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Abstract

The peripheral benzodiazepine receptor (PBR) is upregulated on activated microglia and
macrophages and thereby is a useful biomarker of inflammation. We developed a novel PET
radioligand, [11C]PBR28, that was able to image and quantify PBRs in healthy monkeys and in a rat
model of stroke. The objective of this study was to evaluate the ability of [11C]PBR28 to quantify
PBRs in brain of healthy human subjects. Twelve subjects had PET scans of 120 to 180 min duration
as well as serial sampling of arterial plasma to measure the concentration of unchanged parent
radioligand. One- and two-tissue compartmental analyses were performed. To obtain stable estimates
of distribution volume, which is a summation of Byhax/Kp and nondisplaceable activity, 90 min of
brain imaging was required. Distribution volumes in human were only ~5% of those in monkey. This
comparatively low amount of receptor binding required a two- rather than a one-compartment model,
suggesting that nonspecific binding was a sizeable percentage compared to specific binding. The
time-activity curves in two of the twelve subjects appeared as if they had no PBR binding - i.e., rapid
peak of uptake and fast washout from brain. The cause(s) of these unusual findings are unknown,
but both subjects were also found to lack binding to PBRs in peripheral organs such as lung and
kidney. In conclusion, with the exception of those subjects who appeared to have no PBR binding,
[11C]PBR28 is a promising ligand to quantify PBRs and localize inflammation associated with
increased densities of PBRs.
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INTRODUCTION

The peripheral benzodiazepine receptor (PBR) is a mitochondrial protein that is highly
expressed in phagocytic inflammatory cells, namely macrophages in the periphery and
activated microglia in the central nervous system (Papadopoulos et al., 2006; Zavala et al.,
1984). Both in vitro and in vivo imaging of PBRs can localize and quantify inflammation in
tissues (Venneti et al., 2006). For the past two decades, [3H]PK 11195 has been used for in
vitro studies (e.g., binding to homogenates or sections of tissues), and the PET radioligand
[11C]PK 11195 has been used for in vivo imaging (Venneti et al., 2006). [3BH]PK 11195 is
useful as an in vitro radioligand and has a high ratio of specific to nonspecific binding, in part
because much of the nonspecific binding can be washed away from tissue homogenates or
sections. Such washing is not possible for in vivo imaging, and [11C]PK 11195 has relatively
low ratios of specific to nonspecific binding. For example, by using reference tissue models,
Kropholler et al. have reported that the ratio of specific to nonspecific binding of the active
enantiomer (R) of [11C]PK 11195 in human brain is only about 0.2 - 0.5 (Kropholler et al.,
2006).

A new class of 11C- and 18F-labeled radioligands with an aryloxyanilide structure has been
developed for in vivo imaging of PBR with PET (Okuyama et al., 1999). These radioligands
have 4 to 18 times greater affinity for PBRs than PK 11195 and have higher levels of brain
uptake (Zhang et al., 2003). Among this class of ligands, [11C]DAA1106 and [18F]
FEDAA1106 have been studied in monkeys and demonstrate high brain uptake and high ratios
of specific to nonspecific binding (Maeda et al., 2004; Zhang et al., 2004). Studies in human
with these ligands show high brain uptake, but displacement studies have not been performed
to measure definitively the percentage of specific binding in human brain (Fujimura et al.,
2006; Ikoma et al., 2007). Furthermore, [11C]DAA1106 has been directly compared with
[11C](R)-PK 11195 in rats under baseline conditions and after inflammation had been induced
with neurotoxins (Venneti et al., 2007a; Venneti et al., 2007b). The radioligand with an
aryloxyanilide structure, [11C]DAA1106, was superior to that with an isoquinoline structure,
[11C](R)-PK 11195, in terms of higher brain uptake and retention in areas with inflammation.

We recently developed additional 11C- and 18F-labeled analogs with an aryloxyanilide
structure, and some showed promising results in animals. One of these compounds is [11C]
PBR28 ([O-methyl-11C]N-acetyl-N-(2-methoxybenzyl)-2-phenoxy-5-pyridinamine). The
affinity of PBR28 for peripheral benzodiazepine receptors (K|, inhibition constant = 0.7 - 2.5
nM in rat, monkey and human) is 2 - 5 fold greater than that of PK 11195, and the lipophilicity
of PBR28 is ~100 fold lower than that of PK 11195 (Briard et al., in press). The relatively high
affinity and low lipophilicity likely contribute to the high in vivo specific signal of [L1C]PBR28.
For example, more than 90% of uptake into monkey brain can be displaced by nonradioactive
PBR ligands, and such displacement is the pharmacological definition of specific binding
(Imaizumi et al., In press). Because of the promising imaging results in monkeys, we extended
the use of this radioligand to human subjects. Based on whole body biodistribution in healthy
subjects, the effective dose of [L1C]PBR28 is 6.6 uSv/MBg, similar to that of other 11C-labeled
ligands (Brown et al., In press).

Having confirmed the radiation safety of [11C]PBR28, we sought in the current study to
evaluate the ability of this radioligand to quantify PBRs in human brain. Binding in brain was
quantified with compartmental modeling using serial brain images and concurrent
measurements of unchanged parent radioligand in arterial plasma.
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MATERIALS AND METHODS

Radiopharmaceutical preparation

[11C]PBR28 was prepared by the 11C-methylation of its desmethyl analogue with [11C]
iodomethane, itself prepared from cyclotron-produced [11C]carbon dioxide, and purified with
reverse phase HPLC. Preparations were conducted according to our exploratory Investigational
New Drug Application #73,935, submitted to the US Food and Drug Administration, and a
copy of which is available at: http://kidb.bioc.cwru.edu/snidd/. The radioligand was obtained
in high radiochemical purity (> 99%).

Human subjects

PET scans

Twelve healthy volunteers participated: 1 female and 11 males, 25 £ 5 years of age, 81 + 15
kg body weight (these and subsequent numerical data are expressed as mean + SD). All subjects
were free of current medical and psychiatric illness based on history, physical examination,
electrocardiogram, urinalysis including drug screening, and blood tests (complete blood count,
serum chemistries, thyroid function test, and antibody screening for syphilis, HIV, and hepatitis
B). Approximately 24 h after the PET scan, subjects returned to repeat urinalysis and blood
tests.

We used two PET cameras: High Resolution Research Tomograph (HRRT; Siemens/CPS,
Knoxville, TN, USA) and GE Advance (GE Healthcare, Waukesha, W1, USA). HRRT and GE
Advance cameras have reconstructed resolution of 2.5 mm and 7.5 mm full-width half-
maximum in all directions in 3D mode, respectively. The HRRT was used only in the first scan
to see if the human brain contained a small region with high levels of binding, such as choroid
plexus in monkeys (Imaizumi et al., In press). As expected from previous postmortem studies
(Cymerman et al., 1986; Doble et al., 1987), binding of [11C]JPBR28 was fairly uniform in
human brain, and we saw no small region with high levels of binding. Therefore, all subsequent
scans were performed using the GE Advance. The results from both cameras were combined
for statistical analysis because the results from the HRRT, including estimates of the rate
constants, were well within the range of those from the GE Advance.

After injection of 650 £ 92 MBq (specific activity at time of injection of 170 + 81 GBg/umol)
of [11C]PBR28, PET scans were acquired for 120 to 180 min in 33 to 45 frames with scan
duration ranging from 30 s to 5 min. Six subjects completed scans with durations of at least
150 min.

Magnetic resonance imaging

To identify brain regions, magnetic resonance imaging (MRI) scans of 1.2-mm contiguous
slices were obtained with a 1.5-T GE Signa device. Three sets of axial images were acquired
parallel to the anterior-commissure-posterior commissure line with Spoiled Gradient Recalled
(SPGR) sequence with TR=12.4 ms, TE=5.3 ms, flip angle = 20°, and matrix=256x256.

Measurement of [11C]PBR28 in plasma

Blood samples (1.0 mL each) were drawn from the radial artery at 15 s intervals until 150 s,
followed by 3-mL samples at 3, 4, 6, 8, 10, 15, 20, 30, 40, 50, 60, 75, 90, and 120 min. The
plasma time-activity curve was corrected with the fraction of unchanged radioligand, as
previously described including our monkey study of [11C]JPBR28 (Zoghbi et al., 2006)
(Imaizumi et al., In press). In all scans, plasma free fraction of [11C]PBR28 was measured as
described previously (Carson et al., 1993).
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Image analysis

Image and kinetic analyses were performed using PMOD 2.80 (pixel-wise modeling software;
PMOD Technologies Ltd., Adliswil, Switzerland) (Burger et al., 1998). HRRT data were
reconstructed on a 256x256 matrix with a pixel size of 1.22x1.22x1.23 mm in the x, y, and z
axis, respectively. GE Advance data were reconstructed on a 128x128 matrix with a pixel size
of 2.0x2.0x4.25 mm in the X, y, and z axis, respectively. Correction for attenuation and
scattered radiation were performed for all data. Head motion during the HRRT scan was
corrected using Polaris Vicra Optical Tracking System (NDI, Waterloo, Ontario, Canada). All
GE images of each subject were coregistered to each other using Statistical Parametric Mapping
5 (SPM 5; Wellcome Department of Cognitive Neurology, London, U.K.). PET images during
the first 15 min were averaged to create images with good delineation of cerebral cortices.
Using SPM 5, for each subject, three SPGR images were realigned and an average image was
created to improve signal-to-noise ratio. The average MR image was coregistered to the average
PET image, and both MR and all PET images were spatially normalized to a standard anatomic
orientation (Montreal Neurological Institute space) by obtaining parameters from the MR
image. Volumes of interest were placed on average of spatially normalized MR images
overlying the thalamus (12.6 cm?3), caudate (5.6 cm?3), putamen (6.5 cmd), cerebellum (51.2
cm?3), pons (10.6 cm?3); and frontal (27.2 cm3), parietal (26.6 cm?3), temporal (25.0 cm?3), and
occipital cortices (31.2 cmd).

Estimation of distribution volume with metabolite-corrected arterial input function

Time-activity data were analyzed with both one- and two-tissue compartment models, using
the radiometabolite-corrected plasma input function. The input function was calculated as
linear interpolation of the concentrations of [11C]JPBR28 before the peak, and a tri-exponential
fit of concentrations after the peak. [11C]PBR28 was used as the sole input function, because
HPLC analysis in rat showed that the vast majority, namely 94%, of brain activity was [11C]
PBR28 at 30 min after injection (Briard et al., in press). Rate constants (K1, ky, k3, and ky) in
standard one- and two-tissue compartment models (Innis et al., 2007) were estimated with
weighted least squares and the Marquardt optimizer. Brain data of each frame were weighted
relative to other frames by assuming that the standard deviation of the data was proportional
to the inverse square root of noise equivalent counts. Each frame was weighted with inverse
square of the standard deviation. Each model configuration was implemented to account for
the contribution from activity in the cerebral blood volume. In each model, by using measured
whole blood activity, cerebral blood volume was assumed to be 5% of brain volume. Delay
between arrival of [11C]PBR28 in radial artery and brain was estimated by fitting the whole
brain excluding the areas of mostly white matter.

Two-compartmental fitting was performed in two ways, without constraint and by fixing K4/
ko to the value obtained in the whole brain excluding the areas of mostly white matter. The
purpose of the constraint is to estimate ks with better accuracy to perform Monte Carlo
simulations by changing ks.

We followed the recently proposed consensus nomenclature for reversibly binding
radioligands (Innis et al., 2007), where V is total distribution volume, including specific and
nondisplaceable uptake.

Minimal time required to estimate distribution volume

To investigate the effect of reducing the duration of the scan on measurement of V1, kinetic
analyses were performed after deleting increasing segments of the complete study. Since all
subjects were scanned for at least 120 min, we analyzed brain data of all subjects from 0 - 30
min to 0 - 120 min, with 10 min increments. Since six subjects were imaged for at least 150
min, we similarly analyzed data from these subjects from 0 - 30 min to 0 - 150 min.
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Monte Carlo simulations

Inflammation can be associated with several fold increased densities of PBRs (Venneti et al.,
2006). We performed Monte Carlo simulations to investigate if such large increases in receptor
binding could be measured accurately in vivo with [11C]PBR28. Increases in the binding were
simulated by increasing ks obtained from the two-tissue compartment model with a fixed value
of K1/ko. Average input function expressed as % standard uptake value (SUV) was used as the
input. Because thalamus showed the largest V1, average rate constants of this region (K; =0.12
mLcm3min- k,=0.11min%, k3 =0.069 min1, and ks = 0.023 min-1) were used. Simulations
were performed for increases in k3 by 2, 3, 4, 5, 6, 7, 8, 9, and 10-fold. Brain time-activity
curves were generated for each value of ks, and Gaussian noise added. We selected a noise
level such that SD of Gaussian distribution was equal to 7.5% of the mean activity at each time
point. This SD value of 7.5% was selected because it gave a reproducibility of 3.1% for the
baseline data, which was close but slightly greater than the actual identifiability of observed
brain data (Table 1). One thousand runs were performed for each set of rate constants.

The accuracy of estimating V1 was evaluated in terms of bias (percentage difference between
observed and actual values) and reproducibility (COV = SD/mean) of V.

Statistical analysis

RESULTS

Goodness-of-fit by nonlinear least squares analysis was evaluated using the Akaike
Information Criterion (AIC) (Akaike, 1974) and model selection criterion (MSC). MSC is a
modification of the AIC (see Appendix) and was proposed by Micromath Scientific Software
(Salt Lake City, Utah, USA) and implemented in their program, “Scientist.” The most
appropriate model is that with the smallest AIC and the largest MSC value. Although AIC
values are affected by the unit or the concentration of the brain activity, MSC values are
independent of these parameters by having errors of fitting in both the numerator and the
denominator. Therefore, MSC can be used to compare goodness-of-fit among different scans.

Goodness-of-fit by the compartment models was compared with F statistics (Hawkins et al.,
1986). A value of P <0.05 was considered significant for F statistics.

The identifiability (%) of the kinetic variables was expressed as the standard error of non-linear
least squares estimation. The standard error is calculated from the diagonal of the covariance
matrix (Carson, 1986) and expressed as a percentage of the rate constant. identifiability (%)
of V1 was calculated from the covariance matrix using the generalized form of error
propagation equation (Bevington and Robinson, 2003), where correlations among parameters
(K1, and ko, or K1, ks, ks, and k) were taken into account. Greater numbers in identifiability
(%) indicate poorer identifiability.

Pharmacological effects

Injection of [11C]PBR28 caused no pharmacological effects, based on patient reports, ECG,
blood pressure, pulse, and respiration rate after radioligand administration. In addition, no
effects were noted in any of the blood and urine tests acquired about 24 h after radioligand
injection. The injected mass dose of PBR28 was 4.9 £ 2.6 nmol (n = 13 injections in 12
subjects).

Brain images: binders

After injection of [11C]PBR28, 10 of 12 subjects showed moderate levels of activity in brain
that washed out gradually. The peak uptake occurred at 5 min and was ~200% SUV (Fig. 1A).
Brain activity decreased to 50% of the peak by 70 min and to 40% of peak by 120 min. As
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expected from known distribution of PBRs in human brain (Cymerman et al., 1986;Doble et
al., 1987), the distribution of activity was widespread and fairly uniform in gray matter of
cerebral cortices and cerebellum, basal ganglia, and thalamus (Fig. 1B). A brain region without
PBRs can be used as a reference region in kinetic analysis. However, there appeared to be no
such a region.

Brain images: nonbinders

Two of 12 subjects had a strikingly different time course of radioactivity in brain, including
markedly faster washout. Both subjects were 25 year old males; one was Euro-American and
one was Hispanic. In comparison to the 10 other subjects, a total of three scans of these two
unusual subjects showed a higher peak of 216%, 234%, and 341% SUV at an earlier time (2
min instead of 5 min for the other 10 subjects) (Fig. 1C). Activity washed quickly from brain
and was at half of the peak concentration within only 6-7 min, compared to the other 10 subjects.
In addition, brain activity remained almost constant after ~20 min.

One of the two subjects reported taking ibuprofen (1000 mg per day for several days/weeks)
prior to the first scan. To test whether the ibuprofen may have blocked radioligand binding in
brain, after ~100 days off ibuprofen and 114 days after the first PET scan, we repeated the
brain scan in this subject. The second scan was almost identical to the first in terms of peak
uptake and washout rate.

Plasma analysis: binders

The concentration of [11C]PBR28 peaked at ~90 s and rapidly declined thereafter following a
curve that was well fit as a triexponential function. The peak concentration was ~1,400% SUV
on average and decreased to 50% of the peak at 2 min and to 10% at 6 min (Fig. 2A). Tri-
exponential fitting converged in all scans with 5.8% average errors of fitting and showed half
lives of 0.34, 4.3, and 42 min. Calculated as the partial area under the concentration vs. time
curve, these three half lives accounted for 14%, 33%, and 53% of the area under the curve from
the peak to infinity.

A radiometabolite of [11C]JPBR28 appeared quickly in plasma and later became the
predominant component of plasma radioactivity. The radiometabolite eluted earlier than [11C]
PBR28 on reversed phase HPLC (Fig. 2B and 2C) and therefore appears less lipophilic than
[11C]PBR28. The fraction of [L1C]PBR28, expressed as a percentage of total plasma
radioactivity, declined gradually and reached 50% at 15 min (Fig. 2D). The concentration of
the radiometabolite significantly increased during the course of the study and was 97% of total
plasma radioactivity at 120 min. The net effect of declining concentration of [11C]PBR28 and
increasing concentration of radiometabolite was that the total concentration of radioactivity in
plasma declined by only 6% from 30 to 120 min (Fig. 2A). Finally, the plasma free fraction of
[11C]PBR28 was 3.3 + 0.5%.

Plasma analysis: nonbinders

The plasma concentration of [11C]JPBR28 in the two nonbinders tended to be higher than that
of the 10 other subjects. For example, the peak concentrations in the nonbinders were 2,100%,
2,200%, and 4,500% SUV, whereas the average in the other 10 subjects was 1,400%.
Nevertheless, the time course of plasma concentrations of [11C]JPBR28 in nonbinders was
similar to that of other subjects. Tri-exponential fitting converged in all scans with 4.3%
average errors of fitting. The average half-lives (and % contribution to the entire area under
the curve) were 0.51 min (17%), 4.0 min (14%), and 31 min (69%). Finally, the average plasma
free fraction was 2.7% in the nonbinders, compared to 3.3% in the binders. Thus, the trend of
higher peak brain activity in the nonbinders may have been caused by higher peak plasma
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concentrations of [11C]PBR28. However, the rapid washout of radioactivity from brain of
nonbinders was not explained by the decline of the plasma concentration of [11C]PBR28.

Kinetic analysis: binders

The unconstrained two-tissue compartment model provided significantly better fit than the
one-tissue compartment model, consistent with the presence of significant amounts of both
specific and nonspecific binding in human brain. Because all 10 subjects had a scan of at least
2 h duration, results from 2 h data are reported here. The one-tissue compartment model
estimated Ky and k, with good average identifiability (%) of 3.8% and 6.8%, respectively
(Table 2). identifiability of V1 was 4.2%. However, the fitting deviated from the measured
brain data (Fig. 1A) and had high AIC score of 187 and low MSC of 1.6. The unconstrained
two compartment model fitted the data better than the one-compartment model with low AIC
of 102 and high MSC of 4.2. F-test showed that the two-compartment model gave statistically
better fitting in all regions of all subjects. The superiority of two- over one-compartment model
was also supported by Logan plots applied as a supplementary analysis, which showed linear
fitting not from time 0 but from ~28 min in real time (data not shown).

The unconstrained two compartment model gave average rate constants of K; =0.13 mL »
em3 . minL, ky = 0.11 minL, k3 = 0.062 min1, and k4 = 0.024 min'L, resulting in BPyp = 2.6
and V1 = 4.0 mL « cm™ (Table 1). Compared to the one-compartment model, the two-
compartment model estimated K4 with similar identifiability of 3.3%, while ko, k3, and k4 were
not well identified and had identifiability of 10% or greater. Nevertheless, the two-
compartment model well identified V1 and had an average identifiability of 3.9%. Therefore,
the unconstrained two-compartment model well described the kinetics of [11C]PBR28. An
alternative measure of receptor binding, BPyp was not identified so well as V+ and showed an
average identifiability of 9.2%. In addition to parameters directly describing ligand binding,
both V+ and BPyp include Vp, which is not relevant to binding. Because V was identified
better, V1 was used as the measure of ligand binding for further analyses.

Kinetic analysis: nonbinders

Distribution volume in the two nonbinders could not be estimated with reasonable
identifiability using either the one- or the unconstrained two-compartment model. Because of
almost constant brain activity after ~20 min, the dissociation rate constant k4 could not be
identified, and the two-compartment model did not converge. The one-compartmental fitting
significantly deviated from the observed data (Fig. 1C) and had AIC and MSC scores of 172
- 176 and 0.1 - - (negative) 0.5, respectively. Therefore, V1 could not be measured accurately
in the nonbinders.

Minimal scan time required to estimate distribution volume

To determine the minimal scanning time required to obtain stable values of distribution volume,
we increasingly truncated the brain data from its complete duration of 120 or 150 min to only
the initial 30 min. Data of only the binders were analyzed, since V1 of the nonbinders could
not be measured accurately. We used the unconstrained two-compartment model. All 10
binders were imaged for at least 120 min. For these 10 subjects, V1 determined with data from
the initial 90 min was only 6% less than that determined from the entire 120 min (Fig. 3). Six
of the ten subjects were imaged for at least 150 min. For these six subjects, V1 determined with
data from the initial 90 min was still only 11% less than that determined from the entire 150
min. Thus, V1 was stably estimated with about 90 min of image acquisition. Furthermore,
V7 had high identifiably whether determined with acquisitions of 90 min (3.2%) or 120 min
(3.9%). Nevertheless, V1 was not completely stable after 90 min, since it increased by 11%
from 90 to 150 min. This relatively small and gradual increase could have been caused by the
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accumulation of radiometabolites in brain. The underestimation of compartmental fitting (Fig.
1A) might have also been caused by radiometabolites in brain.

Simulations of increased receptor density

[11C]PBR28 could be used to measure areas with increased density of PBRs associated with
inflammation. To assess the ability of [L1C]PBR28 to quantify such an increase, we simulated
conditions of increased receptor density. That is, we increased the value of k3, which is
proportional to receptor density, but did not change other rate constants. For the simulations,
we used the constrained two-compartment model by fixing K1/ky, which tended to improve
identifiability of rate constants with 3.3% (unconstrained)/1.8 (constrained), 13.2/4.6, 10.5/9.4
for K1, k3, and kg, respectively, although both unconstrained and constrained models identified
the major outcome variable, V1, with equal identifiability (i.e., 3.9%). Increases in k3 showed
little effect on the value of V1, and bias from the theoretical value was within £ 1.5% for all
levels of ks. However, increases in k3 almost linearly made identifiability poorer (greater
numbers in %identifiability) reaching to ~10% with a six-fold increase in k3 and nearly 20%
with a 10-fold increase (Fig. 4). That is, although not biased, the estimation of V1 was less
reproducible with increased receptor densities - i.e., the precision of V1 was decreased with
increased receptor densities.

DISCUSSION

[11C]PBR28 had generally promising imaging characteristics, including peak concentrations
in brain (~200% SUV) that were moderate in healthy subjects who presumably had no
inflammation in brain. Brain uptake could be quantified with a two-tissue compartment model
as distribution volume, which provided relatively stable values after about 90 min of imaging.
Nevertheless, the estimates of distribution continued to increase in the later portion of longer
scan durations: ~11% from 90 to 150 min. This increasing estimate of distribution volume was
consistent with a small amount of radiometabolites in brain. Radiochromatography of plasma
showed only one radiometabolite. Although this radiometabolite had lower lipophilicity than
[11C]PBR28 and would presumably have less entry to brain, the radiometabolite accounted for
97% of plasma radioactivity by 120 min. Two of the 12 healthy subjects had a time course of
brain activity that would be mimicked by the absence of PBRs or by blockade of PBRs. The
reason(s) for the unusual results in these two subjects are not known.

Comparison of [11C]JPBR28 imaging in humans and monkeys

The current results of [1C]JPBR28 imaging in humans were different from our prior studies in
rhesus monkey in two ways, which may be related. First, receptor binding in monkey brain
was much higher (~20 fold) than in human brain. Second, modeling was adequately performed
with one-tissue compartment in monkeys but required two-tissue compartments in humans.
That is, the human data was consistent with a sizeable proportion of brain activity being
nonspecific binding.

The binding of [11C]PBR28 in brain, estimated as distribution volume, was about 20 fold higher
in monkey than in human. That is, V1 was ~100 - 150 mL « cm=3 in monkey brain and only
~4 mL « cm™ in human brain. Since only radioligand that is not bound to plasma proteins is
able to cross the blood-brain barrier, a more accurate comparison of binding would correct for
free fraction fp. With this correction, V1/fp was ~2,000 - 3,000 mL « cm™3 (fp = 5.6%) in monkey
brain and only ~120 mL « cm™3 (f» = 3.3%) in human brain. Although differences in PBR
density between rhesus monkey and human are reported in only a limited number of regions
(Cymerman et al., 1986; Pazos et al., 1986), the relative receptor binding of [11C]JPBR28 in
our studies was consistent with these in vitro reports.
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A second difference between these two species was that modeling of [11C]PBR28 required
only one-tissue compartment in monkeys but two tissue compartments in humans. This
difference was likely caused by the fact that the vast majority (>90%) of brain uptake in monkey
is specific and can be blocked by nonradioactive PBR ligands. We did not perform such
blockade in human subjects, but we know that total brain uptake (i.e., specific plus
nondisplaceable) in humans is 1/20t that in monkey. In monkey, nondisplaceable distribution
volume adjusted by plasma free fraction (Vyp / fp) was ~30 mL « cm3. If nondisplaceable
uptake is similar in both species, then 25% of total brain uptake in humans is nondisplaceable
(i.e., 30/ 120 = 25%). In summary, a greater percentage of nondisplaceable uptake relative to
specific binding in human than in monkey brain could have caused a two-compartment model
to be significantly better than a one-compartment model in human because nondisplaceable
and specific binding compartments were more distinguishable.

Simulations of increased binding

Nonbinders

An area with high density of glia or significant inflammation may have several fold increased
density of PBRs (Venneti et al., 2006). Therefore, in addition to measuring low density of
receptors found in healthy human brain, a useful PET radioligand must also be able to measure
areas of increased binding. A common difficulty with such measurements is that the densely
packed receptors delay the washout of radioligand by binding and rebinding, and the delay
may extend beyond the useful half-life of the radionuclide. We simulated up to 10-fold
increased receptor density and found that the major outcome measure, distribution volume
(V1), was estimated without bias but with lower reproducibility (i.e., less precision). Although
this simulation suggests that [11C]PBR28 can provide reasonably accurate measurements of
V1 with increases of up to about five fold, real studies in patients will be required to assess this
simulated result and the impact of other possible changes caused by inflammation such as
increase in permeability of blood brain barrier. Furthermore, if increased densities of PBR are
difficult to measure with [11C]PBR28, a longer-lived 18F-labeled radioligand, such as [18F]
PBRO06, may be advantageous (Imaizumi et al., 2007a).

Two of the 12 healthy subjects had time courses of brain activity that would be mimicked by
the absence of PBRs or by blockade of PBRs. That is, the peak plasma concentration was
higher, the peak brain radioactivity was higher, and the washout of radioactivity from brain
was faster in these two unusual subjects than in the other ten subjects. We found similar results
in monkeys who received receptor-blocking doses of nonradioactive PBR ligand prior to
[11C]PBR28 injection (Brown et al., In press; Imaizumi et al., In press). Whole body imaging
in amonkey showed blockade of binding to peripheral organs, such as kidney, lung, and spleen,
which have high densities of PBRs. This blockade of distribution of radioligand to peripheral
organs caused higher concentrations of [11C]JPBR28 in plasma and consequently higher peak
radioactivity in brain. Since receptors in brain were also unavailable to bind radioligand, the
brain activity washed out much faster in monkeys after preblockade than under baseline
conditions. Thus, these two subjects showed time courses of brain activity that were similar to
those in monkeys that had no receptors available for binding. Furthermore, we performed whole
body imaging in both of these subjects, and they showed negligible binding to kidneys, lungs,
and spleen (results of one of these subjects were included in (Brown et al., In press)). Thus,
these two subjects appeared to lack the binding site of [11C]PBR28 or lack PBR receptors in
both brain and periphery.

The cause(s) of the unusual time course of brain activity in these two subjects are unknown
but are likely not medications. One of the two subjects was taking modest doses of ibuprofen
(1000 mg/day), but the brain imaging results were replicated after discontinuing this
medication for ~100 days. This subject was taking no medication other than ibuprofen, and
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the second subject was taking none at all. Furthermore, the urine of both subjects was negative
for common drugs of abuse. To explore possible causes of the unusual brain uptake, we plan
to examine polymorphisms of the PBR gene including those reported (Kurumaji et al., 2000)
and also perform in vitro binding to PBRs located on white blood cells.

What is the incidence of this unusual finding in healthy subjects? Since the time of this study,
we have performed whole body and/or brain imaging with [*C]PBR28 in a total of 29 healthy
subjects. Four subjects including two reported here showed time activity curves that suggest

no available PBRs in brain and/or periphery. Thus, the incidence to date is 4 / 29 or 14%.

of [11C]PBR28 and [11C](R)-PK 11195

Is our new radioligand, [11C]PBR28, better than [*1C](R)-PK 11195, which has been studied
for more than a decade? Although many reports have been published on [11C](R)-PK 11195,
and we have performed extensive evaluations of [}1C]PBR28 in animals (Imaizumi et al., In
press; Imaizumi et al., 2007b) and healthy human subjects ((Brown et al., In press) and current
study), we do not know the answer to this question. The problems with making comparisons
are that the two radioligands have been studied under somewhat different conditions and
[11C]PBR28 has not yet been studied in patients with neuroinflammation. Nevertheless, some
limited comparisons can be made.

The total brain uptake of [11C]PBR28 appears to be higher than that of [11C](R)-PK 11195 but
the percentage of specific binding is difficult to compare. After an initial sharp peak, the brain
uptake of [*1C](R)-PK 11195 appears to be ~100% SUV (Cagnin et al., 2001; Kropholler et
al., 2005). In contrast, the brain uptake of [11C]PBR28 was ~200% in healthy subjects (Fig.
1A). Of this total brain uptake, the percentage that is specific is critically important, since we
seek to measure specific (or receptor-bound) radioligand. Unfortunately, blockade studies
using nonradioactive ligands have been performed in different species for the two radioligands.
We found that more than 90% of brain uptake of [*1C]PBR28 in monkey brain was specific -
i.e., blocked by pharmacological doses of nonradioactive DAA1106 (Imaizumi et al., In
press). Similar studies are not reported for [1C](R)-PK 11195, but one displacement study was
performed in a human subject with a glioma using racemic [11C]PK 11195 (Pappata et al.,
1991). In this case, visual inspection of the time-activity curve shows that about 1/3 of activity
in the glioma was displaced within 10 min of injection PK 11195 (57 pmol i.v.). Studies with
identical design in the same species will be required to compare accurately the two radioligands,
[*1C](R)-PK 11195 and [*1C]PBR28. Furthermore, the clinical utility of the two radioligands
will likely require side-by-side comparisons in patients with neuroinflammation.

The existence of nonbinders for [L1C]PBR28 is a clear disadvantage of this radioligand. To
our knowledge, nonbinders have not been reported for [11C](R)-PK 11195. Nevertheless, the
quick initial peak and rapid decline of brain activity using [11C](R)-PK 11195 in some healthy
subjects (Fig. 2 in (Kropholler et al., 2005)) looks similar to that in our nonbinders. Although
speculative, could [11C](R)-PK 11195 have such low specific binding that nonbinders are not
as easily identified as with [11C]JPBR28? Like other questions of comparison, the answer will
likely require side-by-side comparison of the two radioligands in binders and nonbinders.

CONCLUSIONS

Binding of [11C]PBR28 in brain was measured in healthy human subjects with ~90 min of
brain imaging combined with serial concentrations of [L1C]PBR28 in arterial plasma. Binding
in human brain was about 1/20t of that in rhesus monkey and required a two-tissue
compartment model. For unknown reason(s), a small percentage (~14%) of healthy subjects
showed no significant binding of [11C]PBR28 in brain.
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where n is the number of data points, w; is the weights applied to the points, p is the number
of parameters, Y is the value calculated by a model and Yoy are the observed data in an
experiment.
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Fig. 1.

Time course of radioactivity and images of its distribution in brain after injection of [11C]
PBR28. A) Concentrations (x) of radioactivity in thalamus of a typical healthy subject - namely,
one who showed binding of the radioligand. The measured data were fitted with one- and two-
tissue compartment models with no constraint. The two-tissue compartment MOde] (wm) More
closely followed the measured values than did the one-compartment model (m = =). The
constrained two-tissue compartment model with a fixed value of K1/k, (not plotted) was
visually indistinguishable from the unconstrained two-compartment model. B) The transverse
PET image (right) of this typical healthy subject was created by averaging all frames and scaled
using %SUV. The coregistered MRI (left) of this subject identifies that the PET image was
obtained at the level of the thalamus. C) Concentrations of radioactivity in thalamus (%),
caudate (A), and parietal cortex (V) in an atypical human subjects - i.e., one who appeared to
have no binding of the radioligand. The one-compartment fitting (solid line) converged but
with large deviations from the observed data, and two-compartmental fitting (not plotted) did
not converge.
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Fig. 2.

Concentration of radioactivity in plasma of the typical healthy subject shown in Fig. 1A and
1B. A) Concentrations are plotted for unchanged parent radioligand [11C]PBR28 (%), total
radioactivity in blood (A ), and total radioactivity in plasma (V). The time course of [11C]
PBR28 was fitted to a tri-exponential curve (—). Radiochromatograms of activity extracted
from plasma at 6 (B) and 40 (C) min after injection of [L1C]PBR28. Peak 2 was confirmed to
be [11C]PBR28 based on HPLC co-elution with nonradioactive PBR28. Peak 1 was a
radiometabolite with lipophilicity lower than that of [L1C]JPBR28. D) The percentage
composition of plasma radioactivity over time is shown for [21C]JPBR28 (x) and the
radiometabolite (e).
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Fig. 3.

Value of distribution volume as a function of duration for image acquisition. V1 was calculated
for thalamus (x), caudate (A ), and parietal cortex (V) using an unconstrained two-tissue
compartment model. Scans were analyzed using brain data from time 0 to the specified time
on x-axis. V1 was expressed as a percentage of terminal value - i.e., Vt calculated from the
entire 120-min data set. Imaging for the initial 90 min provided V1 within 10% (dashed line)
of that obtained with the full length data.
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Fig. 4.

Reproducibility of distribution volume estimation as a function of receptor density, as
simulated by increasing the value of k3. Simulations were performed by using average rate
constants obtained in thalamus (K1 = 0.12 mL « cm3 - min', k, = 0.11 min'1, k3 = 0.069
min-1, and k,; = 0.023 min1) and average input function, and by increasing ks up to 10 times
of its baseline value. The increases caused poorer reproducibility (i.e., larger %COV), but the
%COV wias still less than 10% for a five-fold increase in ks.
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