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Abstract 

The herpes simplex virus type-1 (HSV-1) is implicated in the etiology of neurological 

disorders, like schizophrenia and Alzheimer‟s disease. Studying the behavior of HSV-1 

infection of the brain and the accompanied microglia cells activation in animal models 

can be of great interest. It was therefore investigated if PET could be used to 

longitudinally study HSV-1 infection of the brain with [18F]-FHBG and the 

accompanied microglia cell activation with [11C]-(R)-PK11195, in a rat model of HSV-

1 encephalitis (HSE). 

Rats were intranasally inoculated with 1x107 PFU of HSV-1. At day 7 after inoculation 

a PET scan was made with [18F]-FHBG or [11C]-(R)-PK11195, followed by ex vivo 

biodistribution. To longitudinally study microglia cell activation, rats were intranasally 

inoculated with 1x103, 1x104 or 1x105 PFU of HSV-1. PET imaging with [11C]-(R)-

PK11195 was performed at day 7 and 14 after inoculation. 

Increased ex vivo uptake of [18F]-FHBG (53-84%) and [11C]-(R)-PK11195 (25-62%) 

was found in the bulbus olfactorius, cerebral cortex, brainstem and cerebellum of 

HSE rats, when compared to control rats. PET imaging showed similar results for  

[11C]-(R)-PK11195, but not for [18F]-FHBG. Inoculation with 1x103 PFU resulted in 

microglia cell activation that was significantly lower (18-55%) when compared to 

inoculation with 1x107 PFU. Inoculation with 1x104 and 1x105 PFU resulted in 

microglia cell activation similar to inoculation with 1x107 PFU. Not all rats inoculated 

with lower dosages survived until day 14, but for those who did survive no differences 

in brain uptake of [11C]-(R)-PK11195 were found between day 7 and 14 after 

inoculation.  

PET has proven to be a specific and sensitive tool for monitoring HSV-1 and the 

related microglia cell activation in rats with herpes simplex encephalitis. Especially 

longitudinal follow-up of the activation of microglia cells in response to HSV-1 

infection of the brain is possible using [11C]-(R)-PK11195 PET. Due to spill-over 

effects [18F]-FHBG is not suitable for PET imaging of HSE in rats. 
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Introduction 

The herpes simplex virus type-1 (HSV-1) is a neurotropic DNA virus that is present in 

a large percentage of the human population and is the most common cause of viral 

encephalitis in the Western world [1,2]. Herpes simplex encephalitis (HSE) is an acute 

infection of the brain, predominately caused by HSV-1, leading to mortality in 70% of 

the patients if not treated with anti-viral drugs [2]. The incidence of HSE is estimated 

at two to four cases per million per year [3].  

After primary infection, which is in general without clinical symptoms, HSV-1 

establishes latency in the trigeminal ganglion. Reactivation of HSV-1 from the 

trigeminal ganglion can occur spontaneously or can be caused by a variety of factors, 

including stress, UV-light, and immunosuppression. HSV-1 reactivation usually results 

in herpes labialis (cold sore) by anterograde transport [1,3,4], but reactivation of HSV-

1 can also result in retrograde transport of the virus to the brain causing HSE. This 

infection of the brain mainly involves the temporal cortex and limbic system 

structures. The clinical signs of HSE include headache, fever, changes in 

consciousness, confusion and sometimes psychosis [5-7].  

The psychosis that occurs in HSE resembles the psychosis related to psychiatric 

diseases like schizophrenia. HSV-1 and other herpes viruses, like the cytomegalovirus 

(CMV), have been associated with schizophrenia, its cognitive deficits and changes in 

brain morphology [8-11]. In addition to schizophrenia, HSV-1 is also implicated in 

Alzheimer‟s disease. HSV-1 was found to affect the same brain areas which are 

affected in Alzheimer‟s disease and the long-term effects of HSE include memory loss 

and cognitive decline, which are also characteristic of Alzheimer‟s disease [12]. It has 

been shown that HSV-1 is present in the brains of healthy subjects [13] and it has 

been proposed that reactivation of HSV-1 that is present in the brain plays a role in 

Alzheimer‟s disease and causes the psychotic episodes of schizophrenic patients. 

Because environmental or genetic factors influence the HSV-1 infection of the brain, 

different diseases can emerge from reactivation of the virus. 

One common finding in HSE, schizophrenia and Alzheimer‟s disease is the presence 

of neuroinflammation [14-18]. Neuroinflammation is characterized by the presence of 

activated microglia cells, which are the resident macrophages of the brain. In the 

healthy, brain microglia cells are resting, but in response to brain injury by for example 

HSV-1 infection the microglia cells become activated. Activated microglia cells can 

help damaged neurons to recover and remove irreversibly damaged neurons by 
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phagocytosis. It is not known when the activation of microglia cells in brain injury is 

beneficial or detrimental, but it has been proposed that it is beneficial in acute injury 

and will lead to neuronal cell death in chronic disease [19]. It has been shown with 

immunohistochemistry and brain cell isolation that HSV-1 infection of the rodent 

brain resulted in microglia cell activation [20-22]. In addition, microglia cell activation 

was found in HSE patients, even beyond the primary focal lesion, which persisted 

many months after anti-viral treatment [14]. 

With respect to the implications of HSV-1 infection of the brain, including its 

potential role in neuroinflammation in schizophrenia and Alzheimer‟s disease, it can 

be of great interest to further study the physiology of HSV-1 infection in animal 

models of these diseases. Positron emission tomography (PET), a non-invasive 

imaging technique, provides an unique tool for studying HSV-1 infection of the brain 

and the accompanied neuroinflammation in living subjects. The advantage of using 

PET over techniques such as immunohistochemistry, for which animals have to be 

sacrificed, is that the relation between HSV-1 and neuroinflammation can in principle 

be studied longitudinally in the same animal, reducing variability between individual 

animals and the total number of animals needed. 

HSV-1 infection of the brain can be imaged using the PET tracer 9-(4-[18F]-fluoro-3-

hydroxymethylbutyl)guanine ([18F]-FHBG). [18F]-FHBG is the radiolabelled form of 

the antiviral drug penciclovir, which is a prodrug that is activated by phosphorylation 

by HSV thymidine kinase (HSVtk).  HSVtk is only expressed by active, replicating 

viruses. In cells where active HSV-1 is present, [18F]-FHBG will be phosphorylated by 

HSVtk, resulting in trapping of phosphorylated [18F]-FHBG inside the cell [23]. [18F]-

FHBG is not phosphorylated by innate human or rodent thymidine kinase, thus 

increased uptake of the tracer represents the presence of active HSV-1. The 

neuroinflammation occurring in response to HSV-1 infection of the brain can be 

imaged using the PET tracer (R)-N-[11C]-methyl-N-(1-methylpropyl)-1-(2-

chlorophenyl)isoquinoline-3-carboxamide ([11C]-(R)-PK11195) [24]. [11C]-(R)-

PK11195 is a ligand of the peripheral benzodiazepine receptor (PBR), which is 

present in the outer mitochondrial membrane in microglia. Activated microglia cells 

show an increased expression of the PBR and increased binding of [11C]-(R)-PK11195 

in the brain thus represents the presence of activated microglia cells, i.e. 

neuroinflammation. 
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The aim of the present study was to determine if [18F]-FHBG and [11C]-(R)-PK11195 

PET are valid tools to longitudinally study HSV-1 infection of the brain and the 

related microglia cell activation in a rat model of HSE.  

 

Material and methods 

[18F]-FHBG synthesis 

[18F]-FHBG was prepared as described by Alauddin et al. [23] with some 

modifications. A solution of 1 mg N2-(p-anisyldiphenylmethyl)-9-[(4-tosyl)-3-p-

anisyldiphenylmethoxy-methylbutyl]guanine (ABX, Germany) in 0.5 ml of dry 

acetonitrile (Rathburn Chemicals Ltd, Walkerburn, Scotland) was added to the dry 

[18F]KF/kryptofix 2.2.2 complex (5 mg K2CO3; 15 mg kryptofix) and heated for 30 

min at 110°C. Then, 0.4 ml 1M HCl was added and the mixture was heated for 5 min 

at 90°C in an open vial to allow acetonitrile to evaporate. After cooling, the reaction 

mixture was neutralized with 1.5 ml 0.1M sodium phosphate buffer (pH 7.2). The 

reaction mixture was passed through a Waters alumina N seppak to remove unreacted 

fluoride. The product was purified by HPLC over a Hamilton PRP-1 column (250x10 

mm, 10 µm) (Alltech, Breda, The Netherlands) with 7% of ethanol in water as the 

eluent at a flow rate of 5 ml/min. The HPLC fraction with the same retention time as 

an authentic reference sample was collected and sterilized over a 0.22 µm Cathivex GS 

filter. A sample of the product was used for quality control prior to injection. The 

(radio)chemical purity and specific activity were determined by reversed phase HPLC 

(Nova-pak C18, 150x3.9 mm, 4 µm, 5% EtOH, 1 ml/min). The presence of unreacted 

[18F]fluoride was determined by TLC (silica, dichloromethane/methanol:7/3). [18F]-

FHBG was obtained in 5-10% yield (corrected for decay) with a specific activity of 22-

84 GBq/µmol. The radiochemical purity was always higher than 95%. Unknown 

impurities were <1 mg/l, kryptofix <10 mg/l and [18F]fluoride <5%. 

 

[11C]-(R)-PK11195 synthesis 

[11C]-(R)-PK11195 was labeled by trapping [11C]-methyl iodide [25] in a solution of 1 

mg (R)-N-desmethyl PK11195 and 10 mg potassium hydroxide in 300 µl 

dimethylsulfoxide. The reaction mixture was allowed to react for 1 minute at 40 C, 

neutralized with 1M HCl and passed through a 45 µm Millex HV filter. The filtrate 

was purified by HPLC using a µBondapak C18 column (7.8x300 mm) with 

acetonitrile/25 mM NaH2PO4 (pH 3.5) (55/45) as the eluent (flow 5 ml/min). To 
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remove the organic solvents from the product, the collected HPLC fraction (retention 

time 7 min) was diluted with 100 ml of water and passed through an Oasis HLB 30 

mg (1 cc) cartridge. The cartridge was washed twice with 8 ml of water and 

subsequently eluted with 0.7 ml of ethanol and 5 ml of water. The product was 

sterilized by filtration over a 0.22 µm Millex LG filter. The product was obtained in 

33±15% radiochemical yield (corrected for deacy). Quality control was performed by 

HPLC, using a Novapak C18 column (150x3.9 mm) with acetonitrile/25 mM 

NaH2PO4 (pH 3.5) (60/40) as the eluent at a flow of 1 ml/min. The radiochemical 

purity was always >95% and the specific activity was 51±18 MBq/nmol. 

 

Animals 

Male outbred Wistar-Unilever (SPF) rats (301±33) were obtained from Harlan 

(Lelystad, The Netherlands). The rats were individually housed in Macrolon cages 

(38x26x24 cm) on a layer of wood shavings in a room with constant temperature 

(21±2°C) and fixed, 12-hour light-dark regime. Food (standard laboratory chow, 

RMH-B, Hope Farms, The Netherlands) and water were available ad libitum. After 

arrival, the rats where allowed to acclimatize for at least seven days. All experiments 

were approved by the Animal Ethics Committee of the University of Groningen, The 

Netherlands. 

 

HSV-1 inoculation 

The HSV-1 strain was obtained from a clinical isolate, cultured in Vero-cells and 

assayed for plaque forming units (PFU) per millilitre. The rats were slightly 

anaesthetized with 5% isoflurane (Pharmachemie BV, The Netherlands) and 

inoculated with HSV-1 by the application of 100 μl of phosphate-buffered saline with 

1x107 PFU of virus (or less for the rats of the dose-response study) on the nostrils (50 

μl per nostril) with a micro pipette. Control rats were treated similarly by the 

application of 100 μl PBS without virus. Clinical symptoms in all rats were scored 

daily after the inoculation by the same observer. 

 

PET imaging and ex vivo biodistribution of [18F]-FHBG and [11C]-(R)-PK11195 

Active HSV-1 and the accompanied activation of microglia cells, was studied in the rat 

model of herpes encephalitis with [18F]-FHBG and [11C]-(R)-PK11195 PET, 

respectively. The rats were randomly divided into four groups: control rats (control) 
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scanned with [18F]-FHBG (n=6), rats infected with HSV-1 (HSE) scanned with [18F]-

FHBG (n=8), control rats scanned with [11C]-(R)-PK11195 (n=5) and HSE rats 

scanned with [11C]-(R)-PK11195 (n=8). The PET scan was acquired when robust 

clinical signs of infection appeared, which was either on day six or on day seven after 

the inoculation with HSV-1. The rats were anaesthetized by 5% isoflurane 

(Pharmachemie BV, The Netherlands) that was mixed with medical air at a flow of 2 

ml/min, which was maintained at 2% isoflurane during the PET scan. Following 

induction of anaesthesia, the rats were positioned in the small animal PET camera 

(Focus 220, Siemens Medical Solutions USA, Inc.) in transaxial position with their 

heads in the field of view. A transmission scan of 515 seconds with a Co-57 point 

source was obtained for the correction of attenuation by tissue. After the transmission 

scan was completed, the PET tracer [18F]-FHBG (22±9 MBq) or [11C]-(R)-PK11195 

(65±22 MBq) was injected via the penile vein. Simultaneously with the injection of the 

PET tracer a dynamic emission scan of 60 min was started. The list-mode data of the 

emission scans was separated into 4 frames of 15 minutes. Emission sinograms were 

iteratively reconstructed (OSEM2d, 4 iterations) after being normalized, corrected for 

attenuation and for decay of radioactivity.   

To perform ex vivo biodistribution following the PET scan, the rats were sacrificed by 

extirpation of the heart while under deep anaesthesia. The brain was dissected into 

several brain areas, peripheral organs were excised and blood was centrifuged to 

collect a plasma sample. The brain areas, peripheral organs and plasma were weighed 

and analyzed for the amount of radioactivity, using a gammacounter (LKB Wallac, 

Turku, Finland). Tracer uptake was expressed as the standardized uptake value (SUV), 

defined as: [tissue activity concentration(Bq/g))/(injected activity (bq)/rat body weight 

(g)]. 

 

HSV-1 dose response study with longitudinal follow-up: PET with [ 11C]-(R)-

PK11195 

Inoculation with 1x107 PFU of HSV-1 results in severely ill rats between day 7 to 9 

after inoculation. Consequently, rats had to be sacrificed to prevent unnecessary 

suffering. In order to study the microglia cell activation in response to less severe 

HSV-1 infection in a longitudinal manner, rats were infected with a lower dose of 

HSV-1. Therefore, rats were randomly divided into three groups: rats infected with 

1x103 PFU of HSV-1 (n=4), rats infected with 1x104 PFU of HSV-1 (n=7) and rats 

infected with 1x105 PFU of HSV-1 (n=4). [11C]-(R)-PK11195 small animal PET scans 
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were performed on day 7 and 14 after inoculation. The PET scans were performed as 

described above. After the PET scan on day 14 the rats were sacrificed. 

 

PET image analysis 

PET image analysis was performed using the Clinical Applications Packaging Program 

(CAPP5). Regions of interest were drawn around the bulbus olfactorius, frontal 

cortex, striatum, parietal/temporal/occipital cortex, brainstem and cerebellum in a 

template PET scan that was co-registered with the PET scan of interest by image 

fusion.  The uptake of the tracer in these regions of interest was determined in 

Bq/cm3, which was converted to SUV‟s, which was defined as: [tissue activity 

concentration (MBq/cc)]/[(injected dose (MBq)/body weight (g)]. It was assumed 

that 1 cm3 of brain tissue equals 1 gram. The SUV‟s of the time frames from 30 to 45 

minutes after tracer injection were used as a measure for tracer uptake, because from 

30 minutes after injection the time-activity curve remains stable over time. Although 

the ex vivo biodistribution was performed at 60 minutes after injection, no differences 

were found in the [11C]-(R)-PK11195 uptake, as obtained from the PET scan, between 

30 and 60 minutes after injection. 

 

Statistical analysis 

All data are expressed as mean ± standard deviation. Statistical analysis was performed 

using SPSS for Windows, version 16.0. All between group comparisons were 

performed using one-way ANOVA.  

 

Results 

Clinical symptoms 

Clinical symptoms (figure 1) were scored daily after inoculation and categorized into 

the following clinical scores: (0), no symptoms; (1), ruffled fur and irritated mouth, 

nose and eyes; (2), behavioral signs, like stress and lethargy, and hunched posture; (3), 

posterior paralysis and impairment of motor function and (4), severe paralysis, labored 

breathing or death.  

After inoculation with the highest dose, 1x107 PFU of HSV-1, the first clinical 

symptoms in the HSE rats were seen on day four or five after inoculation, followed by 
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a gradual increase in the severity of the symptoms over time. At day 7 after 

inoculation an average clinical score of 2.5±0.5 was found.  

 

Figure 1 Clinical scores after 

intranasal inoculation with 1x103, 

1x104, 1x105 and 1x107 PFU of 

HSV-1, on day 7 and 14 after 

inoculation. The clinical scores 

represent the following clinical 

symptoms: (0), no symptoms; (1), 

ruffled fur and irritated mouth, 

nose and eyes; (2), behavioral 

signs, like stress and lethargy, and 

hunched posture; (3), posterior 

paralysis and impairment of motor 

function and (4), severe paralysis, 

labored breathing or death. 

*p<0.01 for day 14 when 

compared to day 7 and #p<0.05 

for 1x107 PFU when compared to 

1x104 and 1x105 PFU of HSV-1. 

 

For the HSV-1 dose response study and longitudinal follow up with [11C]-(R)-

PK11195, rats were inoculated with lower dosages of HSV-1. Rats that were 

inoculated with 1x103 PFU of HSV-1 did not show any clinical symptoms at both day 

7 and 14 after inoculation. 

Inoculation with 1x104 PFU of HSV-1 resulted in a clinical score of 1.3±1.5 on day 7 

after inoculation, which was significantly lower than the score of the rats inoculated 

with 1x107 PFU (p=0.031). At day 14 after inoculation, five out of the seven rats had 

to be prematurely sacrificed (meaning a clinical score of 4). The two rats that survived 

until day 14 did not show any clinical symptoms. No statistically significant difference 

was found between the clinical score on day 7 (1.3±1.5) and day 14 (2.9±2.0) 

(p=0.117). The clinical score on day 14 was significantly lower when compared to the 

clinical score of the rats inoculated with 1x107 PFU (p=0.021). 

Rats inoculated with 1x105 PFU of HSV-1 showed a clinical score of 1.3±1.0 at day 7 

after inoculation, which was significantly lower when compared to the score after 

inoculation with 1x107 PFU of HSV-1 (p=0.016). Of the four rats inoculated with 

1x105 PFU of HSV-1, one rat survived until day 14 after inoculation. The other three 
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rats had to be prematurely sacrificed (meaning a clinical score of 4). A statistically 

significant higher clinical score was found on day 14 (3.5±1.0), when compared to the 

score on day 7 (p=0.007). The clinical score on day 14 after inoculation was 

significantly lower than the score of the rats infected with 1x107 PFU of HSV-1 

(p=0.035). 

Overall, inoculation with the  dosages of 1x104 and 1x105 PFU of HSV-1 resulted in 

statistically significant lower clinical scores on day 7 and 14 after inoculation when 

compared to 1x107 PFU of HSV-1. Rats inoculated with 1x103 PFU of HSV-1 did not 

show any clinical symptoms. In addition, none of the control rats showed any clinical 

symptoms. 

 

Figure 2 Full-color in 

appendix. [18F]-FHBG (A) 

and [11C]-(R)-PK11195 (B) 

PET images of a control rat 

(control) and a rat 

inoculated with 1x107 PFU 

of HSV-1 (HSE), on 7 after 

inoculation. The PET 

images represent tracer 

uptake between 30 and 45 

minutes after injection 
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Table 1 Quantitative analysis of [18F]-FHBG PET images at day 6 to 7 after inoculation. Data are 

expressed as standardized uptake values (SUV; mean ± standard deviation) and represent the [18F]-FHBG  

uptake 30 to 45 minute after tracer injection in control rats (control) and rats infected with 1x107 PFU of 

HSV-1 (HSE).  

 Control (n=6) HSE (n=8) p-value 

Bulbus olfactorius 0.096 ± 0.083 0.074 ± 0.205 0.575 

Frontal cortex 0.057 ± 0.060 0.042 ± 0.171 0.625 

Striatum 0.037 ± 0.031 0.029 ± 0.141 0.616 

P/T/O cortex 0.048 ± 0.030 0.038 ± 0.132 0.505 

Brainstem 0.056 ± 0.038 0.048 ± 0.434 0.700 

Cerebellum 0.051 ± 0.026 0.047 ± 0.202 0.774 

P/T/O, Parietal/Temporal/Occipital 

 

Table 2 Ex vivo biodistribution of [18F]-FHBG at day 6 to 7 after inoculation, expressed as standardized 

uptake values (SUV; mean ± standard deviation), 60 minutes after tracer injection in control rats (control) 

and rats infected with HSV-1 (HSE). 

 Control (n=6) HSE (n=8) p-value 

Amygdala/Piriform cortex 0.006 ± 0.002 0.025 ± 0.032 0.165 

Bulbus olfactorius 0.011 ± 0.002 0.053 ± 0.030 0.004 

Cerebellum 0.008 ± 0.001 0.018 ± 0.005 0.001 

Cingulate/Frontopolar cortex 0.007 ± 0.002 0.041 ± 0.037 0.047 

Entorhinal cortex 0.006 ± 0.002 0.026 ± 0.029 0.138 

Frontal cortex 0.005 ± 0.001 0.027 ± 0.021 0.028 

Hippocampus 0.006 ± 0.002 0.019 ± 0.015 0.052 

Medulla 0.011 ± 0.007 0.024 ± 0.009 0.013 

P/T/O cortex 0.006 ± 0.001 0.022 ± 0.014 0.018 

Pons 0.009 ± 0.004 0.022 ± 0.011 0.015 

Striatum 0.008 ± 0.004 0.030 ± 0.032 0.141 

Total Brain 0.008 ± 0.001 0.034 ± 0.029 0.051 

P/T/O, Parietal/Temporal/Occipital 

 

 

[18F]-FHBG PET imaging and ex vivo biodistribution 

The [18F]-FHBG PET images (figure 2A) showed a low brain uptake, with no visual 

differences between control rats and rats infected with 1x107 PFU of HSV-1. In 

addition, quantitative analysis of the PET data did not reveal any differences in [18F]-

FHBG uptake between control and HSV-1 infected rats (table 1). In contrast, the ex 

vivo biodistribution study showed a statistically significant increased uptake (SUV) of 

[18F]-FHBG in the bulbus olfactorius (80%; p=0.004), anterior cingulated/frontopolar 
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cortex (84%; p=0.047), frontal cortex (81%; p=0.028), parietal/temporal/occipital 

cortex (75%; p=0.0018), pons (60%; p=0.015), medulla (54%; p=0.013) and 

cerebellum (53%; p=0.001) of rats infected with HSV-1 as compared to control rats 

(table 2). [18F]-FHBG uptake as determined by ex vivo biodistribution was lower in all 

brain regions of both control rats and rats infected with HSV-1, when compared to 

the [18F]-FHBG uptake that was measured by PET imaging. 

 

Table 3 Quantitative analysis [11C]-(R)-PK11195 PET images at day 7 and 14 after inoculation. Data are 

expressed as standardized uptake values (SUV; mean ± standard deviation) and represent the [11C]-(R)-

PK11195 uptake 30 to 45 minute after tracer injection in control rats and rats infected with 1x103, 1x104, 

1x105 or 1x107 PFU of HSV-1. 

 Control 1x103 PFU 1x104 PFU 1x105 PFU 1x107 PFU 

 (n=5) (n=4/n=4) (n=7/n=2) (n=4/n=1) (n=4/n=1) 

Day 7 after inoculation:                

Bulbus olfactorius 0.83 ± 0.13 1.18 ± 0.13**, # 1.38 ± 0.28** 1.16 ± 0.26* 1.44 ± 0.21** 

Frontal cortex 0.44 ± 0.05 0.70 ± 0.02** 0.85 ± 0.19** 0.66 ± 0.03** 0.78 ± 0.17** 

Striatum 0.38 ± 0.06 0.49 ± 0.07* 0.54 ± 0.10* 0.51 ± 0.09* 0.59 ± 0.14* 

P/T/O cortex 0.40 ± 0.07 0.47 ± 0.07# 0.58 ± 0.17 0.54 ± 0.10 0.67 ± 0.13** 

Brainstem 0.56 ± 0.13 0.69 ± 0.08## 1.23 ± 0.76 1.04 ± 0.55 1.55 ± 0.43** 

Cerebellum 0.49 ± 0.09 0.61 ± 0.09## 0.88 ± 0.43 0.82 ± 0.33 1.03 ± 0.20** 

                
Day 14 after inoculation:                

Bulbus olfactorius    1.08 ± 0.12 1.50 ± 0.44 0.84      

Frontal cortex    0.70 ± 0.08 1.31 ± 0.63 0.50      

Striatum    0.47 ± 0.04 0.99 ± 0.67 0.48      

P/T/O cortex    0.40 ± 0.03 0.79 ± 0.39 0.53      

Brainstem    0.60 ± 0.02 1.02 ± 0.38 0.67      

Cerebellum    0.51 ± 0.02 0.82 ± 0.20 0.67      

P/T/O, Parietal/Temporal/Occipital; *p<0.05 and **p<0.005 when compared to control rats, #p<0.05 
and ##p<0.004 when compared to rats infected with 1x107 

 

 

[11C]-(R)-PK11195 PET imaging and ex vivo biodistribution 

Visual examination of the [11C]-(R)-PK11195 PET images (figure 2B) showed an 

increase in [11C]-(R)-PK11195 uptake in the caudal brain areas of HSV-1 infected rats 

at day 7, when compared to control rats. Quantitative PET data analysis showed a 

significantly higher uptake of [11C]-(R)-PK11195 in the bulbus olfactorius (43%; 
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p<0.001), frontal cortex (44%; p=0.001), striatum (37%; p=0.008), 

parietal/temporal/occipital cortex (40%; p=0.002), brainstem (64%; p<0.001) and 

cerebellum (52%; p<0.001) of rats infected with HSV-1, when compared to control 

rats (table 3).  

The ex vivo biodistribution (table 4) showed a significantly higher uptake of [11C]-(R)-

PK11195 in the medulla (53%; p=0.004), pons (62%; p<0.001) and cerebellum (42%; 

p=0.002) of rats infected with HSV-1, when compared to control rats. 

 

HSV-1 dose response study and longitudinal follow-up: PET with [ 11C]-(R)-

PK11195 

The activation of microglia cell was determined with [11C]-(R)-PK11195 in the dose 

response study and longitudinal follow-up of HSV-1 infection of the brain (table 3). 

Because PET imaging with [18F]-FHBG did not show differences between control and 

HSV-1 infected rats (in contrast to the ex vivo biodistribution) active HSV-1 in the 

brain could not be studied longitudinally with PET. 

Although no clinical symptoms were seen after inoculation with 1x103 PFU of HSV-1, 

a significantly higher uptake of [11C]-(R)-PK11195 was found in the bulbus olfactorius 

(30%; p=0.005), frontal cortex (38%; p<0.001) and striatum (23%; p=0.026) at day 7 

after inoculation, when compared to control rats. The increased [11C]-(R)-PK11195 

uptake that was found at day 7 when compared to control rats, was significantly lower 

in the bulbus olfactorius (18%; p=0.045), parietal/temporal/occipital cortex (30%; 

p=0.019), brainstem (55%; p=0.003) and cerebellum (40%; p=0.003), when compared 

to the [11C]-(R)-PK11195 uptake in rats infected with 1x107 PFU of HSV-1 at day 7 

after inoculation. No differences in [11C]-(R)-PK11195 uptake were found between 

day 7 and 14 in rats inoculated with 1x103 PFU of HSV-1.  

Inoculation with 1x104 PFU of HSV-1, resulted in a significantly higher [11C]-(R)-

PK11195 uptake in the bulbus olfactorius (40%; p=0.002), frontal cortex (48%; 

p=0.001) and striatum (31%; p=0.007) at day 7 after inoculation, when compared to 

control rats. No statistically significant differences were found in [11C]-(R)-PK11195 

between rats inoculated with 1x104 and 1x107 PFU of HSV-1 at day 7 after 

inoculation. For the two rats that survived until day 14 after inoculation, no 

statistically significant differences were found between day 7 and 14 after inoculation 

with 1x104 PFU of HSV-1. However, one of those two rats showed a 24-63% increase 

in [11C]-(R)-PK11195 uptake, which was clearly visualized with PET (figure 3). 



Chapter 3 

82 
 

Table 4 Ex vivo biodistribution of [11C]-(R)-PK11195 at day 6 to 7 after inoculation, expressed as 

standardized uptake values (SUV; mean ± standard deviation), 60 minutes after tracer injection in control 

rats (control) and rats infected with HSV-1 (HSE). 

 Control (n=5) HSE (n=8) p-value 

Amygdala/Piriform cortex 0.37 ± 0.11 0.40 ± 0.11 0.590 

Bulbus olfactorius 1.20 ± 0.37 1.59 ± 0.51 0.160 

Cerebellum 0.51 ± 0.08 0.88 ± 0.19 0.002 

Cingulate/Frontopolar cortex 0.31 ± 0.05 0.48 ± 0.20 0.101 

Entorhinal cortex 0.33 ± 0.07 0.41 ± 0.12 0.194 

Frontal cortex 0.33 ± 0.08 0.40 ± 0.13 0.281 

Hippocampus 0.54 ± 0.32 0.41 ± 0.11 0.253 

Medulla 0.61 ± 0.12 1.29 ± 0.42 0.004 

P/T/O cortex 0.33 ± 0.08 0.40 ± 0.10 0.193 

Pons 0.59 ± 0.09 1.54 ± 0.45 0.001 

Striatum 0.31 ± 0.06 0.40 ± 0.13 0.222 

P/T/O, Parietal/Temporal/Occipital 

 

Figure 3 Full-color in appendix. 

[11C]-(R)-PK11195 PET images of 

one rat that was inoculated with 

1x104 PFU of HSV-1 that showed 

the development of severe 

neuroinflammation in frontal brain 

areas from day 7 to day 14 after 

inoculation. The PET images 

represent tracer uptake between 30 

and 45 minutes after injection. 

 

 

 

In rats that were inoculated with 1x105 PFU, a significantly higher uptake of [11C]-(R)-

PK11195 was found in the bulbus olfactorius (29%; p=0.048), frontal cortex (33%; 

p<0.001) and striatum (26%; p=0.044) at day 7 after inoculation, when compared to 

control rats. One rat survived until day 14 after inoculation and showed a 15-23% 

increase in [11C]-(R)-PK11195 uptake when compared to day 7 after inoculation, with 

the exception of the bulbus olfactorius and frontal cortex where, respectively, a 41% 

and 34% decrease was found. 
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Figure 4 Correlation between the 

dosages of HSV-1 used for 

inoculation of the rats and [11C]-

(R)-PK11195 uptake (SUV) on day 

7 after inoculation. The r2 was 0.77 

for the bulbus olfactorius (p=0.051, 

y=0.89+0.08x), 0.90 for the 

striatum (p=0.015, y=0.39+0.03x), 

0.82 for the brainstem (p=0.034, 

y=0.48+0.14x) and 0.89 for the 

cerebellum (p=0.015, 

y=0.47+0.08x). 

 

 

No statistically significant differences in [11C]-(R)-PK11195 uptake were found 

between rats inoculated with 1x103, 1x104 or 1x105 PFU of HSV-1. A positive linear 

correlation was found between the HSV-1 dosage and the [11C]-(R)-PK11195 uptake 

at day 7 after inoculation. A correlation with an r2 higher than 0.8 (p<0.05) was found 

for almost all examined brain areas, except for the bulbus olfactorius (r2=0.77, 

p=0.051) and the frontal cortex (r2=0.58, p=0.137). The correlations for the bulbus 

olfactorius, striatum, brainstem and cerebellum are displayed in figure 4. The slope of 

the linear correlation was the highest for the brainstem (0.14), suggesting that this area 

is most sensitive for increment of HSV-1 infection.  

Taken together, all dosages of HSV-1 induced activation of microglia cells, with the 

higher dosages (1x104-1x107 PFU of HSV-1) resulting in death of 29 to 100% of the 

rats between day 7 and 14 after inoculation. In the rats that did survive no statistically 

significant differences in [11C]-(R)-PK11195 uptake were found between day 7 and 14 

after inoculation. 

 

Discussion 

In the present study, we demonstrated that the behavior of HSV-1 in the brain after 

intranasal inoculation and the activation response of microglia cells could be studied 

with [18F]-FHBG and [11C]-(R)-PK11195, respectively.  

Increased uptake of [18F]-FHBG, showing the presence of active HSV-1, was found in 

the bulbus olfactorius, cerebral cortex, brainstem and cerebellum on day 7 after 
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inoculation. The presence of HSV-1 in the brain, as shown with [18F]-FHBG, is 

consistent with previously reported findings [26,27]. Intranasal inoculation of both 

mice and rats with HSV-1 resulted in the presence of HSV-1 in brain areas along the 

vomeronasal pathway, including the piriform cortex, entorhinal cortex and the 

amygdala. In addition, HSV-1 was also found to be present in the principle sensory 

trigeminal nucleus which is located in the brainstem.  

The ability of [18F]-FHBG to detect active HSV-1 in the brain is based on the 

expression of HSV thymidine kinase by active, replicating HSV-1. HSV thymidine 

kinase phosphorylates [18F]-FHBG, resulting in trapping of the tracer in brain tissue. 

Thus increased uptake of [18F]-FHBG indicates the presence of active HSV-1. 

Theoretically this increase could also be caused by an increased permeability of the 

blood-brain barrier resulting in an increased tracer influx. However, we have shown 

with PET that there is no increased influx of PET tracers in the brain of HSE rats, 

suggesting an intact blood-brain barrier (data will be published elsewhere). In addition, 

it was shown that the uptake of the less sensitive tracer for viral thymidine kinase, 

[18F]-FHPG, in the encephalitic brain one hour after tracer injection is due to 

increased phosphorylation of the tracer and not due to an increase in the permeability 

of the blood-brain barrier [28]. Thus, increased [18F]-FHBG uptake is probably due to 

the presence of replicating HSV-1.  

Despite the ability of [18F]-FHBG to detect active herpes virus in the brain of rats 

inoculated with HSV-1 with ex vivo biodistribution, the PET images did not reveal an 

increased [18F]-FHBG uptake. This is probably due to the low brain uptake of [18F]-

FHBG and the limited spatial resolution (i.e. 1.35 mm in the center field of view) of 

the small animal PET camera. Since [18F]-FHBG accumulation in tissues that 

surrounds the brain and in the ventricular system is much higher than in brain tissue, 

spill-over effects are likely to occur. In fact, we found that ex vivo biodistribution 

showed lower tracer uptake in brain tissue than PET. Therefore, spill-over likely 

obscured the differences in brain uptake between control rats and rats infected with 

HSV-1. However, this does not rule out the use of [18F]-FHBG for imaging active 

herpes viruses in larger animals or humans as spill-over is less likely to occur. 

Microglia cell activation in response to HSV-1 infection of the brain (1x107 PFU) was 

found in frontal brain areas, the brainstem and cerebellum, areas where [18F]-FHBG 

also showed the presence of active HSV-1. Consistent with this finding, it has 

previously been shown that microglia cell activation followed the expression of HSV-1 
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antigens in the bulbus olfactorius, brainstem and cerebellum, with approximately one 

day delay [21].  

The peak of the amount of active HSV-1 is present in the brain on day 7 to 9 after 

intranasal inoculation and is followed by a decrease of active HSV-1 and the supposed 

establishment of latency at day 14-16 after inoculation [4,22,29]. To prevent death by 

primary infection with 1x107 PFU of HSV-1, which occurs mostly on day 7 to 9 after 

inoculation, rats were inoculated with 1x103 to 1x105 PFU of HSV-1. Inoculation with 

these lower dosages did result in less severe microglia cell activation in the bulbus 

olfactorius, frontal cortex and striatum on day 7 after inoculation. However, still most 

rats did not survive until day 14 after inoculation. All rats that were inoculated with 

1x103 PFU of HSV-1 survived and did not show changes in activated microglia cells 

between day 7 and 14 after inoculation, suggesting that there is only mild replication 

of HSV-1 in the brain in these rats that does not lead to the appearance of severe 

clinical symptoms or death. The present study showed that [11C]-(R)-PK11195 can 

image microglia cell responses to HSV-1 infection of the brain with a low dosage and 

can therefore be used to study microglia cell activation longitudinally in animal models 

for human disease with potential viral involvement. The positive correlation between 

the HSV-1 dosage used for inoculation and the [11C]-(R)-PK11195 uptake in all brain 

regions showed that [11C]-(R)-PK11195 PET is a sensitive tool for imaging of small 

changes in microglia cell activation in response to different dosages of HSV-1. 

 

Conclusion 

Due to spill-over effects [18F]-FHBG is not suitable for PET imaging of HSE in rats. 

In contrast, PET has proven to be a specific and sensitive tool for monitoring HSV-1 

induced activation of microglia cells in rats with herpes simplex encephalitis. 

Longitudinal follow-up of the activation of microglia cells in response to HSV-1 

infection of the brain could be studied using [11C]-(R)-PK11195 PET. PET imaging 

can therefore play an important role in further elucidating the role of herpes viruses 

and neuroinflammation in neurological diseases, such as herpes simplex encephalitis, 

schizophrenia and Alzheimer‟s disease.  
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