory. Trace fear-
conditioning test of GRK3-/-and WT male mice. Percent component time freezing was analyzed. (a) Training trail, (b) 
context memory, and (c) tone cued assessment. Each bar represents the mean ± SEM. *p < 0.05. 
 

4.3.7 Studies in humans 

We first searched the Psychiatric Genetics Consortium (PGC) Schizophrenia sample for 

known functional SNPs in the GRK3 promoter with putative associations to schizophrenia. 

The strongest associated SNP to the schizophrenia phenotype and located in the promoter 

was rs478655 (OR = 0.91 [MAF = 0.29], p = 4.8x10-4). The minor T allele in rs478655, 

decreasing the risk of schizophrenia, was associated with increased expression of GRK3 in 

the HapMap2 sample (additive model; β = 0.051, P = .026; Mean T/T [n = 31] = 7.712, T/C 

[n = 104] = 7.584, and C/C [n = 112] = 7.575). We then tested the effect of allele frequency 

in rs478655 on CSF KYNA levels in a previously genotyped sample of healthy individuals 

from St. Göran Bipolar Project. In line with the results in GRK3-/- mice, the minor T allele, 

associated with an increased GRK3 expression in the HapMap2 sample, was associated with 

decreased levels of CSF KYNA (β = -0.33, p = .041: Figure 13A and 13B). Thus, P2X7 

signaling, as regulated by GRK-3, appears as a physiologically relevant regulatory 

mechanism also under normal conditions and in humans. Since psychosis by definition is 

present in all schizophrenia patients, we analyzed a sample of 70 (20 males and 50 females) 

genotyped bipolar I or II patients from St. Göran Bipolar Project (29 with a history of 
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psychosis and 41 without a history of psychosis). We found that the minor T allele of 

rs478655 indeed decreased risk of psychosis (OR = 0.39, [MAF = 0.33], p = .030). 

  
 
Figure 13. GRK-3 in humans: physiology and pathology. (a) Allele frequency of rs478655 in a sample of 48 healthy 
individuals. The minor T allele, associated with an increased GRK3 expression in the HapMap2 sample (β = 0.051, p = 
0.026) and a decreased risk of schizophrenia in the PGC sample (OR = 0.91; p = 4.8x10-4), was here associated with 
decreased levels of cerebrospinal fluid concentration of KYNA; β = -0.33, p = .041. Bars represent mean. (b) Distribution 
of rs478655 alleles in 41 bipolar disorder patients without a lifetime history of psychosis and 29 bipolar disorder patients 
with a lifetime history of psychosis; pie chart represent percentages (OR = 0.39; p = .030). 
 

4.4 STUDY IV 

Among 135 patients identified as having bipolar disorder according to the NPR algorithm, 

110 were true-positive cases and assigned a lifetime DSM- IV-TR bipolar disorder diagnosis 

(including bipolar I, bipolar II, and NOS and schizoaffective disorder – bipolar type). This 

corresponded to a positive predictive value for bipolar disorder of 0.81. To improve the 

search algorithm, we scrutinized the 25 false-positive cases obtained with search algorithm. 

For 16 false positives, diagnostic codes ICD-8 296.20 (manic-depressive psychosis, 

depressed type) and ⁄ or ICD-9 296.B (unipolar affective psychosis, melancholic form) caused 

the incorrect inclusion. The exclusion of cases whose identification depended solely on these 

two diagnoses yielded a revised algorithm with a positive predictive value of 0.92. We then 

analyzed absolute and relative rates of individuals with bipolar disorder (according to the 

initial and revised algorithms) in the Prescribed Drug Register (lithium prescription), the 

BipoläR quality register, and the National Outpatient Register, respectively. Across all three 

registers, representation was markedly and statistically significantly higher using revised 

algorithm. 

 

4.5 STUDY V 

We identified 5 981 124 individuals born in Sweden and 432 559 individuals born outside 

Sweden between 1932 and 1989. In total, 31 193 unique individuals with a diagnosis of 
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schizophrenia were identified in the NPR. Through linkage with the MGR, 74 260 first-

degree relatives of schizophrenia probands were identified. A total of 10 676 individuals with 

schizoaffective disorder and 34 744 individuals with bipolar disorder were identified, 

together with 27 112 first-degree relatives of probands with schizoaffective disorder and 97 

528 first-degree relatives of probands with bipolar disorder. The median age at first entry for 

schizophrenia patients was 44 years, for schizoaffective disorder patients 41 years, and for 

bipolar disorder patients 38 years. The attained age of first-degree relatives (children, 

siblings, parents) at start/ end of follow-up was similar to the corresponding group of  

first-degree relatives of schizophrenia probands. 

 

4.5.1 Risk of RA overall and by subtype in patients with a psychotic disorder 

Schizophrenia patients had a significantly reduced risk of receiving a subsequent diagnosis of 

RA overall (hazard ratio [HR] = 0.69, 95% CI = 0.59–0.80), but also for ankylosing 

spondylitis (HR = 0.62, 95% CI = 0.45–0.86) as well as osteoarthritis (HR = 0.49, 95%  

CI = 0.45–0.52). When RA was assessed by subtype, the lowest point estimate was observed 

for seronegative RA (seropositive RA: HR = 0.68, 95% CI = 0.57–0.83 vs. seronegative  

RA: HR = 0.49, 95% CI = 0.31–0.77). Similar associations were seen in individuals with 

schizoaffective disorder, while in bipolar disorder, the risk of later RA, ankylosing 

spondylitis, or osteoarthritis was not different from that of the general population. All relative 

risks are presented in Figure 14.  

 

Fig. 14. Relative risks of developing rheumatoid arthritis (RA), overall and by subtype, for patients with schizophrenia. For 
comparison reasons, relative risks of receiving a subsequent diagnosis of ankylosing spondylitis (AS) and osteoarthritis (OA) 
are also shown. *Events among exposed/unexposed. 
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4.5.2 Risk of RA overall and by subtype in first-degree relatives 

No significantly increased or decreased risk of receiving a diagnosis of RA overall could be 

detected in children, siblings, or parents of schizophrenia probands (HR = 0.83, 95%  

CI = 0.58–1.19; HR = 1.07, 95% CI = 0.96– 1.18; and HR = 0.97, 95% CI = 0.84–1.12, 

respectively). For seropositive RA, we observed a slightly increased risk in siblings of 

schizophrenia probands (HR = 1.16, 95% CI = 1.03–1.31), while the risk in children  

(HR = 1.00, 95% CI = 0.67–1.51) and parents (HR = 0.91, 95% CI = 0.76–1.09) were 

comparable with that of the general population. For seronegative RA, we noted decreased 

risks in siblings of schizophrenia probands (HR = 0.67, 95% CI = 0.49–0.92) and in children 

(HR = 0.13, 95% CI = 0.02–0.95), while the risk in parents did not differ significantly from 

that of the general population (HR = 0.98, 95% CI = 0.70–1.38). Apart from a small yet 

statistically significant reduction in risk of osteoarthritis in siblings and parents of patients 

with schizophrenia (HR = 0.93, 95% CI = 0.89–0.98 and HR = 0.88, 95% CI = 0.83–0.93, 

respectively), no inverse associations with schizophrenia were noted for osteoarthritis or 

ankylosing spondylitis. All relative risks are presented in Figure 15. For schizoaffective 

disorder or bipolar disorder, no associations were observed with relatives’ risk of RA, neither 

for RA overall nor per RA subtypes.  

 

 

Fig. 15. Relative risks of developing rheumatoid arthritis (RA), overall and by subtype, for first-degree relatives of probands 
with schizophrenia. For comparison reasons, relative risks of receiving a subsequent diagnosis of ankylosing spondylitis (AS) 
and osteoarthritis (OA) are also shown. *Events among exposed/unexposed. 
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4.5.3 Risk of psychotic disorders in first-degree relatives 

Among first-degree relatives of RA probands, all point estimates for schizophrenia were 

below unity. The decreased risk, however, only reached statistical significance in children of 

probands with RA overall (HR = 0.80, 95% CI = 0.66–0.98). In children of probands with 

seronegative RA, the decreased risk also nearly reached significance (HR = 0.54, 95%  

CI = 0.30–1.00) (Figure 16). For schizoaffective disorder and bipolar disorder, we only 

observed a significantly increased risk of bipolar disorder in children of patients with RA 

overall (HR = 1.19, 95% CI = 1.03–1.37) and an increased risk of schizoaffective disorder in 

children of patients with seronegative RA (HR = 1.79, 95% CI = 1.04–3.09), while all other 

risks were comparable with that of the general population. 

 

Fig. 16. Relative risks of developing rheumatoid arthritis (RA), overall and by subtype, for first-degree relatives of probands 
with schizophrenia. For comparison reasons, relative risks of receiving a subsequent diagnosis of ankylosing spondylitis (AS) 
and osteoarthritis (OA) are also shown. *Events among exposed/unexposed. 
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5 GENERAL DISCUSSION 

5.1 BIOCHEMICAL CHARACTERIZATION OF PHENOTYPES    

Elevation of brain KYNA is a consistently found biochemical aberration in the two main 

psychotic disorders, schizophrenia and bipolar disorder (see introduction). Animal studies 

suggest that KYNA is of importance for cognitive symptoms such as set-shifting impairment, 

and the unique receptor profile hints a role in the pathophysiology of positive psychotic 

symptoms. The first two studies of this thesis translate these experimental findings to bipolar 

disorder patients and show associations between CSF concentration of KYNA and a history 

of psychosis, as well as set-shifting performance in the euthymic state. In line with an animal 

study reporting that inhibition of IL-1ß signaling alleviates cognitive deficits (Kitazawa et al., 

2011), we also observed an association between high CSF concentrations of IL-1ß and 

impaired executive functioning. CSF IL-1ß was also increased in bipolar patients with a 

history of psychosis, suggesting that IL-1ß driven induction of the KYN pathway is a 

pathophysiological relevant mechanism in psychotic disorders. As previously mentioned, the 

KYN pathway is initiated by the oxidative opening of the TRP insole ring, either by the 

action of IDO (microglia/astrocytes) or TDO2 (astrocytes). IDO induction by  

pro-inflammatory cytokines is a repeatedly shown mechanism connecting inflammation with 

the KYN pathway. As discussed, postmortem studies of schizophrenia patients, as well as of 

bipolar patients with a history of psychosis, have however reported IDO levels comparable 

with controls, while the number of TDO2-immunopositive astroglial cells was increased. In 

study II, we demonstrated that IL-1ß induces TDO2 in human astrocyte culture. IL-1ß also 

increased mRNA expression of IDO but protein levels remained unaltered.  

 In study II, we further observed increased levels of CSF HVA in bipolar patients with a 

history of psychosis compared with those who had not previously experienced positive 

psychotic symptoms. This finding converges with the effect of KYNA on dopaminergic 

signaling in animals, as well as with the multiple lines of evidence implicating an increased 

dopaminergic drive in mania and psychosis.  

 The cross-sectional design of these studies limits interpretation of causal relationships. 

The discovery from the GWAS, however, enabled us to perform causal inference analyses 

that strongly supported KYNA mediated dopaminergic dysregulation leading to positive 

psychotic symptoms. Isolated, this finding has to be regarded with caution. However, the 

previous experimental findings strengthen this result and increase both coherence and 

plausibility. Unfortunately, only a few (< 10) of the subjects in the sample used for these 

analyses had had IL-1ß measured. Due to the vulnerability of IL-1ß to freezing/thawing 
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(unpublished results), reanalysing this cytokine in saved CSF was not an alternative. Thus, 

IL-1ß driven induction of the KYN pathway as a relevant mechanism relies on the in vivo 

data. This is an important limitation as the glia phenotype, as discussed in the introduction, is 

heavily dependent on the in vivo context. However, in study III we were able to show this 

mechanism also in vivo.  

 For ethical reasons, pharmacological treatment was not influenced by participation in 

the St. Göran study. To control for possible bias introduced by ongoing drug treatments, we 

categorized the patients according to a dichotomous on versus off variable for the most 

commonly used drug treatments, and treated this variable as a potential confounder. None 

of the within-group findings could be explained by such confounding. A wide range of 

other potential confounders were also tested but without evidence of interference with the 

detected associations. Nonetheless, residual confounding cannot be fully disregarded. The 

analyses using a genotype as the independent variable were however less prone to such 

bias.  

 Sampling bias could on several levels interfere with the external validity of the data. 

Most importantly, participants could differ from non-participants at the outpatient unit 

where they were recruited. Due to ethical reasons, we did not have the possibility to 

perform a thorough investigation of potential differences between these groups. The St. 

Göran Project is, however, a clinical program intertwined with the regular health care 

system and patients are expected to receive the same treatment and undergo essentially the 

same investigations independent of if they participate in the study. For example, in 

comparison with studies advertising for participators, it can be assumed that the external 

validity is rather high. The results from the replication sample also support this.  

 The risk for information bias, due to measurement errors, is foremost present in regard 

to the psychosis variable. We tried to reduce this risk by using a strict definition, i.e., 

hallucinations and/or delusions under an episode of abnormal mood. The rater, in most cases 

the treating physician, also had full access to all available sources of information, including 

patient records, to reduce recall bias. Nonetheless, inter-rater reliability has not been tested 

and the nature of this variable makes it prone to information bias. However, such bias 

should be independent of the explanatory variable and thus foremost introduce differential 

bias.  
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5.2 THE GENOME-WIDE STUDY AND THE MOLECULAR MECHANISMS 

Study II contained a GWAS against CSF KYNA concentration in bipolar disorder. This study 

generated a genome-wide significant locus. Using the genetic variant implicated in the 

GWAS, we were able to disentangle detailed cellular signaling leading to vulnerability for 

positive psychotic symptoms as well as set-shifting impairment in the euthymic state of 

bipolar disorder. Importantly, this pathway rested on caspase-8 activation, previously shown 

to be crucial in microglia activation (Figure 17). 

 
Figure 17. SNX7 mediated induction of the kynurenine pathway in bipolar disorder. Down-regulation of SNX7 induces 
the degradation of the short form of c-FLIP that competitively inhibits the autocatalytic processing of pro-caspase-8 at the 
ripoptosome. This leads to increased levels of active caspase-8 resulting in the processing and secretion of IL-1β. IL-1β 
subsequently induces the rate-limiting enzyme TDO2 in the kynurenine pathway, causing an elevation in brain KYNA, 
leading to a persistent set-shifting impairment as well as to a dopaminergic dysregulation that evoke vulnerability for 
psychosis in bipolar disorder. 

 

This study, as well as recent studies in other fields with a similar design, can be regarded as 

proof-of-concept for the use of quantitative traits under a GWAS paradigm. Due to the small 

sample size, our finding relies on a large effect size. Importantly, a much larger effect size, in 

comparison to case-control studies, is expected when using a quantitative trait consisting of 

the measured concentration of a biochemical compound. Further, the association could not be 

explained by population stratification. We also found a similar association in a larger 

replication sample, using psychosis as a proxy for CSF KYNA concentration in bipolar 

disorder. Further, we could replicate the finding using CSF KYNA as outcome variable also 

in healthy controls. Notably, the effect sizes were smaller in these replication samples 

although all effect sizes had broad confidence intervals. Nonetheless, inflation of the effect 

size in the discovery sample by ‘the winner´s curse’ should be suspected.  



 

  63 

 

5.3 THE GRK3-/- MOUSE AS A GENETIC SCHIZOPHRENIA MODEL 

In the third study, we focused on GRK-3 hypofunctioning as a mechanism leading to 

increased KYNA levels and positive psychotic symptoms as well as cognitive symptoms. As 

previously described, GRK-3 is reported to facilitate internalization of P2X7R. A disrupted 

function could hence lead to increased P2X7R/caspase-1 mediated activation of IL-1ß, i.e., 

the other caspase-dependent mechanism strongly linked to microglial production of IL-1ß. 

Postmortem studies have reported decreased mRNA and protein levels of GRK-3 in 

schizophrenia as well as bipolar patients, and the region (22q12.1) harbouring the gene 

(ADRBK2) coding for GRK-3 has been implicated in molecular genetic studies of both 

disorders (Huang et al., 2010; International Schizophrenia et al., 2009; Myles-Worsley et al., 

1999; Potash et al., 2003; K. S. Wang, Liu, & Aragam, 2010). GRK3-/- mice displayed 

impaired P2X7R internalization, increased brain levels of IL-1ß, an increased accumulation 

of hippocampal KYNA, increased GFAP staining, as well as an accentuated dopaminergic 

response to amphetamine. In the well-established PPI model of schizophrenia the mice also 

displayed a disrupted PPI. Further, in a cued and contextual fear conditioning model the mice 

showed impaired contextual fear conditioning with spared cue-specific fear conditioning. 

This pattern is also previously observed in genetic animal models of schizophrenia (Kelly et 

al., 2009), and in line with the observed effects of KYNA (Chess et al., 2009), as well as with 

a caspase-1 driven increase of IL-1ß (Gemma, Fister, Hudson, & Bickford, 2005) seen under 

this paradigm. Finally, we showed that a putative functional SNP in the promoter for the 

GRK-3 gene also influenced CSF KYNA levels in humans and may possible also have an 

effect on the vulnerability for psychosis in bipolar disorder. Taken together, the GRK3-/- mice 

can be regarded as a novel genetic animal model of schizophrenia especially relevant for 

neuroinflammation and disturbances in the KYN pathway. 

 

5.4 THE ASSOCIATION WITH RHEUMATOID ARTHRITIS 

The main conclusion from study V is that that underreporting, and/or underdiagnosis, is the 

important factor for the frequently cited inverse intraindividual association of schizophrenia 

and RA. This finding emphasizes the importance of not drawing simple conclusions from 

epidemiological studies of comorbidity. It also stresses the need of optimized care-provision 

for non-psychiatric symptoms in schizophrenia patients. Intriguingly, an inverse association 
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between schizophrenia and seronegative RA due to genetic causation could not be fully 

excluded. Seronegative RA is, however, sparsely studied and less is known about the etiology 

including the link to MHC in this RA subset. 

 A limitation of this study is the use of diagnostic information that depends solely on 

data provided from national registries. Nevertheless, Swedish register discharge diagnoses of 

schizophrenia have shown a high concordance with diagnoses based on semi-structured 

interviews (Ekholm et al., 2005), and the definition of bipolar disorder relied on the search 

algorithm from study IV. Similarly, register-based RA diagnoses have a high diagnostic 

accuracy and correspond to a typical RA prevalence (Eriksson et al., 2013). Another 

drawback is the limited data regarding potential confounders. For example, smoking is more 

common in schizophrenia patients than in their first-degree relatives (D'Souza & Markou, 

2012), and the risk of developing seropositive RA is associated with a gene-environment 

interaction between smoking and the HLA-DRB1 SE alleles (Lundberg et al., 2013). Thus, it 

is possible that the estimated relative risk for seropositive RA in schizophrenia patients (but 

perhaps not in their first-degree relatives) was inflated by uncontrolled confounding from 

smoking. Of note, we also observed a significantly increased risk of seropositive RA in 

schizophrenia siblings. However, confounding by smoking could hardly explain the 

decreased risks for seronegative RA in schizophrenia patients and their first-degree relatives.  

 

5.5 FIRST HIT TIME 

The cross-sectional design of our clinical studies limits conclusions regarding the course of 

glia activation in psychotic disorders. Thus, the present studies do not reveal whether the 

actual pathological mechanisms are present already at birth or develop gradually later on in 

life. The fundamental role of glia during neurodevelopment suggests that a genetic risk-factor 

directed to glial functioning could cause severe miswiring of the brain. As noted above, 

KYNA has been shown to be decisive in this regard according to an in vitro model of 

neuronal network maturation. Due to the dual nature of glia such a pathophysiological state 

may emanate from a genetic burden alone or in synergy with external events like stress and 

infections, either during the perinatal period or in adolescence. Finally, a progressively 

developing neuroinflammatory state may influence the course of illness in adult life. This 

may be the result of a primary neuronal disturbance, i.e., neurogenic neuroinflammation, 

possibly augmented by a glial malfunctioning, or simply a maladaptive glial response to 
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‘normal’ neural activity. Taken together, longitudinal clinical and animal studies are highly 

warranted to disentangle the course of neuroinflammation in psychotic disorders. 
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