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Abstract 

Many neurological and psychiatric disorders are associated with neuroinflammation. 

Positron emission tomography (PET) with [11C]-PK11195 can be used to study 

neuroinflammation in these disorders. However, [11C]-PK11195 may not be sensitive 

enough to visualize mild neuroinflammation. As a potentially more sensitive PET 

tracer for neuroinflammation, [11C]-DAA1106 was evaluated in a rat model of herpes 

encephalitis. 

Male Wistar rats were intranasally inoculated with HSV-1 (HSE) or PBS (control). At 

day 6 or 7 after inoculation, small animal [11C]-DAA1106 PET scans were acquired, 

followed by ex vivo biodistribution. Arterial blood sampling was performed for 

quantification of uptake. 

In HSE rats, a significantly higher ex vivo, but not in vivo, uptake of [11C]-DAA1106 

was found in almost all examined brain areas (24-71%, p<0.05), when compared to 

control rats. Pre-treatment with unlabeled PK11195 effectively reduced [11C]-

DAA1106 uptake in HSE rats (54-84%; p<0.001). The plasma and brain time-activity 

curves showed rapid uptake of [11C]-DAA1106 into tissue. The data showed a good fit 

to the Logan analysis, but could not be fitted with a two-tissue compartment model. 

 [11C]-DAA1106 showed a high and specific ex vivo uptake in the encephalitic rat brain. 

However, neuroinflammation could not be demonstrated in vivo by [11C]-DAA1106 

PET. Quantification of the uptake of [11C]-DAA1106 using plasma sampling is not 

optimal, due to rapid tissue uptake, slow tissue clearance and low plasma activity. 
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Introduction 

Neuroinflammation plays an important role in the pathogenesis and progression of 

neurological disorders, like Alzheimer‟s disease and multiple sclerosis [1], but also in 

psychiatric disorders, like schizophrenia [2,3]. Neuroinflammation is mediated by 

microglia cells, which are the resident immune cells of the brain. In response to both 

acute and chronic brain injury, like viral infection or toxicity, microglia cells are 

activated and change from their normal ramified state into an amoeboid morphology. 

In the activated state, microglia cells are involved in removal of infectious agents and 

damaged neuronal tissue. It is not exactly known whether the response of activated 

microglia cells is beneficial or detrimental, but it is hypothesized that microglia cell 

activation in acute injury is beneficial, whereas it is detrimental in chronic disease [4]. 

Because of the importance of microglia cell activation in neurological and psychiatric 

disorders, it is of great value to gain more insight into microglia cell behavior for 

better understanding of these disorders and improvement of treatment strategies.    

Positron emission tomography (PET) provides the unique opportunity to study 

physiological processes in vivo and can be used for imaging of microglia cell activation. 

The activation of microglia cells is accompanied by an increased expression of the 

peripheral benzodiazepine receptor (PBR), which can be used as a biomarker to study 

activated microglia cells. The PBR is an 18 kDa component of a heteromeric complex 

that includes a voltage-dependent anion carrier of 32 kDa and an adenine nucleotide 

carrier of 30 kDa and is located in the outer mitochondrial membrane [5]. The highest 

levels of the PBR are found in the kidney, lung, heart and hormone secreting tissues 

[6]. In the healthy human brain, the PBR is mainly expressed in low levels on 

astrocytes and resting microglia cells [7], although the PBR was also found to be 

expressed in the muscle cells of small- and medium-sized arteries, in perivascular 

macrophages, lymphocytes and neutrophils, in the choroid plexus and in the 

ependyma [8,9]. The highest expression of the PBR in the healthy rat brain tissue was 

found in the pituitary, bulbus olfactorius, brainstem and cerebellum [10]. Although the 

exact function of the PBR is unknown, it is thought to be mainly involved in 

steriodogenesis [11] and mitochondrial function [12]. These functions may be 

important in controlling neuronal damage [12] and support the accelerated microglia 

cell proliferation [11], explaining the increased expression of the PBR in activated 

microglia cells. Although astrocytes, lymphocytes and macrophages were also found to 

express PBR, activated microglia cells are suggested to be the main source of increase 
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in PBR expression in neuroinflammation, especially when the blood-brain barrier is 

intact [7,8,13].  

The PBR ligand (R)-N-methyl-N-(1-methylpropyl)-1-(2-chlorophenyl)isoquinoline-3-

carboxamide ([11C]-(R)-PK11195) is one of the first PET ligands used for imaging of 

activated microglia cells and showed the presence of activated microglia cells in, 

amongst others, Alzheimer‟s disease, Parkinson‟s disease, Huntington disease and 

herpes encephalitis (reviewed in [1]). Although [11C]-(R)-PK11195 is widely used for 

imaging of microglia cells, it shows high plasma protein binding and a relatively poor 

penetration of the blood-brain barrier, which could limit its use for brain imaging [14]. 

In addition, [11C]-(R)-PK11195 shows high levels of non-specific binding, which 

reduces the signal-to-noise ratio. 

Because of the limitations of [11C]-(R)-PK11195 it may not possess the required 

sensitivity to visualize mild neuroinflammation and to detect subtle effects of 

therapeutic intervention in neurological disorders. Therefore, there is a need for more 

sensitive and selective PET ligands for the PBR. The aryloxyanilide derivative N-(2,5-

dimethoxybenzyl)-N-(4-fluoro-2-phenoxyphenyl)-acetamide (DAA1106) was found to 

have a higher affinity (Ki=0.034 nM) for the PBR than PK11195 (Ki=0.766 nM) [15-

17] and has proven to be a potent new PET tracer for the imaging of 

neuroinflammation. Thus far, a PET study has found a higher [11C]-DAA1106 uptake 

in the inflamed striatum after injection of a toxic compound, when compared to the 

non-inflamed striatum, but quantification of this effect was not reported [18]. In 

Alzheimer‟s disease patients, a significantly increased binding of [11C]-DAA1106 to 

the PBR was found in various regions, which were more widespread than was found 

for [11C]-(R)-PK11195 [19]. Although it was shown that [11C]-DAA1106 uptake could 

be quantified in Alzheimer‟s disease patients and healthy volunteers, using two-tissue 

compartment modeling [19,20], no studies quantifying [11C]-DAA1106 uptake in 

rodent models have been reported so far.  

In the rat model of herpes encephalitis, intranasal inoculation with the herpes simplex 

virus type-1 results in the activation of microglia cells in many brain areas, including 

the bulbus olfactorius, brainstem and cerebellum [21,22]. Because this model does not 

require invasive manipulations and toxic compounds to evoke neuroinflammation, it 

may better mimic the activation of microglia cells in human neurological disorders 

than the unilateral lesion models that are most frequently used to study 

neuroinflammation. With [11C]-(R)-PK11195 it has already been shown that there is an 

increased activation of microglia cells in the brain of rats with herpes encephalitis, 
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especially in the bulbus olfactorius (46% increase in [11C]-(R)-PK11195 uptake), 

brainstem (67%) and cerebellum (59%), but also in the cerebral cortex (35%), which 

was consistent with immunohistochemical evidence for activated microglia cells in 

these areas [23].  

Because [11C]-DAA1106 is potentially a more sensitive PET tracer for imaging of 

activated microglia cells, the aim of the present study was to evaluate [11C]-DAA1106 

for imaging and quantification in the rat model of herpes encephalitis. 

 

Material and methods 

[11C]-DAA1106 

[11C]-DAA1106 was labeled by trapping [11C]-methyl iodide [24] in a solution of 1 mg 

of the desmethyl precursor N-(5-fluoro-2-phenoxyphenyl)-N-(2-hydroxy-5-

methoxybenzyl)-acetamide (DAA1123) and 10 μl 10M NaOH in 0.3 ml 

dimethylformamide. The reaction mixture was allowed to react for 200 seconds at 

room temperature and neutralized with 0.5 ml H2O and 1 ml of CH3CN/0.1M 

NaH2PO4 (55/45). The reaction mixture was then purified by HPLC using a 

SymmetryPrep C18 column (7.8x300 mm), with CH3CN/0.1M NaH2PO4 (55/45) as 

the eluent (flow 5 ml/min). To remove the organic solvents from the product, the 

collected HPLC fraction (retention time 10 min) was diluted with 100 ml of H2O and 

passed through an Oasis Seppak cartridge (Waters, Etten-Leur, The Netherlands). The 

cartridge was washed with 5 ml of water and eluted with 0.8 ml of ethanol and 4.5 ml 

of H2O. The product was obtained in 54±25% radiochemical yield. Quality control 

was performed by HPLC, using a Novapak C18 column (150x3.9 mm) with 

CH3CN/H20 (50/50) as the eluent at a flow of 1.5 ml/min. The radiochemical purity 

was always >95% and the specific activity was 69±41 MBq/nmol. 

 

Animals  

Male outbred Wistar-Unilever (SPF) rats (weight 308±51 grams) 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. The rats 

were randomly divided into three groups: control rats (control) (n=5), rats infected 
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with HSV-1 (HSE) (n=7) and rats infected with HSV-1 and pretreated with PK11195 

(HSE pre-treated with PK11195) (n=4)). All animals were scanned with [11C]-

DAA1106. After PET scanning, the rats were sacrificed and the ex vivo biodistribution 

of the tracers was determined. In an extra group of rats infected with HSV-1 (HSE) 

(n=2) an arterial catheter was inserted into the femoral artery to allow blood sampling 

during the [11C]-DAA1106 scan as input function, for pharmacokinetic modeling. The 

study was approved by the Animal Ethics Committee of the University of Groningen, 

The Netherlands. 

 

HSV-1 inoculation 

A neurovirulent HSV-1 strain was obtained from a human clinical isolate, cultured in 

Vero-cells and assayed for plaque forming units (PFU) per milliliter. For inoculation, 

the rats were slightly anaesthetized with 5% isoflurane (Pharmachemie BV, The 

Netherlands) and 100 μl of phosphate-buffered saline with 1x107 PFU of virus was 

applied 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 studies  

PET scans were performed 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 an intraperitoneal injection of medetomidine (Domitor, Pfizer, The 

Netherlands, 0.2 mg/kg) and ketamine (Ketanest, Pfizer, The Netherlands, 25 

mg/kg), after which 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 and scatter by tissue. After the transmission 

scan was completed, the PET tracer [11C]-DAA1106 (44±14 MBq, 0.08±0.04 µg) was 

injected via the penile vein. Simultaneously with the injection of the PET tracer an 

emission scan of 60 min was started. In the pre-treated group, unlabeled PK11195 

(Sigma-Aldrich, USA, 5 mg/kg in dimethylsulfoxide at a concentration of 10 mg/ml) 

was administered via the tail vein 5 minutes prior to injection of the PET tracer. 

The list-mode data of the emission scans were separated into 21 frame sinograms 

(8x30, 3x60, 2x120, 2x180, 3x300 and 3x600 seconds), which were iteratively 
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reconstructed (OSEM2d, 4 iterations, 16 subsets) after being normalized and fully 

corrected for attenuation, scatter, randoms and decay. 

 

Arterial blood sampling 

For arterial blood sampling a canula was inserted into the artery femoralis in 2 HSE 

rats. Rats were anaesthetized by an intraperitoneal injection of medetomidine 

(Domitor, Pfizer, The Netherlands, 0.2 mg/kg) and ketamine (Ketanest, Pfizer, The 

Netherlands, 25 mg/kg). After shaving, an incision was made in the skin parallel to 

the femoral artery. The femoral artery was separated from the femoral vene and 

temporarily ligated to prevent leakage of blood. A small incision was made in the 

artery and a canula (0.8 mm o.d.; 0.4 mm i.d.), which was attached to a syringe with 

heparinized saline, was placed into the artery. The canula was secured to the artery 

with a suture. After canulation, the rats were positioned in the small animal PET 

camera with their heads in the field of view. Blood samples of 0.1 ml were taken at 15, 

30, 45, 60, 75, 90, 120, 150, 300, 450, 600, 900, 1800 and 3600 seconds after injection. 

After a blood sample was taken, 0.1 ml of heparinized saline was injected to prevent 

large changes in blood pressure. The blood samples were centrifuged at 13,000 rpm 

(15,996 x g) for 5 minutes and the activity in plasma was measured with a 

gammacounter (LKB Wallac, Turku, Finland). The plasma-activity curve was 

corrected for decay. 

 

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 time-activity curves per region of interest were determined in Bq/cm3 

units and converted into Standardized Uptake Values (SUV), defined as: [tissue 

activity concentration (Bq/cm3)]/[injected dose (Bq)/body weight (g)]. It was assumed 

that 1 cm3 of brain tissue equals 1 gram.  

The time-activity curves of the rats of which arterial blood samples were taken during 

the scan, were used for pharmacokinetic modeling with software developed in Matlab 

7.0. By using the linear models developed by Logan [25] and Patlak [26], it was 

determined if the binding of [11C]-DAA1106 to the PBR was reversible or irreversible, 

respectively. In addition, it was determined if the [11C]-DAA1106 time-activity curves 
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could be fitted to a two-tissue compartment model (K1-k4), in order to calculate the 

binding potential. 

 

Ex vivo biodistribution 

After the PET scan the rats were sacrificed by extirpation of the heart while under 

deep anesthesia. Except for the rats that were used for arterial blood sampling, the 

brain of the rats was dissected into several 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 by with 

gammacounter (LKB Wallac, Turku, Finland). Tracer uptake is expressed as the SUV, 

defined as: [tissue activity concentration (Counts Per Minute/g)]/[injected dose 

(Counts Per Minute)/body weight (g)].  

 

Statistical analysis 

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

using SPSS for Windows, version 14.0.2. Statistical analysis on differences in the ex 

vivo biodistribution and data obtained from the PET scan were performed by one-way 

ANOVA with a Bonferroni post hoc test. The time-activity curves were analyzed with 

the repeated measures general linear model using a Bonferroni post hoc test. 

Significance was reached when the p value was <0.05.  

 

Results 

Clinical symptoms 

Clinical symptoms were scored daily up to seven days post 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. The first clinical symptoms in the HSE 

rats were seen on day four or five after inoculation with HSV-1, after which the 

severity of the symptoms increased. A total of 13 rats were infected with HSV-1, of 

which 3 had a score of 0, 4 had a score of 1, 4 had a score of 2 and 2 had a score of 4. 

None of the control rats showed any clinical symptoms (score of 0). 
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Figure 1 Full-color in appendix. Small animal PET images and time-activity curves of [11C]-DAA1106. A 

Sagittal view of the head of a control rat (control), rat infected with HSV-1 (HSE) and rat infected with 

HSV-1 pretreated with 5 mg/kg PK11195 (HSE+PK11195), in which the brain is delineated by a dashed 

line. The images represent tracer uptake between 30 and 60 minutes after injection of [11C]-DAA1106 

(44±14 MBq). During the 60 minute small animal PET scan, the rats were anaesthetized with a 

combination of ketamine (25 mg/kg) and medetomidine (0.2 mg/kg) B [11C]-DAA1106 time-activity 

curves of the brainstem, expressed as standardized uptake values (mean ± standard deviation), of control 

rats (n=5), HSE rats (n=7) and HSE+PK11195 rats (n=4). 

 

Small animal PET imaging 

The [11C]-DAA1106 PET images and time-activity curves in the brainstem, are shown 

in figure 1. The brainstem is the region with the most intensive microglia cell 

activation in this model [23]. The images show a high uptake of [11C]-DAA1106 in the 

brainstem of control rats, when compared to whole brain uptake. In HSE rats, highest 

uptake of [11C]-DAA1106 can also be seen in the brainstem. Pre-treatment with 5 

mg/kg of PK11195 resulted in effective blocking of [11C]-DAA1106 uptake. The 

time-activity curves show that in control and HSE rats, [11C]-DAA1106 was rapidly 

taken up by the brain. The uptake remained almost unchanged during the scan time of 

60 minutes. Pre-treatment with 5 mg/kg of PK11195 at 5 minutes prior to scanning, 

resulted in a marked initial increase in brain uptake followed by a gradual decline in 

uptake during the scan. No statistically significant differences in the time-activity 

curves were found between control and HSE rats.  
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Table 1 Brain uptake of [11C]-DAA1106, expressed as standardized uptake values (SUV; mean ± SD), as 

determined from the last 10 min (50-60 min) of the PET scan of control rats (control), rats infected with 

HSV-1 (HSE) and rats infected with HSV-1 pretreated with 5 mg/kg PK11195 5 min before [11C]-

DAA1106 injection. *p<0.05 as compared to control and HSE, **p≤0.001 as compared to control and 

HSE 

  Control (n=5) HSE (n=7) HSE+PK11195 (n=4) 

Bulbus olfactorius 1.37 ± 0.14 1.35 ± 0.34 0.89 ± 0.13* 

Frontal cortex 1.08 ± 0.05 1.16 ± 0.23 0.53 ± 0.06** 

Striatum 0.96 ± 0.04 1.03 ± 0.18 0.43 ± 0.09** 

P/T/O cortex 0.97 ± 0.04 1.03 ± 0.15 0.35 ± 0.06** 

Cerebellum 1.29 ± 0.10 1.35 ± 0.21 0.39 ± 0.03** 

Brainstem 1.50 ± 0.15 1.77 ± 0.29 0.40 ± 0.03** 
P/T/O, Parietal/Temporal/Occipital 

 

The standardized uptake values obtained from the last 10 minutes of the PET scan are 

displayed in table 1. Consistent with the PET images, the highest uptake in control 

rats was found in the brainstem, followed by the bulbus olfactorius and cerebellum. 

Uptake in the brainstem, bulbus olfactorius and cerebellum was significantly higher 

when compared to the other brain areas (20-56%, p<0.05). In HSE rats, a significantly 

higher uptake of [11C]-DAA1106 was found in the brainstem when compared to any 

other brain area (31-73%, p<0.05). High uptake was also found in the bulbus 

olfactorius and cerebellum. When compared to control rats, the uptake of [11C]-

DAA1106 in HSE rats was increased in the brainstem (18%, p=0.152), but this was 

not statistically significant. Pre-treatment of HSE rats with PK11195 resulted in a 

significantly decreased uptake of [11C]-DAA1106 in all brain areas, when compared to 

control and HSE rats without pre-treatment (bulbus olfactorius 34-35%, p<0.05; any 

other brain areas 51-77%, p≤0.001). After pre-treatment, the highest uptake was 

found in the bulbus olfactorius, which was significantly higher when compared to any 

other brain area (68-155%, p<0.001). 

Because of the reported high uptake of [11C]-DAA1106 in the lungs [17], one 

additional control rat was positioned in the small animal PET camera with the lungs in 

the field of view. [11C]-DAA1106 was rapidly taken up by the lungs (figure 2), with the 

highest uptake at 30 seconds after injection. Uptake of [11C]-DAA1106 in the lungs 

was approximately 10-fold higher than uptake in the brain. During the 60 minutes 

scan, the [11C]-DAA1106 uptake in the lungs decreased by 30%. 
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Figure 2 The [11C]-

DAA1106 time-activity 

curve of the lungs of a 

control rat. The insert 

represents a coronal 

plane of the PET image 

of the rat chest, showing 

only high uptake in the 

lungs with no visible 

uptake in surrounding 

tissue. 

 

 

 

 

 

Pharmacokinetic modeling 

Brain and plasma time-activity curves are displayed in figure 3a. As mentioned above, 

[11C]-DAA1106 is rapidly taken up by the brain. The plasma time-activity curves show 

a small peak in [11C]-DAA1106 activity in plasma and subsequently remained 

unchanged during the 60 minute scan (SUV of 0.03±0.02). The ratio between brain 

and plasma uptake of [11C]-DAA1106 activity at 60 minutes was on average 13.  

Pharmacokinetic modeling with the [11C]-DAA1106 time-activity curves of the brain 

showed a good fit to the Logan analysis (figure 3b; r2 0.99, p<0.0001) [25] from 10 

minutes after injection, but not to the Patlak analysis [26], suggesting that [11C]-

DAA1106 binding is reversible. The distribution volume, as calculated with the Logan 

analysis, was found to be the highest in the brainstem (42.9±1.0), followed by the 

cerebellum (34.2±1.8) and the bulbus olfactorius (32.3±0.1). The lowest distribution 

volume was found in the striatum (26.5±0.2). The distribution volumes correlated well 

with the average SUV values, as determined from the PET scan (r2=0.69, p=0.01). To 

calculate the binding potential the [11C]-DAA1106 time-activity curves were evaluated 

with a two-tissue compartment model (K1-k4). However, the time-activity curves 

could not be fitted to the two-tissue compartment model and it was therefore not 

possible to calculate the binding potential of [11C]-DAA1106.  
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Figure 3 [11C]-DAA1106 time-activity curves and Logan graphical analysis of a HSE rat, of which arterial 

blood samples were taken during the small animal PET scan. A [11C]-DAA1106 time-activity curves of 

the bulbus olfactorius, striatum, brainstem and plasma, expressed as standardized uptake values. B Logan 

graphical analysis showing a good fit of the bulbus olfactorius, striatum and brainstem, from 10 minutes 

after injection. 

Ex-vivo biodistribution: SUV 

For comparison with the results of the PET study, ex vivo biodistribution was 

performed. In addition, ex vivo biodistribution allows investigation of brain areas that 

are too small for small animal PET imaging. The ex vivo biodistribution of [11C]-

DAA1106 is shown in table 2. In control rats, a significantly higher uptake of [11C]-

DAA1106 was found in the bulbus olfactorius, when compared to most other brain 

areas (15-82%, p<0.008), except for the cerebellum (p=0.130) and pons (p=0.170).  

High uptake was also found in the medulla, pons and cerebellum.  

Intranasal infection with HSV-1, resulted in an increased uptake of [11C]-DAA1106 in 

all examined brain areas (24-71%), in comparison to control rats. A significantly 

higher uptake was found in the bulbus olfactorius (p=0.030), frontal cortex (p=0.027), 

striatum (p=0.005), hippocampus (0.025), entorhinal cortex (p=0.008), cerebellum 

(p=0.003), pons (p=0.001) and medulla (p<0.001). When comparing [11C]-DAA1106 

uptake between brain areas in HSE rats, a significantly higher uptake was found in the 

bulbus olfactorius and medulla when compared to any other brain areas (54-91%, 

p<0.005), except for the cerebellum and pons (p>0.6). The standardized uptake values 

obtained from the last 10 minutes of the PET scan correlated well with the ex vivo 

biodistribution, for both control (r2=0.52, p<0.0001) and HSE rats (r2=0.54, 

p<0.0001) (figure 4). 
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Table 2 Ex vivo biodistribution of [11C]-DAA1106, expressed as standardized uptake values (SUV; mean 

± SD), 60 min after injection in control rats (control), rats infected with HSV-1 (HSE) and rats infected 

with HSV-1 pretreated with 5 mg/kg PK11195 5 min before [11C]-DAA1106 injection. *p<0.05 or 

**p<0.01 as compared to control, ***p<0.001 as compared to control and HSE 

 Control (n=5) HSE (n=7) HSE+PK11195 (n=4) 

Brain:          

Bulbus olfactorius 1.82 ± 0.08 2.55 ± 0.61* 0.84 ± 0.10*** 

Cingulate/Frontopolar cortex 1.23 ± 0.14 1.64 ± 0.36 0.26 ± 0.03*** 

Frontal cortex 1.24 ± 0.12 1.66 ± 0.33* 0.29 ± 0.04*** 

Striatum 1.08 ± 0.07 1.50 ± 0.26** 0.32 ± 0.04*** 

Hippocampus 1.00 ± 0.07 1.43 ± 0.34* 0.32 ± 0.03*** 

Amygdala/Piriform cortex 1.08 ± 0.13 1.34 ± 0.23 0.29 ± 0.02*** 

P/T/O cortex 1.19 ± 0.08 1.55 ± 0.33 0.29 ± 0.03*** 

Entorhinal cortex 1.18 ± 0.05 1.62 ± 0.30** 0.28 ± 0.03*** 

Cerebellum 1.57 ± 0.13 2.07 ± 0.27** 0.37 ± 0.04*** 

Pons 1.57 ± 0.19 2.29 ± 0.30** 0.46 ± 0.10*** 

Medulla 1.49 ± 0.18 2.55 ± 0.42** 0.53 ± 0.14*** 

          

Peripheral organs:          

Heart 20.60 ± 3.47 20.65 ± 4.58 3.79 ± 1.34*** 

Lungs 61.74 ± 6.80 74.13 ± 19.37 2.22 ± 0.51*** 

Spleen 16.99 ± 2.42 19.36 ± 5.84 2.34 ± 0.66*** 

Plasma 0.12 ± 0.04 0.15 ± 0.03 0.70 ± 0.13*** 
P/T/O, Parietal/Temporal/Occipital 

 

Pre-treatment of HSE rats with PK11195 resulted in a significantly decreased [11C]-

DAA1106 uptake when compared to both control (54-79%, p<0.001) and HSE rats 

(67-84%, p<0.001). Brain area comparison within HSE rats pre-treated with 

PK11195, revealed a significantly higher [11C]-DAA1106 uptake in the bulbus 

olfactorius when compared to any other brain area (58-221%, p<0.001).  

In peripheral organs, the highest uptake of [11C]-DAA1106 was found in the lungs, 

followed by the heart and spleen. No differences in uptake were found between 

control and HSE rats. Pre-treatment with PK11195 resulted in a significantly lower 

uptake of [11C]-DAA1106 in the organs known to express PBR, including the lungs, 

heart and spleen (p<0.001). No difference were found between [11C]-DAA1106 

plasma uptake in control and HSE rats, while plasma uptake was increased after pre-

treatment with PK11195 when compared to both control and HSE rats (p<0.001).  
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Figure 4 Correlation between the standardized uptake value (SUV) determined ex vivo and the 

standardized uptake value obtained from the PET scan (SUV), for control rats (r2=0.52, p<0.0001) (A) 

and rats infected with HSV-1 (r2=0.55, p<0.0001) (B).  

 

 

Discussion 

The present study showed that [11C]-DAA1106 binds specifically to the PBR in brain 

tissue. Distribution of [11C]-DAA1106 in control rats was consistent with in vitro 

autoradiography studies using [3H]-PK11195 [10] and [3H]-DAA1106 [15]. Highest 

uptake of [11C]-DAA1106 in the normal rat brain was found in the bulbus olfactorius, 

followed by the brainstem and cerebellum. In the encephalitic rat brain, a significantly 

increased ex vivo uptake of [11C]-DAA1106 was found in the bulbus olfactorius, frontal 

cortex, striatum, hippocampus, entorhinal cortex, brainstem and cerebellum. Increased 

uptake in these brain areas is consistent with viral invasion of the brain via the 

olfactory epithelium, resulting in the presence of HSV-1 in, amongst others, the 

bulbus olfactorius, frontal cortex, brainstem and cerebellum [27-29].  

Ex vivo uptake of [11C]-DAA1106 in control rats was on average 3-fold higher than the 

uptake of [11C]-(R)-PK11195 [23]. Increased ex vivo uptake of [11C]-(R)-PK11195 in the 

encephalitic rat brain was only found in the cerebellum, medulla and pons, while [11C]-

DAA1106 uptake was also found in other brain areas, including the cerebral cortex, 

striatum and hippocampus. The ability of [11C]-DAA1106 to show activation of 

microglia cells in more brain areas than [11C]-(R)-PK11195, is most likely due to the 

higher affinity of [11C]-DAA1106 for the PBR [15]. A higher binding potential 

(Bmax/KD) of [3H]-DAA1106 was found at the lesion site after traumatic brain injury, 
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when compared to [3H]-(R)-PK11195 [30]. In addition, it was found that [11C]-

DAA1106 was retained at greater levels at the site of injury in LPS-lesioned rats, when 

compared to [11C]-(R)-PK11195, as measured with autoradiography and small animal 

PET [31]. 

In addition to high affinity binding, [11C]-DAA1106 showed a highly specific binding 

to the PBR, since pre-treatment with 5 mg/kg of PK11195 resulted in an, on average, 

75% decrease in [11C]-DAA1106 brain uptake. Pre-treatment with PK11195 resulted 

in a high initial peak of [11C]-DAA1106 uptake, as shown by the time-activity curves, 

which can be explained by reduced binding of [11C]-DAA1106 in peripheral organs. 

Especially the lungs showed a high [11C]-DAA1106 uptake, which was almost 

completely blocked by pre-treatment with PK11195. 

Although the ex vivo biodistribution study showed a significantly increased uptake of 

[11C]-DAA1106 in several brain areas in the encephalitic rat brain, quantitative analysis 

of the PET images only showed a small non-significant increased uptake in the 

brainstem. The discrepancy between ex vivo biodistribution and PET images analysis 

may be attributed to partial volume effects and spillover due to the limited spatial 

resolution of the PET scanner (1.35 mm FWHM in the center of the field-of-view). 

Especially partial volume effects can lead to a spread out of high activity to 

surrounding areas, resulting in an underestimation in the measured [11C]-DAA1106 

uptake. This effect may be larger in small brain areas with high activity, surrounded by 

areas of low activity, i.e. the bulbus olfactorius and brainstem in HSE rats. A previous 

small animal PET study using  rats, visually showed an increased retention of [11C]-

DAA1106 in the striatum after local injection of the highly inflammatory LPS 

(ipsilateral) when compared to the contralateral striatum [31], but the uptake of [11C]-

DAA1106 could not be completely blocked by pre-treatment with PK11195. Tracer 

uptake was only qualitatively analyzed and not compared with ex vivo biodistribution. 

The small animal PET images of the present study also showed an increased uptake at 

the lesioned sites, when scaling was properly adjusted. This shows that visual analysis 

of the PET images can be misleading and stresses the necessity of quantification of 

the uptake.  No other small animal PET study, in rodents, has been performed with 

[11C]-DAA1106 and it is therefore not known if the discrepancy between ex vivo 

biodistribution and quantitative PET analysis is a common finding for [11C]-

DAA1106. 

Since neuroinflammation can be accompanied by changes in tissue perfusion, which 

could affect the standardized uptake values, we further explored quantification of 
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[11C]-DAA1106 uptake by pharmacokinetic modeling. For pharmacokinetic modeling 

of the uptake of [11C]-DAA1106 in HSE rats, plasma samples were taken from the 

femoral artery in two rats. The activity in plasma showed a small peak at 15 seconds 

after injection of [11C]-DAA1106, but remained at a constant level from 30 seconds 

after injection until the end of the scan. The small initial peak is probably due to a 

high first pass effect of the tracer in the lungs, which showed high levels of specific 

uptake of [11C]-DAA1106. Like plasma activity, the time-activity curves of the 

examined brain areas also showed a constant level of radioactivity over time from 30-

60 seconds after injection until the end of the scan. Although the constant level of 

tracer uptake in the brain suggests that [11C]-DAA1106 irreversibly binds to the PBR, 

it has been shown that [11C]-DAA1106 can be displaced by DAA1106 and PK11195 

[16,31]. The constant high levels of [11C]-DAA1106 in brain tissue may be explained 

by the 30% decrease in the level of [11C]-DAA1106 in the lungs during the entire scan, 

suggesting that the lungs serve as a source of constant infusion of [11C]-DAA1106. 

This may also explain the constant level of plasma activity. The constant low activity 

in plasma and the constant activity in brain tissue complicated the pharmacokinetic 

modeling. The time-activity curves showed a good fit to the Logan analysis, showing 

that the binding of [11C]-DAA1106 to the PBR is reversible. The time-activity curves 

could not be fitted to a two-tissue compartment model. It was therefore not possible 

to calculate the binding potential of [11C]-DAA1106. In humans, it has been shown 

that the binding potential is estimated most reliably using a two-tissue compartment 

model [20] and was used as an outcome measure in a human study in Alzheimer‟s 

disease patients [19]. The plasma time-activity curve of [11C]-DAA1106 in humans 

showed a higher initial peak in activity, with a more gradual decrease over time. In 

addition, the plasma time-activity curves in humans were corrected for the presence of 

radioactive metabolites [20], whereas the rat plasma time-activity curves were not. 

Because of the high amount of plasma needed to determine the radioactive 

metabolites, due to the limited counts in the plasma samples, it was not possible to 

determine the metabolites in the blood samples that were taken in the present study. 

However, modeling of the time-activity curves that were corrected by an estimate of 

the percentages of metabolites, by using the percentage of metabolites in plasma of 

mice that was determined in the study of Zhang et al. [17], did not improve the fit to 

the two-tissue compartment model. In addition, in study in Alzheimer‟s disease 

patients a [11C]-DAA1106 PET scan of 90 minutes was made [19], whereas the [11C]-

DAA1106 PET scan in the present study lasted for 60 minutes. It is thus possible that 

the fit to the two-tissue compartment model is improved by a longer scanning period. 
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However, the already low plasma levels will be even lower after 90 minutes and 

therefore not accurate.  

 

Conclusion 

[11C]-DAA1106 showed high and specific ex vivo uptake in the rat brain, supporting its 

use in animal models for neurological and psychiatric disorders. However, in vivo 

quantification with PET was complicated, probably due to the limited spatial 

resolution of the small animal PET scanner. In addition, we showed that reliable 

quantification using plasma sampling is difficult due to rapid tissue uptake, slow tissue 

clearance and low plasma activity. [11C]-DAA1106 is therefore not an ideal tracer to 

perform longitudinal PET studies in small animals to study the role of 

neuroinflammation in neurological and psychiatric disorders. 
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