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Introduction 

Schizophrenia is a chronic and disabling brain disease that affects approximately 1% 

of the human population world-wide. Usually, the onset of the disease is between 16 

and 25 years of age. The symptoms of schizophrenia can be classified into positive 

symptoms (i.e. the presence of abnormal behavior), such as hallucinations and 

delusions, and negative symptoms (i.e. the absence of normal behavior), such as social 

withdrawal and flattened emotion. Many structural and functional abnormalities have 

been reported in schizophrenic patients, including reduced brain volume and 

disturbed dopaminergic and glutamatergic neurotransmission. Although the exact 

etiology of the disease is unknown, it is thought that environmental factors are 

responsible for the development of schizophrenia especially in individuals with a 

genetic predisposition. It is hypothesized that viruses play a role in the etiology of 

schizophrenia, in particular the family of herpes viruses. Evidence that supports the 

role of herpes viruses in schizophrenia has been found, but this is still inconclusive. 

Besides herpes viruses, it has been proposed that immune mechanisms are involved in 

schizophrenia. Activation of microglia cells, indicative of neuroinflammation, has been 

found in the schizophrenic brain, which could have been caused by virus infection. 

Driven by the viral hypothesis of schizophrenia, it was aimed to further study the role 

of herpes viruses in schizophrenia, using the non-invasive imaging technique positron 

emission tomography (PET). The behavioral and functional consequences of herpes 

virus infection in rats were studied, and it was determined if neuroinflammation and 

active herpes viruses could be detected in the brain of schizophrenic patients.  

 

PET for imaging of neuroinflammation and active herpes viruses  

The application of PET for imaging of neuroinflammation and herpes viruses was 

studied in rats first. The first PET tracer used for imaging of neuroinflammation is 

[11C]-PK11195. It has long been the only PET tracers used for human application. 

Imaging of neuroinflammation is based on the activation of microglia cells, 

characteristic of neuroinflammation, and the accompanied increase in expression of 

the peripheral benzodiazepine receptor (PBR). [11C]-PK11195 is a ligand of the PBR 

and can therefore be used for imaging of neuroinflammation. Review of the literature 

regarding the imaging of the PBR with PET revealed several promising new PET 

tracers for this purpose, including [11C]-DAA1106, [11C]-PBR28 and [11C]-DPA713. 
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Although these new PET tracers are potentially more sensitive for PBR imaging, [11C]-

PK11195 is still predominately used in human studies. With [11C]-PK11195 it has been 

shown that many neurological disorders, such as dementia, Parkinson syndromes, 

multiple sclerosis and encephalitis, are associated with an increased expression of the 

PBR and thus neuroinflammation. In addition, it has been shown that anti-

inflammatory drugs reduce the activation of microglia cells. The PBR can therefore be 

an important target for monitoring of disease progress and therapy response. 

Intranasal inoculation of rats with the herpes simplex virus type-1, which is one of the 

herpes viruses most likely involved in schizophrenia, results in severe herpes 

encephalitis (i.e. infection of the brain). This rat model of herpes encephalitis can be 

used to study the behavioral and functional consequences of herpes virus infection, 

but was first used to evaluate if active herpes viruses and neuroinflammation could be 

imaged with [11C]-PK11195 and [18F]-FHBG, respectively. Imaging of herpes viruses 

in the brain is based on the expression of viral thymidine kinase, only expressed in 

active herpes viruses, which phosphorylates [18F]-FHBG, resulting in trapping of [18F]-

FHBG in the infected cell. Increased ex vivo uptake of [18F]-FHBG was found in brain 

areas know in literature to be infected by HSV-1, showing that the presence of herpes 

viruses in these areas can in principle be detected with this tracer. Due to limited 

spatial resolution of the small animal PET camera used, [18F]-FHBG could not be 

used for imaging of herpes virus infection in rats, but this does not rule out its use in 

human studies. [11C]-PK11195 PET showed the presence of neuroinflammation in the 

HSV-1 infected brain areas, also when rats were infected with lower dosages to reduce 

the severity of symptoms due to HSV-1 infection. [11C]-PK11195 was thus shown to 

be suitable for imaging of neuroinflammation in HSV-1 infected rats. 

Because [11C]-PK11195 exhibits some unfavorable properties for PET imaging, 

resulting in a poor signal of noise ratio, improved PET tracers are needed to image 

mild neuroinflammation. The new PET tracers [11C]-DPA713, [18F]-DPA714 and 

[11C]-DAA1106 were therefore evaluated for imaging of neuroinflammation in the rat 

model of herpes encephalitis and compared to [11C]-PK11195. All PET tracers were 

able to detect the presence of neuroinflammation in the encephalitic brain. [18F]-

DPA714 was not found to be superior to [11C]-PK11195. Since this PET tracer is the 

only agonist known to be developed for imaging of the PBR and was shown to be 

superior to [11C]-PK11195 in another animal model, application of [18F]-DPA714 may 

lead to new possibilities for imaging of neuroinflammation. While [11C]-DAA1106 

showed higher uptake in comparison to [11C]-PK11195, which was highly specific, 
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neuroinflammation could only be revealed ex vivo and not by PET imaging, which 

could again be related to limited spatial resolution of the small animal PET camera. In 

addition, quantification of [11C]-DAA1106 uptake using plasma sampling and 

pharmacokinetic modeling was complicated by the fast plasma clearance. [11C]-

DAA1106 is therefore not ideal for imaging of neuroinflammation in rats. In contrast 

to [18F]-DPA714 and [11C]-DAA1106, [11C]-DPA713 showed better properties for 

imaging then [11C]-PK11195. While the uptake in the healthy brain was lower, the 

uptake in the infected brain was higher than [11C]-PK11195 uptake. [11C]-DPA713 is 

therefore a promising new PET tracer for imaging of (mild) neuroinflammation, 

although human studies are needed to validate its superiority over [11C]-PK11195. 

 

Behavioral and functional consequences of HSV-1 infection  

The effect of HSV-1 infection of the brain on behavior and brain function was 

studied in relation to ketamine, antipsychotic treatment and therapy resistance. 

Dopaminergic and glutamatergic neurotransmission are disturbed in schizophrenic 

patients. It was therefore hypothesized that viral infection of the brain, and the 

corresponding neuroinflammation, could cause these disturbances in 

neurotransmission. The effect of ketamine, an antagonist of the glutamatergic 

NMDA-receptor, on behavior and dopaminergic neurotransmission in HSV-1 

infected rats was studied. In addition, it was studied if ketamine affected 

neuroinflammation. Open field and prepulse inhibition were used for behavioral 

assessment and [11C]-raclopride PET was used to study dopaminergic 

neurotransmission. HSV-1 infection was found to increase exploratory behavior in the 

open field, but did not affect prepulse inhibition and dopaminergic neurotransmission. 

Interestingly, it was found that ketamine only significantly affected behavior and 

dopaminergic neurotransmission in HSV1-1 infected rats, but not in control rats. 

Ketamine did not cause or affect neuroinflammation. The exact mechanism behind 

the relation between HSV-1 induced neuroinflammation, glutamatergic 

neurotransmission and dopaminergic neurotransmission remains to be elucidated. 

The majority of the schizophrenic patients are treated with antipsychotics. If the viral 

hypothesis is valid, antipsychotics would be able to reduce the effects of herpes 

infection. The effect of the commonly used and effective atypical antipsychotics 

clozapine and risperidone on behavior, HSV-1 induced neuroinflammation and 

dopaminergic neurotransmission was therefore investigated. Behavior was studied in 
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the open field, while [11C]-PK11195 and [11C]-raclopride PET were used to study 

neuroinflammation and dopaminergic neurotransmission, respectively. HSV-1 was 

found to increase exploratory behavior in the open field, which was inhibited by 

treatment with both clozapine and risperidone. In addition, clozapine and risperidone 

treatment inhibited HSV-1 induced neuroinflammation. Dopaminergic 

neurotransmission was not affected by either HSV-1 infection or treatment with 

clozapine or risperidone. The results imply that clozapine and risperidone could 

reduce the symptoms in schizophrenic patients by reducing activation of microglia 

cells. Additional research is, however, necessary to determine the role of HSV-1 and 

neuroinflammation in schizophrenia and its treatment strategies. 

Although antipsychotics are used to treat the majority of the schizophrenic patients, 

20 to 40% of the patients are resistant to antipsychotic treatment. P-glycoprotein (P-

gp) is a drug efflux pump that is, amongst others, located in the blood-brain barrier to 

protect the brain from harmful substances. As a consequence, drugs for treatment of 

neurological disorders are also removed from the brain by P-gp, including 

antipsychotics. P-gp might thus play an important role in treatment resistance in 

schizophrenia. Neuroinflammation is thought to affect P-gp activity and it was 

therefore determined if HSV-1 induced neuroinflammation affected P-gp activity. In 

addition, the effect of clozapine and risperidone treatment on P-gp activity was 

determined. The PET tracer [11C]-verapamil, a substrate of P-gp, was used to 

determine P-gp activity. HSV-1 infection caused an increase in P-gp activity in the 

blood-brain barrier, which was thought to be related to the presence of 

neuroinflammation. In addition, clozapine increased P-gp activity, whereas risperidone 

decreased P-gp activity in healthy rats. In HSV-1 infected rats, clozapine further 

increased the neuroinflammation induced increase in P-gp activity. Risperidone 

inhibited the increase in P-gp activity caused by neuroinflammation. Since HSV-1 

infection and the corresponding neuroinflammation are suggested to play a role in 

schizophrenia, they may explain treatment resistance. In addition, clozapine and 

risperidone may influence treatment efficacy. In order to improve treatment strategies 

in schizophrenia, these findings need to be further explored. 

 

Human PET studies on neuroinflammation and herpes viruses 

While the studies in the rat model of herpes encephalitis show that herpes viruses and 

the corresponding neuroinflammation might be associated with different aspects of 
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schizophrenia, the ultimate goal is to provide direct evidence for the involvement in 

schizophrenic patients. First, it was studied if neuroinflammation could be detected in 

schizophrenic patients, with [11C]-PK11195 PET. It was hypothesized that 

neuroinflammation would be more profound in schizophrenic patients during 

psychosis. We have found a significantly increased binding of [11C]-PK11195 in the 

hippocampus of schizophrenic patients when compared to healthy volunteers, which 

was accompanied by a non-significant increase in whole brain grey matter binding. 

This showed, for the first time, the presence of focal neuroinflammation in 

schizophrenic patients during psychosis. The results warranted further research to 

reveal the cause of the focal neuroinflammation and on the feasibility of treatment 

with anti-inflammatory drugs.  

The results of the finding of focal neuroinflammation in the hippocampus of 

schizophrenic patients, encouraged us to determine if the presence of active herpes 

viruses could be responsible for the neuroinflammation. To this purpose, a [18F]-

FHBG study was performed in schizophrenic patients, which were scanned during 

psychosis. Patients were a-priori divided into mildly- and severely affected groups, 

based on psychosis and memory. A significantly higher metabolic rate of [18F]-FHBG 

was found in the temporal lobe of severely affected schizophrenic patients, when 

compared to mildly affected patients. This increased metabolic rate was due to the 

presence of active herpes viruses, although it could not be determined which type of 

herpes virus was responsible for the increased metabolic rate. The finding of herpes 

viruses in the temporal lobe is consistent with the finding of neuroinflammation in the 

hippocampus, because the hippocampus is part of the temporal lobe. Herpes viruses 

in the temporal lobe may this be responsible for psychosis and memory disturbances 

in schizophrenic patients.  

Although we have found evidence for the role of viruses in schizophrenia using PET, 

further research is necessary to elucidate the exact role of herpes viruses in 

schizophrenia. PET can play an important role in this, because it allows for non-

invasive imaging and thus longitudinal follow-up and evaluation of treatment 

response. However, this requires development of new PET tracers for imaging of 

neuroinflammation, also for other targets than the PBR, and for imaging of active 

herpes viruses.  




