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Abnormal glutamate transmission is involved in various neurologic
disorders, such as epilepsy, schizophrenia, and Parkinson disease.

At present, no imaging techniques are capable of measuring acute

fluctuations in endogenous glutamate levels in vivo. We evaluated

the potential of 11C-ABP688, a PET ligand that binds to an allosteric
site of the metabotropic glutamate 5 receptor, in rats by using

small-animal PET and b-microprobes after pharmacologic chal-

lenges with N-acetylcysteine (NAc) and MK-801. Both compounds

are known to induce increases in endogenous glutamate levels.
Methods: Three experiments with 11C-ABP688 were performed

to validate our study setup: first, metabolite analyses during workup

(n 5 3) and after a selected treatment (n 5 3); second, a test–retest
(n 5 12) small-animal PET experiment (1 h scan; 27.75 MBq of 11C-

ABP688 administered intravenously; ,3 nmol/kg); and third,

a small-animal PET and b-microprobe cold blocking study (n 5 6/

condition) with unlabeled ABP688. After this experimental valida-
tion, rats were pretreated with either NAc (intravenous infusion of

50 mg/kg/h) or MK-801 (0.16 mg/kg; given intraperitoneally); this

step was followed by small-animal PET with 11C-ABP688 (n 5 12)

or b-microprobe measurements (n 5 10/condition) of 11C-ABP688.
Time–activity curves were extracted, and the nondisplaceable

binding potential (BPND) was calculated by use of the simplified

reference tissue model with the cerebellum as a reference region.

Results: 11C-ABP688 BPND measurements were highly reproduc-
ible (test–retest), and both small-animal PET and b-microprobes

were able to discriminate changes in 11C-ABP688 binding (cold

blocking). The average small-animal PET BPND measurements in
the test experiment for the caudate putamen, frontal cortex, cere-

bral cortex, hippocampus, and thalamus were 2.58, 1.40, 1.60,

1.86, and 1.09, respectively. However, no significant differences

in BPND measurements were observed with small-animal PET in
the test and retest conditions on the one hand and the NAc and

MK-801 conditions on the other hand for any of these regions.

When b-microprobes were used, the average BPND in the caudate

putamen was 0.94, and no significant changes in the test and MK-
801 conditions were observed. Conclusion: Pharmacologic chal-

lenges with NAc and MK-801 did not affect the 11C-ABP688 BPND

in the rat brain. These data suggest that the in vivo affinity of
11C-ABP688 for binding to an allosteric site of the metabotropic

glutamate 5 receptor is not modulated by changes in glutamate

levels and that 11C-ABP688 is not capable of measuring acute

fluctuations in endogenous levels of glutamate in vivo in the rat
brain.
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Glutamate is the most abundant excitatory neurotransmitter
of the nervous system. Abnormal glutamate neurotransmission
has been implicated in the pathophysiology of various neurologic
disorders, such as epilepsy (1), schizophrenia (2), and Parkinson
disease (3). As a result, intervention through the glutamate system
has become the target of multiple lines of research. At present, no
imaging techniques are capable of measuring acute fluctuations in
endogenous levels of glutamate in vivo, partly because of the lack
of dedicated (radio)tracers. Recently, the visualization of acute
fluctuations in endogenous glutamate levels was suggested (4)
in a study performed in baboons with PET and the radioligand
11C-ABP688 [3-(6-methyl-pyridin-2-ylethynyl)-cyclohex-2-enone-
O-11C-methyloxime], a highly selective allosteric antagonist of the
metabotropic glutamate 5 receptor (mGluR5) (5). In that study (4),
a significant decrease in 11C-ABP688 binding relative to that at the
baseline was observed in relevant brain regions after pharmaco-
logic challenge with N-acetylcysteine (NAc). NAc is known to
indirectly increase extrasynaptic glutamate release through activa-
tion of the cystine–glutamate antiporter (6,7). The findings of that
study (4) suggested that a glutamate receptor PET tracer could be
used to measure changes in glutamate levels in vivo, and it was
hypothesized that the NAc-induced increase in extrasynaptic glu-
tamate produced a shift in the affinity of binding of the 11C-
ABP688 tracer to an allosteric site of mGluR5. In the present study,
we attempted to confirm these findings in the rat brain by using
small-animal PET and b-microprobes after pretreatments with
NAc and MK-801.

11C-ABP688 can exist in 2 stereoisomeric forms; the (E)-isomer
(referred to here as 11C-ABP688) is the most potent (5). To eval-
uate the in vivo stability of the 11C-ABP688 tracer and possible
isomerization, we performed an in vivo metabolite study during
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work-up and after an MK-801 challenge. Further, to validate our
small-animal PET setup with 11C-ABP688, we performed both
a test–retest study (n 5 12) and a blocking study (n 5 6) with
unlabeled ABP688 by using a volume-of-interest (VOI) analysis
in delineated structures that show specific 11C-ABP688 binding:
caudate putamen, frontal cortex, cerebral cortex, hippocampus,
and thalamus (8,9). The cerebellum is a suitable reference region
for calculating the nondisplaceable binding potential (BPND) of
11C-ABP688 in rats and nonhuman primates (4,8), allowing for
noninvasive quantification with the simplified reference tissue
model (8,9). Because of the limited spatial resolution and partial-
volume effects of small-animal PET, additional experiments with
b-microprobes were also executed. b-microprobes—radiosensitive
probes implanted stereotactically in anesthetized animals—record
real-time kinetics of positron emitters within a few millimeters
around the tip of the probe (10). To validate our b-microprobe
setup with 11C-ABP688, we implanted b-microprobes in the
caudate putamen and cerebellum of untreated animals (n 5 6); we
also performed a blocking study with unlabeled ABP688 (n 5 6).
Next, endogenous glutamate levels were increased in vivo

through a pharmacologic challenge with NAc, a cysteine de-
rivative, and evaluated with small-animal PET. Both small-animal
PET scans and b-microprobe measurements were obtained after
the injection of MK-801, an N-methyl-D-aspartate (NMDA) re-
ceptor antagonist. Both NAc (6) and MK801 (11) are known to
increase extraneuronal glutamate levels.

MATERIALS AND METHODS

Animals

Sprague–Dawley rats (Charles River Laboratories) weighing 275–

350 g were treated in accordance with the European Ethics Committee
(decree 86/609/CEE), and the study protocol was approved by the

Animal Experimental Ethical Committee of the University of Ant-
werp, Antwerp, Belgium (2011-67). The animals were kept in indi-

vidually ventilated cages under environmentally controlled conditions
(12-h normal light–dark cycles, 20�C–23�C, and 50% relative humid-

ity) with food and water ad libitum.

Pharmaceuticals

Pharmacologic challenges were performed with the following
pharmaceuticals: unlabeled ABP688 dissolved in a mixture of poly-

ethylene glycol 200 and saline (50:50) (12), NAc (N-acetyl-L-cysteine;
Sigma Aldrich; 50 mg/kg) dissolved in saline, and MK-801 [(1)-MK-

801 hydrogen maleate; Sigma Aldrich; 0.16 mg/kg] dissolved in sa-

line.

Radiosynthesis
11C-ABP688 was prepared by reaction of 0.5 mg of desmethyl-

ABP688 (E,Z) with 11C-CH3SO3CF3 in 400 mL of acetone in the

presence of 10 mL of 1N NaOH for 4 min at room temperature.
For purification, the crude reaction mixture was injected into an an-

alytic high-performance liquid chromatography (HPLC) column
(Waters X-Bridge C18; 5 mm; 4.6 · 150 mm) with an eluent of

0.05 M sodium acetate (pH 5.5) and ethanol (55:45, v/v) at a flow
rate of 1 mL/min to isolate (E)-11C-ABP688. Purified (E)-11C-

ABP688 was filtered through a sterile Millipore Millex-GV filter
(0.22 mm) and diluted with 0.9% NaCl through the same filter to

reduce the ethanol concentration to less than 10%. The average spe-
cific activity, injected dose, and injected mass for each experiment are

shown in Table 1; the injected volume of 11C-ABP688 was 0.5 mL.

Experimental Protocols

First, to validate the extraction procedure and the stability of the
tracer during work-up, we performed a metabolite analysis. Blood and

brain tissues of rats (n 5 3) were collected, spiked with 11C-ABP688,
and analyzed by HPLC and g counting. Rats also were given either

vehicle injection (n 5 3) or MK-801 challenge (0.16 mg/kg; 0.16 mg/
mL; given intraperitoneally) (n 5 3). After this pretreatment, 11C-

ABP688 was injected, and rats were decapitated 60 min after tracer

injection. Blood and brain tissues were collected, and the samples
were further analyzed for the presence of metabolites.

Next, we performed test, retest, and NAc challenge small-animal
PET studies. Rats (n 5 12) were scanned on 3 different days under

different pretreatment conditions in random order. The animals were
anesthetized (1.5% isoflurane mixed with medical oxygen), posi-

tioned on the scanner, and given either vehicle (for both test and retest
conditions) or NAc (7.5 mg/mL; 50 mg/kg/h; intravenously in the tail)

infusion for 60 min. After this pretreatment, the infusion was stopped,
11C-ABP688 was injected, and the small-animal PET scan was started.

Subsequently, a small-animal PET blocking experiment was
performed. Rats were anesthetized (1.5% isoflurane mixed with

medical oxygen), positioned on the scanner, and injected (intravenously
in the tail) with various amounts of unlabeled ABP688. At 10 min after

this injection, a bolus of 11C-ABP688 was injected concurrently with
the initiation of the small-animal PET acquisition. The various total

amounts of unlabeled ABP688 (pretreatment plus tracer bolus) were as
follows: vehicle (ABP688; 0.7 mg/kg; n 5 6), 0.003 mg/kg (0.004 mg/

mL; n 5 3), 0.0098 mg/kg (0.02 mg/mL; n 5 3), 0.018 mg/kg (0.04

TABLE 1
Specific Activity (SA) at Time of Injection and Injected Dose (ID) and Injected Mass (IM) per Experiment

Mean 6 SD

Study Condition SA (GBq/mmol) ID (MBq) IM (nmol/kg)

Metabolite Vehicle 20.12 6 3.75 51.06 6 27.01 6.40 6 3.55

MK-801 22.55 6 8.30 79.18 6 28.12 9.32 6 1.66

Test–retest and NAc challenge (small-animal PET) Test 25.65 6 4.24 27.75 6 5.92 3.06 6 0.27

Retest 27.35 6 6.83 29.23 6 7.40 3.01 6 0.19
NAc 25.84 6 6.03 27.75 6 5.55 3.06 6 0.28

Blocking Small-animal PET 13.82 6 7.08 26.64 6 13.32 4.73 6 1.78

b-microprobe 18.42 6 6.66 18.50 6 8.14 2.61 6 0.38

MK-801 challenge (small-animal PET) Vehicle 19.59 6 4.61 23.31 6 5.55 2.87 6 0.22
MK-801 23.50 6 5.90 27.75 6 8.14 2.85 6 0.12

MK-801 challenge (b-microprobe) Vehicle 13.82 6 6.10 15.54 6 8.51 2.86 6 0.43

MK-801 17.05 6 5.65 19.61 6 6.66 2.87 6 0.25
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mg/mL; n 5 3), 0.085 mg/kg (0.2 mg/mL; n 5 3), 0.84 mg/kg (2 mg/

mL; n 5 3), and 3 mg/kg (2 mg/mL; n 5 6).
This step was followed by a b-microprobe blocking experiment.

Rats (n 5 6/condition) were anesthetized (1.5% isoflurane mixed with
medical oxygen), implanted with 2 b-microprobes (1 in the caudate

putamen and 1 in the cerebellum), and given either vehicle or un-
labeled ABP688 (3 mg/kg; 2 mg/mL; intravenously in the tail). Next,
11C-ABP688 was injected concurrently with the initiation of the b-mi-
croprobe measurements, and rats were decapitated 60 min after tracer

injection.
Further, an MK-801 small-animal PET study was executed. Rats

(n 5 12) were anesthetized (1.5% isoflurane mixed with medical
oxygen) and positioned on the scanner, and 2 scans were obtained

in random order on 2 different days: 1 after intraperitoneal injection of
vehicle and 1 after intraperitoneal pharmacologic challenge with MK-

801 (0.16 mg/kg; 0.16 mg/mL). At 20 min after this pretreatment, 11C-
ABP688 was injected, and small-animal PET scanning was started.

Finally, an MK-801 b-microprobe experiment was performed. Rats
(n 5 10/condition) were anesthetized (1.5% isoflurane mixed with

medical oxygen), implanted with 2 b-microprobes, and injected in-

traperitoneally with vehicle or MK-801 (0.16 mg/kg; 0.16 mg/mL).
Next, 11C-ABP688 was injected concurrently with the initiation of the

b-microprobe measurements, and rats were decapitated 60 min after
tracer injection.

Techniques

For validation of the extraction procedure and the stability of the
tracer during work-up, blood and brain samples were spiked with

approximately 37 kBq of 11C-ABP688. The blood was centrifuged
for 3 min at 4,000 rpm and 4�C. Plasma (400 mL) was removed, and

400 mL of acetonitrile (ACN) and 10 mL of unlabeled ABP688 (E,Z)
(1 mg/mL) were added for UV reference and nonspecific saturation.

The brain was divided into 2 equal parts. Each part was homogenized
in 1 mL of ACN and 10 mL of unlabeled ABP688 (E,Z) (1 mg/mL).

The activity in the tubes was measured with an automated g counter
(Perkin Elmer). After 30 s of mixing, the brain and plasma mixtures

were centrifuged for 5 min at 4,000 rpm and 4�C. The supernatant
was separated from the precipitate, and the activities in both fractions

were measured. During work-up, all samples were kept on ice. The
extraction efficiency (percentage) was expressed as the ratio of the

amount of radioactivity present in the supernatant to the total amount of
radioactivity present in the plasma or brain sample.

The stability of the tracer during work-up was determined by analysis

of 100 mL of supernatant from the spiked plasma and brain samples with
an HPLC system (Waters X-Bridge C18; 5 mm; 150 · 4.6 mm), a guard

column (SecurityGuard; Phenomenex), and a mixture of 0.05 M sodium
acetate (pH 5.5) and ACN (50:50, v/v) as the mobile phase. The HPLC

eluate was collected in fractions at 30 s, and their radioactivity was
determined.

For evaluation of in vivo metabolism, after rats were decapitated,
blood was collected in an ethylenediaminetetraacetic acid–coated tube

and centrifuged for 3 min at 4,000 rpm and 4�C to separate the
plasma. Next, the plasma (400 mL) was mixed with 400 mL of

ACN, and the brain was homogenized in 2 mL of ACN. After 30 s
of mixing, both the plasma and the homogenized brain were centri-

fuged for 5 min at 4,000 rpm and 4�C. Supernatants were collected
and analyzed by HPLC as described earlier.

Small-animal PET specifications were as follows. Dynamic small-
animal PET imaging (60 min; frames: 2 · 10 s, 3 · 20 s, 3 · 30 s, 3 ·
60 s, 3 · 150 s, and 9 · 300 s) was performed with 2 Siemens Inveon
PET/CT scanners (Siemens Preclinical Solution; IAW software ver-

sion 1.5.0.28) (13–15). Animals were randomized to each of the scan-

ners. An animal was then always scanned on the same scanner for
each of its challenges. The temperature was kept constant during

scanning.
For quantitative analysis, small-animal PET images were

reconstructed by use of 2-dimensional ordered-subset expectation
maximization (16) with 4 iterations and 16 subsets after Fourier

rebinning (17). The PET images were reconstructed on a 128 ·
128 · 159 grid with a pixel size of 0.776 · 0.776 · 0.776 mm.

The reconstructed spatial resolution was about 1.4 mm at the
center of the field of view (with filtered backprojection). Normal-

ization, dead time correction, random subtraction, CT-based atten-
uation, and single-scatter simulation scatter corrections (18) were

applied. For each dynamic acquisition, a static image correspond-
ing to the time-averaged frames was spatially transformed through

brain normalization with PMOD v3.3 (PMOD Technologies) to an
in-house–developed 11C-ABP688 template of the rat brain. Each

frame in the dynamic sequence of individual scans was then trans-
formed to the 11C-ABP688 template space according to calculated

transformation parameters. The time–activity curves for several
VOIs (caudate putamen, 43.5 mm3; frontal cortex, 1.4 mm3; ce-

rebral cortex, 26.3 mm3; hippocampus, 17.4 mm3; and thalamus,
30.7 mm3) were extracted from the images.

FIGURE 1. Creation of 11C-ABP688 brain template in standardized MR space (Schiffer rat MR image atlas available in PMOD v3.3) and VOI

definition. (A) Iterative averaging and registering of 24 baseline scans and 1 high-count 11C-ABP688 scan to form average brain 11C-ABP688

template. (B) Combining T2 MR image and high-count PET/CT image datasets allowed registering of PET images to MR images through rigid

matching of MR and CT images. (C) Matching of MR image in B to MR image atlas through elastic registration. Through application of combined

transformations, 11C-ABP688 template in A could be transformed to standardized space in C, allowing use of predefined VOIs. Double-sided arrows

indicate registration steps (E 5 elastic; R 5 rigid); filled arrows indicate reference images.
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The 11C-ABP688 template was obtained as follows (Fig. 1). In 1
animal, both a high-resolution, 9.4 T T2 MR image and a high-count

(51.8 MBq) 11C-ABP688 small-animal PET/CT image were obtained
with a specially designed animal holder. This holder allowed the

automated rigid registration of the anatomic MR and CT images
and the subsequent coregistration of the PET image to the MR image.

The high-resolution MR image was then transformed to the Schiffer
rat MR atlas available in PMOD v3.3 (PMOD brain normalization),

which contains all of the delineated relevant brain VOIs. The 24 11C-
ABP688 baseline static images from the test–retest experiment (12

test and 12 retest images) were first normalized to the high-count PET
image, and then the 25 images were iteratively averaged and registered

(3 iterations). The average aligned 11C-ABP688 image could then be
transformed into the PMOD rat brain VOI space through the CT and

MR imaging transforms.

The BPND of 11C-ABP688 for the different VOIs was then cal-
culated by use of the simplified reference tissue model (19) with the

cerebellum as a reference region (8,9). The percentage change in
BPND across conditions (DBPND) was calculated as follows:

DBPND 5
BPNDðC2Þ 2 BPNDðC1Þ

meanðBPNDðC1Þ;BPNDðC2ÞÞ;

where BPND(C1) represents the BPND in condition 1.
b-microprobe specifications were as follows. About 1.5 h before

tracer injection, animals were anesthetized (1.5% isoflurane mixed
with medical oxygen). As soon as deep anesthesia was obtained,

animals were immobilized in the stereotactic frame (Kopf Instru-
ments). After exposure of the skull, 2 holes were drilled for position-

ing of the probes in both the caudate putamen and the cerebellum.
Anteroposterior and mediolateral coordinates are referenced from the

bregma, and dorsoventral coordinates are referenced from the skull.
For the caudate putamen (20), the coordinates for implantation were

as follows: anteroposterior, 10.2; mediolateral, 3.0; and
dorsoventral,26.0; for the cerebellum (21), the coordinates were as

follows: anteroposterior, 211.8; mediolateral, 0.0; and dorsoventral,
23.5. Body temperature was maintained at 37�C throughout the ex-

periment.
For the b-microprobe recordings, a Microscintillator twin-system

(SwissTrace) was used together with 2 scintillator probes (0.5 mm)
(22). The b-microprobe recorded the positrons (b1 particles) emit-

ted by the radiotracer. Recordings were acquired and corrected with
the SwissTrace counter module in PMOD v3.0. Sampling was done

at 1-s intervals. Before each recording, the photomultiplier tubes
were allowed to warm up and stabilize for at least 30 min. After

implantation with the 2 b-microprobes, the animals were injected

with 11C-ABP688. Recording was started at least 1 min before in-
jection and continued for 1 h after injection. At the end of the

experiment, the animals were injected with an overdose of pentobar-
bital (.30 mg/kg).

After this procedure, the animals were removed from the
stereotactic apparatus, both probes were cleaned, and calibration of

the probes was performed with an aqueous solution (10 mL) of 18F-
FDG (�20 MBq; room temperature). Probe placement was verified

by removal of the brain from the skull and freezing (220�C). Coronal
sections (30 mm) were made with a cryostat and verified with a ste-

reotactic atlas (21). Animals with probe placements outside the cer-
ebellum or caudate putamen were removed from further analysis. The

time–activity curves for both the cerebellum and the caudate putamen
were decay-corrected to the time of radiotracer injection. The sensitivity

of the 2 probes, as measured with 18F-FDG, was used to convert counts

FIGURE 2. Scatterplots for 11C-ABP688 small-animal PET BPNDs for test–retest scans (A), test–NAc challenge (B), and vehicle–MK-801 challenge

(C) (n 5 12/study). Studied regions were caudate putamen (♦), frontal cortex (s), cerebral cortex (:), hippocampus (·), and thalamus (●).

TABLE 2
BPND and Absolute DBPND for Test, Retest, and NAc Challenges in 11C-ABP688 Small-Animal PET

Mean 6 SD

Region Test BPND Retest BPND Test–retest DBPND NAc BPND Test–NAc DBPND

Caudate putamen 2.58 6 0.28 2.52 6 0.23 2.0% 6 10.7% 2.54 6 0.17 1.2% 6 10.7%

Frontal cortex 1.40 6 0.12 1.42 6 0.14 1.0% 6 11.1% 1.42 6 0.12 1.3% 6 11.1%
Cerebral cortex 1.60 6 0.12 1.58 6 0.12 1.0% 6 7.7% 1.61 6 0.11 0.6% 6 8.9%

Hippocampus 1.86 6 0.17 1.85 6 0.14 0.6% 6 9.9% 1.88 6 0.16 0.9% 6 9.6%

Thalamus 1.09 6 0.16 1.07 6 0.10 1.5% 6 15.6% 1.08 6 0.12 0.6% 6 17.6%

11C-ABP688 AFTER N-ACETYLCYSTEINE AND MK-801 • Wyckhuys et al. 1957



per second into radioactive concentrations (kBq/mL) (PMOD v3.3 SAM-

PLE) (23). The BPND of 11C-ABP688 in the caudate putamen was de-
termined by use of the simplified reference tissue model with the cere-

bellum as a reference region.

Statistical Analysis

BPND data are expressed as mean 6 SD. Statistical comparisons of
the small-animal PET datasets were performed with the Wilcoxon signed

rank test. For b-microprobe measurements, a Mann–Whitney U test was
performed (SPSS20; SPSS Inc.). The a test level was set to 0.05.

RESULTS

Validation of Experimental Setup

With regard to validation of the extraction procedure and the
stability of the tracer, radio-HPLC analysis of the supernatant of
spiked plasma and brain samples revealed no degradation of the
tracer and no formation of a (Z)-isomer during work-up. For
plasma, an extraction efficiency of 89.84% (SD, 1.99%) was
obtained. For the brain, homogenization with 2 mL of ACN
resulted in an extraction efficiency of 77.98%. The extraction
efficiencies obtained for plasma and the brain indicated low lev-
els of protein binding of the tracer. After in vivo metabolism, only
1 polar metabolite was present in the brain and 2 polar metabo-

lites were present in the plasma at 60 min after tracer injection. In
the rat brain, 81.28% (SD, 4.27%) of the intact tracer remained,
whereas in rat plasma, 21.85% (SD, 12.10%) of the intact tracer
remained. No isomerization of (E)-11C-ABP688 to (Z)-11C-
ABP688 could be detected. Comparable metabolite profiles were
obtained for rats treated with MK-801 as a selected therapy; only
1 polar metabolite was present in the brain and 2 polar metabo-
lites were present in the plasma at 60 min after tracer injection. In
rats treated with MK-801, 76.95% (SD, 7.62%) and 5.96% (SD,
0.46%) of the intact tracer remained in the brain and plasma,
respectively. In addition, after treatment, no isomerization of
(E)-11C-ABP688 to (Z)-11C-ABP688 could be detected.
With regard to the test–retest small-animal PET data, both the test

BPND and the retest BPND for the caudate putamen, cerebral cortex,
frontal cortex, hippocampus, and thalamus, calculated by use of the
simplified reference tissue model with the cerebellum as a reference,
are summarized in Table 2 and Figure 2. The absolute percentage
changes across the test–retest condition were determined (Table 2;
Fig. 3) to be 0.6% (SD, 9.9%) to 2.0% (SD, 10.7%). Accordingly, no
significant changes in BPND across the test–retest condition were
found in any of the tested regions. The Pearson correlation coeffi-
cient for test BPND and retest BPND was 0.934 (Fig. 2).
In the small-animal PET blocking experiment, the average BPND

values in 5 relevant brain areas with various amounts of unlabeled
ABP688 (0.00077 [vehicle], 0.003, 0.0098, 0.018, 0.085, 0.84, and
3 mg/kg) were determined (Figs. 3 and 4). A reduction in BPND was
observed with increasing amounts of unlabeled ABP688.
In the b-microprobe blocking experiment, because b-microprobe

surgery was end-of-life surgery, a test–retest procedure was not fea-
sible. We determined the average BPND to be 0.59 (SD, 0.21) in
a test (vehicle) experiment, and we measured an average BPND of
only 0.13 (SD, 0.12) in the caudate putamen after blocking with the
largest amount of unlabeled ABP688 used (3 mg/kg).

Response to Pharmacologically Induced

Glutamate Changes

First, for the 3 challenge conditions (test, retest, and NAc), we
calculated the average BPND values in 5 relevant brain areas on
small-animal PET as well as the absolute percentage changes
across the test–NAc condition (Table 2; Fig. 2). The BPND values
for these conditions were not significantly different. The Pearson
correlation coefficient for the BPND in the test condition and the
BPND in the NAc condition was 0.930 (Fig. 2).
Second, for the small-animal PET results with an MK-801

challenge, we performed an additional test experiment because the
vehicle was given intraperitoneally, as needed for MK-801, instead
of as an infusion, as needed for NAc. For the 2 conditions (vehicle
and MK-801), we again calculated the average BPND values in 5
relevant brain areas as well as the percentage changes across the
test–MK-801 condition (Table 3; Fig. 2). None of the BPND values
for these conditions were significantly different (R5 0.937) (Figs. 2
and 3). As an additional verification, time–activity curves normal-
ized to the sum over all time points of the average activity in the
cerebellum for the vehicle and MK-801 conditions are shown in
Figure 5. The time–activity curves did not differ significantly.
As an additional validation, we repeated the MK-801 experi-

ment with b-microprobes. Histology showed correct positioning
of the b-microprobes in all 20 rats. The average BPND for the vehicle-
injected animals was 0.94 (SD, 0.35); the average BPND for the
MK-801–injected animals—0.76 (SD, 0.23)—was lower, but not
significantly so (P 5 0.384). Normalized time–activity curves in

FIGURE 3. (A–D) Illustrations of averaged 11C-ABP688 BPND images

after test (A), NAc (B), MK-801 (C), and unlabeled ABP688 (D) challenges.

(E) VOI template (PMOD v3.3) with 5 relevant brain areas (cerebellum

[yellow], cerebral cortex [blue], caudate putamen [green], thalamus

[red], and hippocampus [pink]) is overlaid on 11C-ABP688 template.
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the vehicle and MK-801 challenges also did not differ significantly
(Fig. 5). No correlation between the location of the b-microprobes
in the caudate putamen and the BPND was found.

DISCUSSION

The present study did not reveal any change in in vivo 11C-
ABP688 binding in the rat brain after pharmacologic challenge
with NAc or MK-801, as measured with small-animal PET or with
b-microprobes. The experimental setup was validated, and in an in
vivo metabolite analysis, we found that more than 76% of the
intact tracer remained in the brain at 60 min after tracer injection
and that no isomerization of (E)-11C-ABP688 to (Z)-11C-ABP688
occurred in plasma or in the brain. Further, the small-animal PET
test–retest data indicated that the 11C-ABP688 tracer bound spe-
cifically and stably in delineated structures of the rat brain, such as
the caudate putamen, cerebral cortex, frontal cortex, hippocampus,
and thalamus, with BPNDs correlating closely with those in the
literature (8,9). A human 11C-ABP688 test–retest study recently
revealed higher binding in the retest condition than in the test
condition, and this finding could not be attributed to injected mass,
dose, or clearance (24). The origin of this finding remains to be
elucidated because, in our own rat study as well as in previous rat
(9), baboon (4,25), and rhesus monkey (26) studies, stable test–
retest results with low within-subject variability were observed.
Blocking experiments in which pretreatment with unlabeled

ABP688 was used confirmed the capacity of both small-animal
PET and b-microprobes to discriminate changes in 11C-ABP688

binding. On the basis of these blocking
experiments and literature findings (9),
we chose to keep the injected mass of
11C-ABP688 at less than 3 nmol/kg. With
this mass, stable test–retest results were
obtained, and low intraanimal variations
in terms of injected mass were introduced;
these data strengthened the finding that our
procedure was sensitive enough to detect
subtle changes in the BPND of 11C-
ABP688.
Next, the response of 11C-ABP688 bind-

ing to pharmacologic treatment with NAc
or MK-801 was evaluated. Both com-
pounds are known to induce changes in
endogenous extraneuronal glutamate levels
(7,27). Small-animal PET experiments re-
vealed no significant changes in BPND in
the test, retest, NAc, vehicle (MK-801),
and MK-801 pretreatment conditions

for any of the relevant brain regions. Although PET scanners have
been successfully miniaturized for use in small animals, the spatial
resolution of small-animal PET systems currently in use is about
1.4 mm at the center of the field of view (13). Further, because of
spillover and partial-volume effects, quantification of subtle
changes in the binding of 11C-ABP688 in small VOIs can be
challenging. Therefore, additional pharmacologic challenge
experiments with b-microprobes stereotactically implanted in
the caudate putamen and cerebellum were performed.
b-microprobes have the advantage of detecting the radiotracer
within a small volume around the tip of the probe (10). The
b-microprobe experiments confirmed the small-animal PET find-
ings, and no significant changes in BPND in the vehicle and MK-
801 pretreatment conditions were observed. Our experiments thus
demonstrated that the mGluR5 radiotracer 11C-ABP688 was not able
to discriminate changes in endogenous glutamate levels induced by
NAc or MK-801 in the rat brain in vivo. Although glutamate binds
to an orthosteric site of mGluR5, the 11C-ABP688 radiotracer is
known to bind to an allosteric site of this receptor. Thus, our
findings indicated that the increased levels of endogenous gluta-
mate induced by the administration of NAc or MK-801 did not
alter the capacity of mGluR5 for binding to 11C-ABP688 in the rat
brain.
The NAc dosage used in the present study (50 mg/kg/h; con-

tinuous 1 h intravenous infusion) was reported to be high enough
to induce significant increases in extracellular glutamate levels,
as measured in vivo with microdialysis in the rat brain (28). The
intraperitoneal MK-801 dosage used in the present study (0.16

FIGURE 4. BPND of 11C-ABP688 binding (small-animal PET) after pretreatment with different

masses of unlabeled ABP688.

TABLE 3
BPND and DBPND for Vehicle and MK-801 Challenges in 11C-ABP688 Small-Animal PET

Mean 6 SD

Region Vehicle BPND MK-801 BPND Vehicle–MK-801 DBPND

Caudate putamen 2.49 6 0.13 2.51 6 0.28 0.6% 6 8.8%

Frontal cortex 1.41 6 0.13 1.46 6 0.23 3.1% 6 15.3%

Cerebral cortex 1.62 6 0.10 1.64 6 0.18 1.0% 6 9.9%
Hippocampus 1.88 6 0.11 1.83 6 0.17 22.9% 6 9.4%

Thalamus 1.03 6 0.06 1.03 6 0.12 0.7% 6 10.6%
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mg/kg) was also reported to be high enough to induce increases in
glutamate levels (11). Both NAc and MK-801 increased glutamate
levels, although through fundamentally different mechanisms. NAc
is converted to cystine, a substrate for the glutamate–cystine anti-
porter, preferentially expressed on glia. This antiporter allows for
the uptake of cystine, which causes the reverse transport of glu-
tamate into the extracellular space (6,7). Therefore, it is presumed
that NAc administration directly regulates the amount of gluta-
mate present in the extracellular space. On the other hand, MK-
801 is a potent NMDA receptor antagonist (27,29). Besides its
effect on increasing glutamate levels through the antagonism of
NMDA receptors, MK-801 may also directly influence mGluR5
functional status because there is evidence that mGluR5 and NMDA
receptors functionally interact; the activation of mGluR5 potentiates
NMDA receptor currents, and NMDA receptor activation potentiates
mGluR5-mediated responses (30,31). These data indicate that nei-
ther increased glutamate levels nor a change in the functional
status of mGluR5 through inhibition of the NMDA receptor af-
fects the binding of 11C-ABP688. We conclude that 11C-ABP688
is not a suitable radiotracer for measuring acute fluctuations in ex-
traneuronal levels of glutamate in vivo in the rat brain; rather, this
radiotracer can be used to measure differences in mGluR5 density
or occupancy of the allosteric site of mGluR5.
In contrast to our results, a recent small-scale study of baboons in-

dicated that 11C-ABP688 was able to visualize acute fluctuations in
endogenous glutamate levels after a challenge with NAc (50 mg/
kg/h; continuous 1 h intravenous infusion) (4). The discrepancy
between our findings and those in the baboon study could be

clarified by the notion that the presumed decrease in BPND in
the NAc experiment (relative to the baseline experiment) in the
baboon study might not have been an absolute decrease but rather
might have been a relative decrease (compared with the baseline
BPND); counterintuitively, the baseline BPND was up to 27.4%
higher than the test and retest BPNDs in that study. Interestingly,
our findings were also confirmed in a recent study with rhesus
monkeys (26); in that study, the authors were also unable to re-
produce the findings from the baboon study (4). Furthermore,
species differences and small differences in methodology might
have contributed to the different findings in the present study of
rats and the study of baboons (4).
In the present study, 11C-ABP688 binding was measured with

both small-animal PET and b-microprobes. These experimental
techniques provided the same conclusions but, remarkably, the
BPNDs measured in the caudate putamen with the b-microprobes
were smaller than the BPNDs measured with small-animal PET.
Such a large discrepancy between b-microprobe BPNDs and small-
animal PET BPNDs has been described in the literature and can be
attributed to changes in the permeability of the blood–brain bar-
rier, blood flow, or local metabolism caused by probe implantation
(23,32). We anticipate, however, that this is caused by the low
sensitivity of the b-microprobe, which results in count rates barely
above the background level because we kept the injected mass
dose at around 3 nmol/kg (33) to ensure the same tracer concen-
trations as in the PET experiment. In addition, a study investigat-
ing the impact of unilateral microdialysis probe implantation
on tracer binding revealed reduced uptake of 18F-FDG after im-
plantation, an effect that lasted for more than 500 h after implan-
tation (34).

CONCLUSION

The present study showed that the 11C-ABP688 radiotracer was
able to specifically and stably bind to delineated structures in the
rat brain. However, neither increased glutamate levels after NAc
or MK-801 challenge nor a change in the functional status of
mGluR5 through inhibition of the NMDA receptor after MK-
801 challenge could affect the affinity of mGluR5 for binding to
11C-ABP688, as we demonstrated in vivo with both small-animal
PET and b-microprobe measurements in the rat brain.
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