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Abstract
Purpose—Metabotropic glutamate receptor subtype 5 (mGluR5) dysfunction has been
implicated in several disorders. [11C]ABP688, a Positron Emission Tomography (PET) ligand
targeting mGluR5, could be a valuable tool in the development of novel therapeutics for these
disorders by establishing in vivo drug occupancy. Due to safety concerns in humans, these studies
may be performed in nonhuman primates. Therefore, in vivo characterization of [11C]ABP688 in
nonhuman primates is essential.

Methods—Test/retest studies were performed in Papio anubis to compare modeling approaches
and determine the optimal reference region. The mGluR5-specific antagonist 3-((2-methyl-1,3-
thiazol-4-yl)ethynyl)pyridine (MTEP) was then used in test/block studies, in which ligand binding
was measured before and after MTEP administration. Test/block data were analyzed both by
calculating changes in binding and using a graphical approach, which allowed estimation of both
MTEP occupancy and nonspecific binding.

Results—Test/retest results, which have not been previously reported for [11C]ABP688,
indicated that [11C]ABP688 variability is low using an unconstrained two-tissue compartment
model. The most appropriate, though not ideal, reference region was found to be the grey matter of
the cerebellum. Using these optimal modeling techniques on the test/block data, ~90% occupancy
was estimated by the graphical approach.

Conclusions—These studies are the first to demonstrate the specificity of [11C]ABP688 for
mGluR5 with in vivo PET in nonhuman primates. The results indicate that, in baboons, occupancy
of mGluR5 is detectable by in vivo PET, a useful finding for proceeding to human studies, or
performing further baboon studies, quantifying the in vivo occupancy of novel therapeutics
targeting mGluR5.
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INTRODUCTION
Glutamate is the primary excitatory neurotransmitter in brain [1]. Metabotropic glutamate
(mGlu) receptors, a family of eight G-protein-coupled receptors, modulate glutamatergic
transmission via second messenger signaling pathways [2,3]. These receptors are divided
into three groups based on their structure and function [2,3]. Group I mGlu receptors (mGlu
receptor subtypes 1 and 5) regulate neuronal excitability indirectly by modulating
glutamatergic transmission through N-methyl-d-aspartatic (NMDA) receptors [4].

Dysfunction in the metabotropic glutamate receptor subtype 5 (mGluR5, also referred to as
the mGlu5 receptor), has been implicated in disorders such as schizophrenia [5–7],
psychostimulant addiction [8,9], Parkinson’s disease [10–12], attention-deficit and
hyperactivity disorder [13], and degenerative and dysplastic diseases of the central nervous
system [14]. Altered mGluR5 is also suspected in the most common inherited form of
mental retardation and autism, fragile X syndrome [15]. As such, mGluR5 may represent a
viable therapeutic target for these disorders. For example, positive allosteric modulators of
mGluR5 are currently being investigated as potential antipsychotic treatments for
schizophrenia [16,17], while mGluR5 antagonists are being examined in clinical trials for
patients with Fragile X Syndrome [18].

Attention has also been focused on mGluR5 due to its role in anxiety and depression [2].
The effectiveness of mGluR5 antagonists as antidepressants has been assessed in several
rodent studies. In both the tail suspension test [19] and forced swim test [20] paradigms, two
different mGluR5 antagonists, MPEP (2-methyl-6-(phenylethynyl)-pyridine) and MTEP (3-
((2-methyl-1,3-thiazol-4-yl)ethynyl)pyridine), exerted antidepressant-like effect in mice
[21–23]. In a modified forced swim test, these effects (tested only with MTEP) were also
noted in rats [21]. In addition, in a third paradigm in which olfactory bulbectomies were
performed to induce depression-like behavior in rats, chronic administration of either MPEP
[24,25] or MTEP [22] reduced bulbectomy-induced behaviors.

Further evidence of the role of mGluR5 in the transduction of antidepressants came from
mGluR5 knockout mice. Three key findings from Li et al [23] were: (1) mGluR5 knockout
mice had decreased immobility, i.e. an antidepressant-like effect, in the forced swim test; (2)
MPEP was ineffective in mGluR5 knockout mice; but (3) the tricyclic antidepressant,
imipramine, could still produce an antidepressant effect. The last finding suggests that
mGluR5 blockade can enhance the efficacy of other antidepressants, either directly, by
acting synergistically with these drugs, or through an independent pathway of
antidepressant-like action.

Antagonists of mGluR5 have also exhibited the most robust and extensive anxiolytic
activity, with the exception of benzodiazepines, in preclinical trials [26]. A large body of
consistent evidence has revealed the effectiveness of both MTEP and MPEP, as well as
several other mGluR5 antagonists, in inducing anxiolytic-like effects in rodents [2]. In
addition, fenobam, a selective mGluR5 antagonist [27] produced an anxiolytic effect in
patients with moderate to severe anxiety in a Phase II double blind study performed in the
1980s [28]. (Despite its clinical efficacy and absence of side effects commonly associated
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with benzodiazepines, initial clinical trials of fenobam were discontinued due to
psychostimulant adverse effects [2,27].)

As underscored by the above evidence, mGluR5 is a potential therapeutic target for multiple
disorders, and, as such, it is necessary to establish accurate methods for quantifying mGluR5
occupancy in vivo. This can be accomplished using Positron Emission Tomography and the
ligand [11C]ABP688 (3-(6-Methylpyridin-2-ylethynyl)cyclohex-2-enone-O-11C-methyl-
oxime), which targets mGluR5 [29]. In vitro binding assays and biodistribution studies have
shown that: at concentrations up to 10 μM, ABP688 does not bind to receptors or
transporters other than mGluR5 [26] and that [11C]ABP688 uptake is significantly lower in
mGluR5-knock out mice [29].

Although these in vitro studies indicate the probable in vivo specificity of [11C]ABP688 for
mGluR5, this must be quantitatively validated, due to differences in ligand kinetics,
membrane integrity, temperature, pH, and the availability of guanosine triphosphate (GTP)
between in vitro and in vivo conditions. In addition, it is important to note that both MPEP
and MTEP are negative allosteric modulators and therefore require an orthosteric ligand to
achieve modulation in vitro [35,36] whereas, in vivo, MPEP or MTEP modulation can occur
in the presence of endogenous glutamate. For these reasons, differences in sensitivity
between in vitro and in vivo techniques may exist and it is therefore important to establish:
(1) that mGluR5 occupancy can be measured by in vivo techniques, and, if so, (2) the
optimal methods to quantify that occupancy.

Initial studies of mGluR5 in vivo specificity have been performed in rodents. PET studies in
rat have shown that both the mGluR5 antagonist, MPEP, and methoxy substituted derivative
of MPEP, 2-methyl-6-((3-methoxyphenyl)ethynyl)pyridine (M-MPEP [30]) can induce
significant reductions in [11C]ABP688 binding [29,31,32], and that injecting stable ABP688
following the M-MPEP administration does not result in further binding reductions [32].
Further, PET studies performed on mGluR5 knock out mice showed homogeneous
accumulation throughout the brain, with similar binding in the forebrain and cerebellum
[29]. These findings are consistent with the results of initial human studies indicating
increased uptake of [11C]ABP688 in mGluR5-rich regions [33,34].

In order to perform specificity studies in humans, however, it is necessary to establish that
physiologically tolerable doses of a highly specific mGluR5 blocking agent can produce a
measurable blockade. As such, both rodent and baboon studies are a necessary precursor for
human analysis. Although [11C]ABP688 blocking studies have been performed in rodents,
this type of blocking study has never been performed in baboons, or using the highly-
specific mGluR5 antagonist, MTEP. In addition, a [11C]ABP688 test/retest study, the only
method for assessing within-subject variability, has not been performed in any species to
date. Test/retest studies provide the best standard to assess modeling techniques, including
choice of reference region. Therefore, in this work, a test/retest study was performed in
Papio anubis to confirm the optimal modeling technique for [11C]ABP688, and to find an
appropriate reference region. (Proper choice of reference region is essential for accurate
quantification of occupancy using reference tissue approaches.) Using these optimal
modeling techniques, the ability of the MTEP to displace [11C]ABP688 from binding to
mGluR5 was studied. MTEP occupancy was assessed in two ways, using the standard
percent difference in binding, and with a graphical approach that does not require a
reference region [37]. By comparing these two approaches, the optimal method to assess in
vivo occupancy using [11C]ABP688, and the effect of a non-ideal reference region on
[11C]ABP688 occupancy calculations, was determined. The results of these studies provide
essential information for using this ligand in drug occupancy studies in the baboon, and are a
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necessary precursor for establishing [11C]ABP688 in vivo specificity and occupancy in
humans.

MATERIALS AND METHODS
[11C]ABP688 Synthesis

Radiosynthesis of [11C]ABP688 was achieved using a procedure previously described [29],
with slight modification. [11C]MeOTf was trapped into an acetone (400 ml) solution
containing 0.5 mg of desmethyl-ABP688 and 10 μl NaOH (5 N) at room temperature for 5
minutes. The crude product was loaded into a semipreparative HPLC column (Phenomenex
C18, Phenomenex, Torrence, CA), eluted with 50:50 (acetonitrile: 01. M AMF, 10 ml/min),
and the product fraction (major diastereomer) was collected between 9 and 10 min, based on
a γ-detector. The collected fraction was then diluted with deionized water (100 ml), passed
through a C-18 SepPak (Waters Corp., Milford, MA), and washed with water (2 × 20 ml).
Following the water rinse, the product was eluted from the SepPak with 1 ml of ethanol. The
ethanol solution was diluted with 9 ml of normal saline and filtered through a 0.22 μm filter.
A small portion of the product was analyzed with analytical HPLC for chemical and
radiochemical purities, specific activity, and other quality control indices. The total time
required for the synthesis of [11C]ABP688 was 30 minutes from the end of bombardment.
The average yield was 25 ± 5% at the end of synthesis (EOS) with a specific activity 4.0±
1.5 Ci/μmol.

Animal Preparation and Imaging
Two healthy male Papio anubis (baboons) were studied according to protocols approved by
the Columbia-Presbyterian Medical Center Animal Care and Use Committee. Animals were
prepared and monitored as described previously [38].

Two types of PET studies were performed - test/retest (n = 3) and test/block (n = 3). In the
test/retest studies, performed twice on baboon #1 and once on baboon #2, the anaesthetized
baboon was scanned twice under the same conditions in a single day, separated by an
approximately one-hour break. In the test/block studies, also performed twice on baboon #1
and once on baboon #2, the anaesthetized baboon was again scanned twice in a single day,
separated by an approximately one-hour break. However, before the second (block) scan,
MTEP was injected by intravenous bolus over 12 minutes. A minimal effective MTEP dose
(1 mg/kg), based on previous studies was chosen. (Rodent studies have shown that 50% of
mGluR5 receptors remain occupied one-hour post 1 mg/kg MTEP administration [39,40].
And, preclinical studies have indicated that 1 mg/kg MTEP can produce an anxiolytic
response [41] and, in some paradigms, antidepressant effect [22].) The baboon was then
carefully monitored for hemodynamic stability (~8–12 minutes after MTEP administration)
before ligand injection and PET imaging.

PET imaging was performed with an ECAT EXACT HR+ (Siemens/CTI, Knoxville, TN)
(63 slices covering an axial field of view of 15.5 cm, axial sampling of 2.425 mm, in 3D
mode). A 10-minute transmission scan was acquired before injection. At the end of the
transmission scan, [11C]ABP688 was administered intravenously as a bolus over 45
seconds. Following injection of [11C]ABP688, emission data were collected for 120 minutes
as 23 successive frames of increasing duration (2 × 30 sec, 3 × 1 min, 5 × 2 min, 4 × 4 min,
9 × 10 min). Images were reconstructed using attenuation correction from the transmission
data using a previously outlined procedure [42].

A magnetic resonance image (MRI) of each baboon’s brain was previously obtained for
anatomical delineation. PET-to-MRI transformations were computed between the baboon’s
MRI and the mean image of frames four through nine of the PET image, using FLIRT
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(FMRIB linear image registration tool), version 5.0 (FMRIB Image Analysis Group, Oxford,
UK), with a mutual information cost function, six degrees of freedom, and trilinear
interpolation. These early PET frames were chosen for coregistration because they portray
the cerebral perfusion pattern, which is spatially similar to the MRI. Regions of interest
(ROIs) were manually drawn on the corresponding MRI. Cerebellar grey matter was drawn
on several MRI slices as a cylindrical ROI within the cerebellum, at least one full-with at
half maximum (FWHM) distance from white matter and the vermis. The volume of
cerebellar grey matter (105 and 100 mm3, for baboons 1 and 2, respectively) was
considerably smaller than that of the full cerebellum (11,010 and 5,829 mm3, respectively).
All ROIs were transferred to the PET frames using the coregistration transformation, and
time-activity curves (TAC) were constructed using the measured ROI activity within each
frame.

Input Function Measurement
Arterial samples were collected automatically every 10 to 20 seconds for the first 4 minutes,
then manually for a total of 34 samples. Radioactivity of 200-μL aliquots of centrifuged
plasma samples was measured in a 1480 Wizard 3M automatic γ counter (Waallac, Turku,
Finland). Free fraction measurements were performed using an ultrafiltration technique as
previously described [43]. However, due to the high protein binding of ABP688 [26], the
accuracy of this technique was compromised by nonspecific binding of the to the apparatus
[44]. Measuring plasma free fraction using equilibrium dialysis [45] is one way to
potentially circumvent this problem in the future. Blood samples drawn at 2, 4, 12, 30, 60,
and 90 min were further processed by HPLC for metabolite analysis.

Unmetabolized parent fraction levels were fit with a Hills function [46]. The input function
was calculated as the product of the interpolated parent fraction and the total plasma counts.
This combined data was then fit as the combination of a straight line and the sum of three
exponentials, describing the function before and after the peak, respectively.

Outcome Measure Calculation
The outcome measure closest to the receptor density is BPF (Bavail/KD), where Bavail is the
density of available receptors and KD is the equilibrium dissociation constant [47]. Since the
calculation of BPF requires accurate measurement of the free fraction (fp) and [11C]ABP688
free fraction measurements were unreliable, BPF estimations were unreliable. Therefore, in
this work, the measurement closest to receptor density, while maintaining reliability, was
BPP (Bmax/KD * fp). BPP can be calculated as (VT-VND)/VND, where VT is the volume of
distribution (ratio of the concentration of the ligand in the region to that in the plasma at
equilibrium) and VND is the volume of distribution of the reference region, representing the
non-displaceable VT. Although BPP is the outcome measure of choice when the free fraction
is not measured, the advantage of using VT as an outcome measure is that it is not
influenced by estimations of VND.

When using reference region approaches, estimations of VT and BPP are not possible. In
these cases, the outcome measure BPND = fNDBavail/KD, where fND is the fraction of free
ligand in the reference region, was used as it does not require blood sampling.

Modeling Comparison
Modeling procedures considered were previously reported [43], and can be separated into
two types – kinetic and graphical. As previously performed [43], one and two tissue
compartment models were calculated, both iteratively and non-iteratively. Using non-
iterative methods, the experimental data is matched to the most similar curve in a library of
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precalculated functions, rather than performing a nonlinear least squares iterative fit. These
approaches are therefore faster and less computationally expensive.

An iterative two-tissue compartment constrained algorithm was also tested, in which the
ratio of kinetic constants, K1/k2, for each ROI is constrained to the ratio of K1 to k2 in the
reference region [48].

Graphical methods were the second type of approach used. Using Logan graphical analysis,
outcome measures can be calculated from the slope of the linear part of an integral plot [49].
The linear portion of the graph for [11C]ABP688 was considered to be the last eight points.
To reduce the bias introduced by the Logan approach [50], likelihood estimation in
graphical analysis (LEGA) was also used [51].

In addition to these methods, two methods that do not require blood sampling were applied –
the simplified reference tissue model (SRTM, [52]), and a bloodless version of the Logan
method [53] to determine the effect of reference tissue assumptions on outcome measure,
and therefore occupancy measures.

Five outcome metrics were used to assess the performance of each modeling approach.
These metrics, which were previously defined [43], are:

1. Percent Difference (PD), measuring the absolute difference between test and retest
values on the same subject, divided by their average.

2. Within Subject Mean Sum of Squares (WSMSS), which indicates the variance of
an outcome measure based on repeated measurements on the same subject.

3. Variance, the square of the standard deviation of the value across subjects. (4)
Intraclass Correlation Coefficient (ICC), which determines how much variability is
due to differences between subjects as opposed to within the same subject. This
measure varies between −1 and 1.

4. Identifiability (ID), measuring the stability of the estimation, based on taking
bootstrap samples of the TACs of each subject [54]. Lower identifiability indicates
more stable data.

RESULTS
Baboon Metabolism

Metabolism was rapid with percentage of unmetabolized [11C]ABP688 decreasing quickly
in the first 10 minutes. However, since radiolabeled metabolites of [11C]ABP688 are more
hydrodrophilic than the parent compound, these metabolites are unlikely to cross the blood–
brain barrier [33]. The average percent parent compound across all studies (n = 12) at 2, 4,
12, 30, 60, and 90 minutes was: 89.39±4.57, 61.18±11.60, 23.32±8.79, 17.04±3.47,
15.91±2.55, and 15.65±2.58, respectively. Initial (mean: 5.40±0.86 mCi), retest (mean:
5.53±0.80 mCi), and block (mean: 5.45±0.80 mCi) injected doses were comparable.

Regional Uptake
In order to create images of regional uptake with less noise, voxel maps of regional binding
were combined and averaged. To accomplish this, all images from the test/retest study
(n=6), as well as baseline scans from the test/block experiments (n=3) were first transformed
to the space of their corresponding MRIs using the calculated coregistration transform (see
Methods – Image Analysis). The MRI of baboon #2 was then non-linearly warped to the
MRI of baboon #1 using the Automatic Registration Toolbox [55], and the resulting
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nonlinear transform was used to bring each VT voxel map of baboon #2 into the same space
as the VT voxel maps of baboon #1. (See top row of Figure 1).

Regional uptake was greater in regions of the brain with known distributions of mGluR5
such as the insula, amygdala, caudate, temporal lobe, putamen, and hippocampus. Lower
binding was observed in the thalamus, occipital lobe, and cerebellum.

Test/Retest Results: Modeling Methods Comparison
The results of test/retest model comparison are presented in Table 1. Since the one-tissue
compartment models (both iterative and noniterative) did not fit the data well, these models
were excluded from Table 1 and further analysis. Among the two-tissue compartment
models and graphical approaches, outcome metrics were not strongly sensitive to model
choice. However, the unconstrained two-tissue compartment (2TC) modeling method was
identified as the optimal model since it attained the lowest percent difference, WSMSS, and
variance (although the 2TCC attained a slightly lower standard deviation of the variance),
and highest ICC.

Although a similar metric comparison performed using BPP did not yield a top performer
(no one method performed best in multiple categories), the 2TC method also performed well
in BPP comparisons (PD: 11.69 ± 6.10 mL/cc; WSMSS: 0.05 ± 0.02 (mL/cc)2; ICC: 0.61 ±
0.27; Variance: 0.13 ± 0.04 mL/cc; ID: 0.59 ± 0.27 mL/cc). For this reason, the
unconstrained 2TC modeling method was used for the test/block studies.

Test/Block Results
As indicated in the middle row of Figure 1, MTEP extensively blocked the uptake of
[11C]ABP688. The difference between [11C]ABP688 binding in baseline and block
conditions is also apparent from individual time activity curves (Figure 2).

Figure 3 shows the percentage block (grey bars) achieved in all regions examined. Both the
entire cerebellum and the cerebellar grey matter (CGM) are shown. As indicated this figure,
the region with the smallest percent difference between baseline and block conditions is the
CGM. However, even this region experiences an average decrease in binding of ~7%
between baseline and block.

The black bars of Figure 3 indicate average regional post-block VT values. In general, these
values are comparable across regions. However, the average post-block VTs of the high
binding insula and temporal lobe are 15.9% and 16.8% higher, respectively, than the average
CGM post-block VT. All other regions attain average post-block VTs within 14% of the
average CGM post-block VT.

Cerebellar white matter (CWM) was also evaluated for its potential as a reference region.
However, CWM had a greater average baseline VT (3.01±0.75), percent block
(−8.99±26.31%), and post-block VT (2.61±0.24) than cerebellar grey matter (data not
shown). Therefore, it was excluded from subsequent analysis.

On average, CGM VT values decreased by ~7% from baseline due to the MTEP block. The
magnitude of this change indicates that there may be specific binding in the CGM, and
therefore no ideal reference region for [11C]ABP688. Because of this, occupancy was also
evaluated using a graphical approach described by Lassen et al [56] and recently expanded
by Cunningham et al [37]. Lassen et al [56] showed that a linear relationship exists between
VT

BASELINE (independent variable) and VT
BASELINE -VT

BLOCK (dependent variable). With
minimal assumptions (namely that nonspecific binding and occupancy are the same in all
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regions), it can be shown that the x-intercept of the Lassen plot is equal to the nonspecific
binding, VND, and the slope of the Lassen plot is drug occupancy [37,56].

The Lassen plot of the three test/block experiments is shown in Figure 4. Since two test/
block experiments were performed on baboon #1 with the same dose of MTEP (1 mg/kg),
the baseline and block VTs were averaged across the two experiments for that subject. Based
on the regression lines used to fit the transformed data, VND was estimated as 2.35 mL/cc
and 2.27 mL/cc, and the estimated percent occupancy was 88% and 91% for baboons 1 and
2, respectively.

Reference Tissue Approaches
Due to their expense and discomfort to the subject, it is sometimes preferable to perform
PET scanning without an arterial line and plasma analysis. When plasma analysis is not
available, reference region approaches must be used. These approaches require a reference
region devoid of specific binding, which as mentioned above, does not exist for
[11C]ABP688. Therefore, it is important to evaluate the effects of a non-ideal reference
region on the binding (and therefore occupancy) estimations of these modeling techniques.

To determine which reference region approach provides results most similar to those
obtained when full compartment modeling is used, BPND calculated using two reference
tissue methods was plotted versus BPND values calculated using the 2TC method (Figure 5).
When linear regression was performed on these two sets of data, the results were similar.
However, due to the higher variance of the SRTM results, the bloodless version of Logan
attained a higher R2 (0.98).

Test/Retest and Test/Block Results Using Multiple Outcome Measures
Figures 2–4 indicate that a significant block of [11C]ABP688 binding was achieved with
MTEP. Combined with the low test/retest variability, these results indicate a promising
tracer for in vivo imaging and occupancy studies. However, the lack of ideal reference
region may be problematic for studies in which arterial lines are not used. For these reasons,
the use of [11C]ABP688 in future studies will require decisions about appropriateness of the
outcome measure. These choices may vary, based on each study’s purpose and constraints,
and it is therefore important to examine average values, test/retest reliability, and average
percent block for multiple outcome measures. These values, presented in Table 2, were
calculated using three possible outcome measures: VT and BPP (using the 2TC modeling
method), and BPND (using the bloodless version of the Logan graphical approach).

DISCUSSION
Modeling Method Comparison

It has been shown in humans that two-tissue compartment modeling methods fit
[11C]ABP688 data better than one-tissue compartment modeling methods, while the benefits
of adding a constraint to the 2TC methods were less clear [34]. In addition, the Logan
graphical approach has previously been shown to produce similar results to the 2TC method
[34]. However, none of these approaches have been compared in a test/retest paradigm,
which provides a standard for model comparison and estimates of intra-individual binding
needed to interpret occupancy results.

Based on the test/retest results (Table 1), the unconstrained 2TC modeling method was
confirmed as optimal. This method produced good fits of the TAC data and stable outcome
measures between test and retest, with the average VT percent difference varying between
4.3 and 8.2% across all regions (Table 2). The unconstrained 2TC modeling method also
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produced outcome measures with low WSMSS, variance, and identifiability, and high ICC
(Table 1), indicating that outcome measures were highly reliable with low variability.

In Vivo Specificity for mGluR5
Prior studies have demonstrated that MPEP blocks [11C]ABP688 binding in rodents
[29,31,32]. Although MPEP is a potent, noncompetitive mGluR5 antagonist, it has several
drawbacks, including off-target affinity for other receptors such as mGluR4 [39,57,58].
Therefore, MTEP, with its high affinity for mGluR5 and superior selectivity relative to other
receptors, was used instead in this study [39,59]. The results of these test/block experiments,
the first evaluation of in vivo [11C]ABP688 blocking in primates, suggest that [11C]ABP688
is sensitive to blockade of specific binding by MTEP and that this displacement is
measurable by in vivo PET.

In this study, Lassen plot-based estimations of occupancy appear to be more reliable than
those predicted using individual ROIs for several reasons. First, the x-intercept of the Lassen
plot provides validation of its estimates. The average of the Lassen plot x-intercept values
(2.31 mL/cc) is within 1% of the average post-block CGM VT (2.33 mL/cc), though this
region was not included in the Lassen plot regression analysis. The close agreement between
these numbers provides confidence in the Lassen plot estimates, whereas the ROI-based
estimates have no such validation. Second, occupancy estimates based on individual ROIs
were significantly lower than the occupancy predicated by the Lassen plot (88%–91%).
However, individual ROI post-block VT values were close to the value of non-specific
binding (2.31 mL/cc), indicating that an almost complete block was achieved in many
regions. Therefore, higher occupancy estimates are more likely accurate. Lastly, and most
importantly, an ideal reference region (i.e. a region completely devoid of specific binding)
does not exist for [11C]ABP688. Because of this, reference region binding was affected by
MTEP administration, leading to an underestimation of occupancy based on BPP or BPND.
However, since it was designed to provide accurate occupancy estimates even in the absence
of an ideal reference region, occupancy underestimation was not an issue with the Lassen
plot [37,56].

Although estimates of occupancy based on VT (Table 2) are not affected by the lack of ideal
reference region, these values were also lower than the occupancy values calculated using
the Lassen plot (Figure 4). This is mostly likely an artifact of the nonspecific binding. Since
the average VT in the highest binding region, the insula, is only 6.1 mL/cc, a good portion
(39% – 58%) of each ROI’s VT is comprised of nonspecific binding. This nonspecific
binding, which is not expected to change with administration of MTEP, can mask the effects
of the specific binding changes, resulting in an underestimated occupancy.

Regardless of the method used to quantify it, however, the occupancy achieved by MTEP in
these studies was significant. The significant blocking effect is particularly compelling in
light of the low test/retest variance. This is an important finding because it establishes for
the first time the sensitivity of [11C]ABP688 binding to MTEP administration. While
sensitivity to MTEP administration does not exclude the possibility of [11C]ABP688
specifically binding to receptors other than mGluR5, the dramatic binding decrease between
baseline and block scans, and the post-block volumes of distribution (which were similarly
very low across all regions, consistent with the residual binding being non-specific) indicate
the in vivo selectivity of [11C]ABP688 for mGluR5 in primates. This corroborates both in
vitro human [26] and in vivo rodent studies [29,31,32]. Despite these initial in vitro and
rodent studies, it was important to establish that in vivo PET could detect an MTEP blockade
prior to performing similar studies in humans, due to the possible side effects of
administering the mGluR5 antagonist needed for these studies.
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Reference Region Determination
Of all the ROIs examined, the CGM had the lowest baseline VT, the lowest post-block VT,
and the lowest average percent change in VT between baseline and block experiments
(Figure 3). It is therefore a better candidate for reference region than the other regions tested,
including both the full cerebellum and cerebellar white matter. The low estimates of binding
in the CGM (and cerebellum) are in agreement with prior human [33,34] and animal studies
[26,32,60]. Consequently, the CGM appears to be the best possible choice for reference
region. However, grey matter was stringently defined in this work, resulting in a small
region -- 103 mm3 on average, compared to the mean of 8420 mm3 full cerebellum. Because
of this, CGM time activity curves were noisy, especially during the block, due to the
lowered activity in that region. This led to a large standard deviation in the CGM VT block
estimate (large error bars for the percent difference in Figure 3), and likely contributed to the
large standard deviations in the block estimates using BPP and BPND (Table 2). In addition,
some of the calculated BPP and BPND values were negative, most likely due to a slight
overestimation CGM binding. (These values were set to zero for the test/block analysis.) In
human studies, however, variance in CGM binding estimates is less likely to be a problem
because the same stringent definition would result in a greater volume.

Although baboon CGM time activity curves are noisier than the full cerebellum time activity
curves, the results of this study suggest that CGM is still the appropriate reference region
choice. The average VT of the full cerebellum was calculated as 3.27 mL/cc (as opposed to
the 2.90 mL/cc of the CGM), with 2.31 mL/cc (according to the Lassen plot) due to specific
binding. This suggests that ~30% of the total binding in the full cerebellum is specific,
confirming the existence of mGluR5 in mammalian cerebellum, as found in [61]. This
specific binding can greatly compromise occupancy estimates, or group comparisons. In
contrast, only ~20% of CGM binding is specific binding, based on the average CGM VT.
However, the specific binding in the CGM (though much reduced compared to the full
cerebellum) may still affect binding estimates using reference region approaches, as
evidenced by the lower BPND values in Figure 5. Because of this, arterial lines and plasma
analysis may be required for studies in which percent occupancy, or group differences, are
expected to be minimal. If arterial lines are not used, it is possible that measured occupancy
or group differences could be artifacts of the specific binding variation in the reference
region.

Reference Region Approaches
Evaluation of reference region approaches revealed that BPND values estimated using these
models were lower, in general, than BPND values estimated with the unconstrained 2TC
method, leading to an underestimation of [11C]ABP688 occupancy. This is mostly likely due
to specific binding in the reference region (see above). Since the Logan reference tissue
method produced data with a small spread about the regression line (high R2), this modeling
method appears to be a feasible reference tissue approach. This is in good agreement with
previous work, in which results using the 2TC and Logan reference methods were found to
be similar [34]. However, the slopes and intercepts of the regression lines depicted in Figure
5 were the same for BPND values calculated using either the SRTM or the Logan bloodless
approach. Therefore, SRTM also represents a reasonable reference tissue modeling
alternative.

Conclusions
Performing both test/retest and test/block analysis allowed assessment of [11C]ABP688
within-subject variability and the specificity of this ligand for mGluR5. Results from the
test/retest study, the first to be performed using [11C]ABP688, indicate that this ligand has
low variability, and that the optimal modeling technique for [11C]ABP688 with arterial input
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is the unconstrained 2TC modeling method. Results from the test/block study suggest that
the specificity of [11C]ABP688 is high, and that ligand binding can be effectively blocked
by the highly specific mGluR5 antagonist MTEP. Due to the lack of an ideal reference
region, the graphical approach appears to be the optimal way to assess mGluR5 occupancy.
Based on these results, occupancy studies of mGluR5 using [11C]ABP688 appear to be
feasible in baboon (and potentially human) studies. Since this receptor has been implicated
in the pathophysiology of several neuropsychiatric disorders, [11C]ABP688 can be of great
value in the study of these disorders, as well as in the investigation of new therapeutic drugs.
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Figure 1. Mean PET images under normal (top row) and block (middle row) conditions, and
Magnetic Resonance Images (bottom row)
Coronal, sagittal, and axial views of the baboon brain are shown in the left, middle, and right
columns respectively. For each PET image acquired under normal conditions (i.e. without
administration of MTEP, n=9) or under block conditions (n=3) the volume of distribution
(VT) was calculated at every voxel using the Logan graphical approach [49]. The mean of
each set of VT voxel maps is shown. (See text for explanation.) The bottom row shows
coronal, sagittal, and axial views of the magnetic resonance image of baboon #1, for
anatomical reference.
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Figure 2. Time activity curves of five regions in baseline (black) and block (grey) conditions
The activity in the insula (INS), temporal lobe (TEM), medial prefrontal cortex (MED),
dorsal and lateral prefrontal cortex (DOR), and cerebellar grey matter (CGM) in one test/
block study is plotted over time. The raw data (symbols) was fit with an unconstrained two-
tissue compartment model (solid lines). The MTEP block lowered activity in high binding
regions. Some reduction of activity in the cerebellar grey matter is also apparent.
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Figure 3. Comparison of VT in baseline (n = 3) and block experiments (n = 3)
Baseline VT values (white bars) are significantly higher than block VT values (black bars).
Regions are organized from left to right in order of highest to lowest mean baseline binding.
The smallest difference between baseline and block is observed in the cerebellar grey matter
(CGM). Also seen here is the percent difference in test/block pairs (grey bars). INS: insula;
AMY: amygdala; CAU: caudate; TEM: temporal lobe; PUT: putamen; HIP: hippocampus;
PIP: parahippocampal gyrus; MED: medial prefrontal cortex; CIN: cingulate; ORB: orbital
prefrontal cortex; DOR: dorsal and lateral prefrontal cortex; PAR: parietal lobe; THA:
thalamus; OCC: occipital lobe; CER: cerebellum; CGM: cerebellar grey matter.
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Figure 4. Lassen Plot
The data for baboon # 1 (black diamonds) is averaged over two test/block studies, while the
data for baboon # 2 (grey diamonds) is from one study. The equations and goodness of fit of
the regression lines (grey and black lines) are indicated in the boxes. Fitted slopes represent
the estimated occupancy, which is assumed constant over all regions. The x-intercept of the
regression lines, 2.35 mL/cc and 2.27 mL/cc for baboons 1 and 2, respectively, is an
estimate of nonspecific binding. The average post-block VT of cerebellar grey matter is
indicated by the gray circle (2.33 mL/cc). This ROI was not included in the regression
analysis.
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Figure 5. BPND values calculated using the two-tissue compartment (2TC) method with plasma
input versus BPND values calculated by reference region approaches for baboon studies under
normal conditions (n = 9) using a scan duration of 120 minutes
Cerebellar grey matter was used as the reference region. All high binding ROIs listed in
Figure 3 are included. The slope, intercept and a measure of the goodness of fit (R2) of the
regression line are indicated. Identity lines are plotted (dashed lines) for reference. 2TC:
Two-tissue Compartment; SRTM: Simplified Reference Tissue Model.
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Table 2
Summary of Test/Retest and Test/Block Experiments using VT, BPP, and BPND

The third column is the average, standard deviation, and range of values over the test/retest and baseline scans
(n = 9). The fourth column is the average, standard deviation, and range of the percent difference as found in
the test/retest study (n = 6). The fifth column is the average, standard deviation, and range of the percent block
as found in the test/block study (n = 6). VT averages and ranges were calculated over all regions, except for
the reference region (cerebellar grey matter, CGM), which is listed separately. VT and BPP values were
calculated over all high binding regions using an arterial input function and an unconstrained two-tissue
compartment modeling method. BPND values were calculated using the Logan graphical approach, without
blood input information.

Outcome Measure Percent Difference (%) Percent Block (%)

VT (mL/cc)

Average 5.14±0.99 5.9±4.3 −40.5±18.5

Range 4.01 : 6.06 4.3 : 8.2 −34.0 : −51.7

CGM 2.90±0.62 6.0±0.7 −7.1±30.0

BPP (mL/cc)
Average 2.24±0.70 11.7±6.1 −83.5±15.0

Range 1.11 : 3.16 4.4 : 17.7 −76.3 : −90.8

BPND (unitless)
Average 0.79±0.26 11.5±7.0 −80.3±15.5

Range 0.39 : 1.12 6.3 : 15.8 −72.4 : −88.2
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