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Abstract: Biologically important processes in normal brain function and brain disease involve the action of various 
protein-based receptors, ion channels, transporters and enzymes. The ability to interrogate the location, abundance 
and activity of these entities in vivo using non-invasive molecular imaging can provide unprecedented informa-
tion about the spatio-temporal dynamics of brain function. Indeed, positron emission tomography (PET) imaging is 
transforming our understanding of the central nervous system and brain disease. Great emphasis has historically 
been placed on developing radioligands for the non-invasive detection of neuroreceptors. In contrast, relatively few 
enzymes have been amenable to examination by PET imaging procedures based upon trapping or accumulation of 
enzymatic products, because only a subset of enzymes have sufficient catalytic rate to produce measureable accu-
mulation within the practical time-limit of PET recordings. However, high affinity inhibitors are now serving as tracers 
for enzymes, particularly for measuring the abundance of enzymes mediating intracellular signal transduction in 
the brain, which offer a rich diversity of potential targets for drug discovery. The purpose of this review is to summa-
rize well-known radiotracers for brain enzymes, and draw attention to recent developments in PET radiotracers for 
imaging signal transduction pathways in the brain. The review is organized by target class and focuses on structural 
chemistry of the best-established radiotracers identified in each class.
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Introduction

Enzymatic catalysis entails the binding of one 
or more substrates to specific domains of the 
enzyme, followed by a thermodynamically 
favored chemical reaction, sometimes driven 
by the expenditure of a molecule of ATP or other 
co-substrates. The reaction is followed by con-
formational changes in the protein leading to 
release of the enzymatic products. The assay 
of enzyme activity in vitro typically consists of 
measuring the rate of product formation or sub-
strate consumption versus time, under stan-
dard conditions and at a specified temperature 
(usually 37°C). Monitoring the reaction rate can 
entail a spectroscopic measure that changes 
during the reaction, such as optical rotation, 
UV/visible electronic absorption, or fluores-
cence emission. In some cases it may be nec-
essary to separate chemically the product from 
the reaction mixture using chromatography or 

other extraction procedures, or by trapping of a 
gaseous product, as in classical assays of 
decarboxylase enzymes where the rate of radio-
active CO2 production is measured in vitro. 
However, in the crucible of the living brain, such 
procedures cannot readily be employed.

How can we chart the biological distribution of 
an enzyme, and measure its expression level 
and activity in vivo? Arguably, the most promis-
ing answer to this fundamental challenge of 
neuroscience lies in the development of small 
molecules labeled with positron-emitting radio-
nuclides such 11C and 18F, that can be used for 
non-invasive dynamic imaging by positron emis-
sion tomography (PET). Whereas the biochem-
ist can separate an enzymatic product, PET pro-
cedures for measuring enzyme activity rely 
upon the retention of an enzymatic product in 
the medium of the brain, and the mathematical 
separation of substrate-product concentrations 
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as a function of time. There is a relative paucity 
of brain enzymatic processes meeting the dual 
criterion that the substrate must be diffusible 
across the blood brain barrier while the product 
must be retained in sufficient quantity to pro-
duce a measurable signal. More often, enzyme 
abundance, as distinct from enzyme activity, is 
measured using positron-emitting inhibitors, 
which bind to the target molecule in the man-
ner of a receptor-ligand interaction, but without 
being substrates for the enzymatic process 
under consideration. This review presents a 
synopsis of the state of development of PET 
procedures for assaying enzymes in the living 
brain. We illustrate first those radiotracers that 
can be used to monitor protein synthesis, ener-
gy metabolism, and cell proliferation, then 
radiotracers for neurotransmitter synthesis 
and metabolism, and finally a series of novel 
radiotracers targeting other metabolic process-
es in brain, emphasizing the new chemical 
developments for imaging intracellular sys-
tems. This review is derived from earlier book 
chapters which focused on imaging and kinet-
ics [1, 2].

Hexokinase and the cerebral metabolism of 
glucose

Of the thousands of reports on [18F]-fluorodeo- 
xyglucose ([18F]-FDG), there is a great prepon-
derance of clinical oncology PET studies, 
although the original application of [18F]-FDG 
PET was to study cerebral glucose metabolism 
[3]. Most tumors take up [18F]-FDG faster than 
do most healthy tissues, which explains the 
interest of [18F]-FDG PET for clinical oncology. 
Uniquely, the brain is normally entirely depen-
dent on glucose for energy metabolism, and 
the brain has a voracious appetite for energy 
derived from the anaerobic and aerobic metab-
olism of glucose. [18F]-FDG is scarcely metabo-
lized in circulation, and enters the brain by a 
facilitated diffusion process mediated by glu-
cose transporter-1 (GLUT-1) in the blood-brain 
barrier [4]. Uptake in neuronal cells is predomi-
nantly mediated by glucose transporter-3 
(GLUT-3) [4]. By the conventions of tracer kinet-
ics, the initial clearance of [18F]-FDG into brain 
is termed K1, which has units of cerebral blood 
flow (ml g-1 min-1). Free [18F]-FDG in brain can 
diffuse back to circulation, but inside living 
cells, [18F]-FDG is phosphorylated by hexoki-
nase, the first and rate-limiting enzyme in the 

glycolytic pathway. The activity of hexokinase 
relative to [18F]-FDG, thus determines the cere-
bral metabolic rate for glucose, which is nor-
mally the only source of carbon for brain energy 
metabolism. The hexokinase product [18F]-FDG-
phosphate is not a substrate for subsequent 
enzyme-mediated reactions, but is retained in 
living cells due to its high charge, and accumu-
lates as a function of the hexokinase activity, or 
may be slowly dephosphorylated. Knowing the 
concentration of [18F]-FDG in serial samples of 
arterial blood, data from a dynamic PET record-
ing can be calculated as the net radiotracer 
influx to brain, which is an index of the cerebral 
metabolic rate for glucose.

The utility of [18F]-FDG PET for neuro-oncology 
is limited by the very high physiological uptake 
of glucose by normal brain tissue, such that 
tumor-to-background ratios are low. [18F]-FDG 
PET may be more useful for neurodegenerative 
diseases, in which radiotracer uptake is 
reduced due to impaired metabolism. The sen-
sitivity of [18F]-FDG PET for diagnosis of 
Alzheimer’s disease is the subject of a recent 
review [5]. In one landmark study, [18F]-FDG 
scans were obtained in a series of cognitively 
normal elderly patients, with follow-up over a 
period of more than 10 years [6]. Some sub-
jects proceeded to develop Alzheimer’s-type 
dementia, which was ultimately confirmed by 
post-mortem analysis. Results showed reduc-
tions in [18F]-FDG trapping years in advance of 
the emergence of clinical symptoms, highlight-
ing the potential of [18F]-FDG PET for monitoring 
disease-modifying intervention studies. Further 
brain diseases amenable to diagnosis [18F]-FDG 
PET include medically refractory focal epilep-
sies, as epileptogenic foci exhibit decreased 
glucose metabolism, which helps in their local-
ization prior to resection [7].

Amino acid transport

In theory, any of the 21 natural amino acids 
could serve as a tracer for protein synthesis or 
transport. One of the first molecular imaging 
agents for PET was the amino acid L-[11C]-
methionine, obtained in the laboratory by 
S-[11C]methylation (Figure 1) [8]. This radiotrac-
er enters several metabolic pathways such as 
protein synthesis and conversion to 
S-adenosylmethionine, which is the main bio-
logical methyl group donor and precursor of 
cysteine and derivatives. Serial PET recordings 



PET imaging of enzymes in the brain

196 Am J Nucl Med Mol Imaging 2013;3(3):194-216

after intravenous injection of L-[11C]-methionine 
reveal a substantial uptake of radioactivity into 
pancreas, brain, and other organs with high 
rates of protein synthesis. Amino acids are not 
freely diffusible across the blood-brain barrier, 
but are exchanged by facilitated diffusion carri-
ers, which is mediated in the case of 
L-methionine by the leucine-favoring (L1-type) 
amino acid transporter [9]. Upon entering brain 
cells, L-[11C]-methionine binds to transfer-RNA 
and is then incorporated into newly-synthesized 
proteins. This trapping is irreversible relative to 
the 20 minute half-life of the radionuclide.  Due 
to the rapid protein synthesis which is inherent 
to many tumors, L-[11C]-methionine PET has 
been extensively used in neuro-oncology. In an 
early clinical PET study, the uptake of L-[11C]-
methionine correlated with histological grade 
of glial tumors, and declined following radio-
therapy [10]. The use and limitations of L-[11C]-
methionine PET in the clinical monitoring of gli-
omas has been reviewed [11].

The specificity of a given amino acid radiotracer 
for protein synthesis is influenced by the occur-
rence of alternate metabolic pathways. In par-
ticular, cerebral trapping of L-[11C]-methionine, 
and likewise L-[11C]-leucine (Figure 1), cannot 
be exclusively attributed to protein synthesis. 
Radiochromatograms of plasma extracts from 
human subjects reveal at least three metabo-
lites of L-[11C]-methionine, including L-[11C]-
serine (Figure 1), which should be considered a 
second input to brain protein synthesis [12]. 
Whereas L-[11C]-methionine also has trans-
methylation products derived from S-adenosyl-
L-methionine, carboxylic acid labeling is meta-
bolically more restricted, giving rise only to 
[11C]-CO2, which is rapidly eliminated from brain 
[13]. The distribution of carboxymethyl-labeled 
L-[11C]-tyrosine in rat tumors had more favor-
able specificity: some 80% of tissue radioactiv-

ity was bound to protein after one hour [14]. It 
is important to note that the net trapping of 
labeled amino acids in brain protein is inher-
ently less than the true rate of protein synthe-
sis, due to the generation of amino acids in situ 
through proteolysis; thus, the tracer may not 
attain equilibrium with the precursor pool in 
brain.

In one of the few non-oncological human PET 
imaging studies using protein synthesis radio-
tracers, the cerebral trapping of L-[11C]-
methionine was reduced by 20% in grey matter 
of patients with Alzheimer’s disease, indicating 
a global reduction in protein synthesis [15]. In a 
L-[11C]-tyrosine (Figure 1) study of phenylketon-
uria, there was an inverse relationship between 
plasma phenylalanine levels and radiotracer 
uptake in brain, indicative of substrate limita-
tion arising from competition for blood-brain 
barrier transport [16]. In a L-[1-11C]-leucine PET 
study of healthy volunteers, propofol anesthe-
sia was without effect on the rate of protein 
synthesis in brain [17]. However, brain protein 
synthesis in patients with fragile X syndrome 
and in corresponding transgenic mice was 
responsive to propofol anesthesia, suggesting 
an abnormal relationship between synaptic sig-
naling and protein formation [18].

Cell proliferation

The mechanisms mediating transport of nucle-
osides such as thymidine across the blood-
brain barrier are complex and poorly under-
stood [19]. As with protein synthesis, PET 
measurements of cell proliferation using 
labeled nucleosides do not normally account 
for the generation of precursors in situ, either 
by salvage pathways or de novo nucleotide syn-
thesis. Despite these uncertainties, the synthe-
sis of nucleotides, the precursors for nucleic 

Figure 1. Structures of four of the most prominent 11C-radiolabeled amino acids.
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acid synthesis, can be detected in living brain 
in the PET studies with the nucleoside 
[11C]-thymidine, although this tracer undergoes 
rapid metabolism in vivo, with generation of a 
number of labeled metabolites [20]. A better 
PET proliferation tracer would have more con-
strained metabolism, in analogy to the case of 
[18F]-FDG. To this end, the synthetic nucleoside 
3’-deoxy-3’-[18F]-fluorothymidine ([18F]-FLT) was 
developed [21]. It is entrapped as [18F]-FLT-
phosphate by a specific thymidine kinase (thy-
midine kinase-1 or TK1) that is mainly expressed 
in dividing cells. Also like [18F]-FDG-phosphate, 
[18F]-FLT-phosphate does not proceed farther 
in the normal metabolic pathway. [18F]-FLT is at 
least as sensitive as [18F]-FDG for the detection 
of gliomas, and may have lesser uptake in 
healthy brain tissue, imparting better contrast. 
Compared to the radiolabeled amino acids, 
however, this substance may fail to visualize 
the better differentiated parts of gliomas, as a 
prerequisite to its uptake in brain is a blood 

brain barrier disruption. An 
acute reduction in tumoral 
[18F]-FLT uptake was predictive 
of survival in patients treated for 
recurrent gliomas [22]. Net 
influx for [18F]-FLT relative to the 
arterial input (K) sensitively 
revealed the proliferative zone 
in astrocytoma tumors, with 
much less background uptake 
in healthy tissue than was seen 
with the protein synthesis radio-
tracer [11C]-methionine. Detailed 
kinetic analysis of dynamic 
[18F]-FLT data could be used to 
evaluate the relative activity of 
thymidine kinase  in brain 
tumors, and suggested the pres-
ence of a slow dephosphoryla-
tion of the radiotracer , as can 
also be discerned with [18F]-FDG 
PET [23].

Neurotransmitter synthesis

Dopamine

The immediate precursor for 
dopamine synthesis is 3,4-dihy-
droxy-L-phenylalanine (L-DOPA), 
which is derived from tyrosine. 
The development of the synthet-
ic L-DOPA decarboxylase sub-

strate 6-[18F]-fluoro-3,4-dihydroxyphenyl-L-
alanine ([18F]-DOPA) was an early success of 
molecular brain imaging (Figure 2) [24, 25]. 
[18F]-DOPA in circulation crosses the blood-
brain barrier by facilitated diffusion mediated 
by the L-type carrier of large neutral amino 
acids. Since [18F]-DOPA influx is inhibited by 
competition from the other amino acid sub-
strates [26], [18F]-DOPA PET scans are best 
conducted in a fasting condition. [18F]-DOPA is 
a good substrate for DOPA decarboxylase [27] 
in nigrostriatal dopamine fibres, which retain 
the product 6-[18F]-fluorodopamine (6-[18F]-DA) 
in synaptic vesicles [28]. However, the implicit 
model for [18F]-DOPA metabolism is inherently 
complex, as recently reviewed [29]. [18F]-DOPA 
is a substrate for hepatic catechol-O-methyl-
transferase (COMT) [30], such that substantial 
amounts of the metabolite 3-O-methyl-6-[18F]
fluoro-L-DOPA (6-[18F]-3-OMFD; Figure 2) accu-
mulate in plasma [31]. This product enters 
brain by the same carrier as [18F]-DOPA, and 

Figure 2. Structures of 6-[18F]-DOPA and related metabolites. COMT = 
catechol O-methyl transferase; MAO = monoamine oxidase; Dopamine 
decarboxylase is also know as aromatic L-amino acid decarboxylase 
(AAAD).
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soon constitutes the main component of non-
specific background signal throughout the 
brain [32, 33]. Furthermore, 6-[18F]-DA is not 
perfectly retained in synaptic vesicles, but is 
slowly decomposed by monoamine oxidase 
(MAO) [34] to yield the diffusible metabolites 
6-[18F]-DOPAC and 6-[18F]-HVA; significant 
washout occurs during prolonged PET record-
ings [35]. Finally, [18F]-DOPA trapping is not 
entirely specific for dopamine fibres, since 
metabolism in serotonin fibres contributes to 
the PET signal [36].

Despite the complexities of its metabolism, 
[18F]-DOPA is one of the most widely used radio-
tracers for PET studies of brain physiology, 
especially for monitoring nigrostriatal degener-
ation of Parkinson’s disease (PD) and related 
disorders. PET studies with [18F]-DOPA have 
revealed subclinical nigrostriatal degeneration 
in kindred with hereditary Lewy body PD [37], 
the rate of progression of idiopathic PD [38], 
and the possible attenuation of that progres-
sion through treatment with a dopamine ago-
nist [39]. [18F]-DOPA PET serves for the discrim-
inative diagnosis of PD and a number of other 
basal ganglia diseases [29], and has given new 
insight into the pathophysiology of schizophre-
nia; elevated dopamine synthesis capacity has 
been reported in striatum of untreated patients 
with schizophrenia [40]. An application of an 
extended kinetic model revealed that not only 
is the rate of 6-[18F]-DA synthesis increased in 
patients with schizophrenia, but its rate of 
breakdown and washout is also elevated [41], a 
phenomenon which has been described as 
“poverty in the midst of plenty”, due to the 
seemingly poor retention of 6-[18F]-DA in synap-
tic vesicles.

Serotonin

Despite wide acceptance of a serotonin hypoth-
esis of depression, there is little direct evidence 

Figure 3. Structures of two 11C-radiotracers based on the amino 
acid L-tryptophan.

for a serotonergic abnormality in affec-
tive disorders. Presynaptic serotonin 
synthesis can be probed in PET studies 
with the direct precursor 5-hydroxy-[11C]-
L-tryptophan (Figure 3) [42], with the 
caveat that this molecule is also a sub-
strate for DOPA decarboxylase which is 
present in serotonin and dopamine 
fibres. Like the other large neutral amino 
acids, α-methyl-L-tryptophan is trans-
ferred reversibly across the blood-brain 
barrier; in serotonin terminals, it is a 

substrate for tryptophan hydroxylase (without 
any concomitant labeling of brain protein), and 
the product α-methyl-5-hydroxy-L-tryptophan 
yields α-methylserotonin. Although theoretical-
ly elegant, the rate of conversion of α-[11C]-
methyl-L-tryptophan (Figure 3) is slow, and its 
sensitivity for PET assays of serotonin synthe-
sis has been questioned [43]. However, others 
found a good correlation between the net influx 
of α-[11C]-methyl-L-tryptophan and that of the 
DOPA decarboxylase substrate 5-hydroxy-[11C]-
L-tryptophan [42], and a high correlation with 
post mortem serotonin concentrations [44].

Parametric mapping with α-[11C]-methyl-L-
tryptophan revealed focal cortical reductions in 
patients with major depression [45], and in sui-
cide attempters [46]. In another depression 
study, stimulation of α-[11C]-methyl-L-tryptophan 
influx to the prefrontal cortex by treatment with 
a serotonin reuptake inhibitor was augmented 
by co-treatment with an antagonist of autore-
ceptors on serotonin neurons [47], consistent 
with a theory predicting synergistic action of 
the two medications in the treatment of depres-
sion. Cortical foci of increased α-[11C]-methyl-L-
tryptophan uptake are associated with epilep-
togenic dysplasia in children with tuberous 
sclerosis [48], and can potentially guide the 
planning of surgical resection [49], but the 
physiological basis of this trapping is obscure.

Neurotransmitter catabolism 

Monoamine oxidase

As noted above, MAO catalyzes the oxidative 
deamination of dopamine, and also other bio-
genic amines such as serotonin. MAO occurs in 
two forms with somewhat differing substrate 
specificities and distributions; whereas MAO-A 
prefers serotonin and noradrenaline and 
MAO-B prefers β-phenylethylamine, both 
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enzymes equally catalyze the deamination of 
dopamine and tryptamine [50]. As such, MAOs 
are important targets for molecular imaging of 
monoaminergic systems; in brain, MAO-A is 
most highly expressed in noradrenaline neu-
rons [50], while MAO-B is most abundant in 
serotonin neurons and the tuberomammillary 
histamine neurons [51]. Many radiotracers 
have been developed for imaging MAO-B (see 
references [52] and [53] for reviews).

The first PET tracer for MAO was the MAO-B 
substrate [11C]-MPTP, which accumulates in the 
striatum of rhesus monkey, apparently by the 
same enzymatic trapping mechanism underly-
ing the notorious toxicity of that compound for 
dopamine neurons [54, 55], i.e. generation of 
[11C]-MPP+ in situ. More promising for human 
PET studies are the suicide substrates 
[11C]-clorgyline and [11C]-deprenyl (Figure 4) for 
imaging MAO-A and MAO-B, respectively [56]. 
Consistent with a mechanistic understanding 
of the rapid and irreversible binding of these 
suicide substrates, α-deuterated [11C]-deprenyl 
([11C]-deprenyl-D2) reacted with a substantial 
isotope effect (3.8 ± 1.1 rate enhancement for 
trapping of hydrogen versus deuterium isoto-
pomer) [57]. In an early clinical application of 
[11C]-deprenyl-D2, there was increased binding 
within epileptic foci of the human temporal 
lobe, presumably reflecting MAO-B expression 
in reactive astrocytes [58].

[11C]-Deprenyl-D2 has been used in a competi-
tion paradigm to test the extent of occupancy 
of a novel drug at MAO-B sites in human brain 
[59]. The discovery of reduced MAO-B activity 

in brain and peripheral organs of smokers sug-
gests the presence of a potent inhibitor in 
tobacco smoke [60]. The inhibition must be 
cumulative, since smoking a single cigarette 
was without effect on [11C]-deprenyl-D2 binding 
[61]. The deuterium isotope effect proved less 
useful for the case of [11C]-clorgyline, due to the 
emergence of a non-MAO-A binding component 
in white matter [62]. Inhibition of MAO-A was 
revealed in brain of smokers in a PET study with 
[11C]-clorgyline [63].

Reversibly binding MAO ligands might present 
advantages over the irreversible enzyme sub-
strates discussed above. Binding of the MAO-A 
ligand 1-(1-[11C]methyl-1H-pyrrol-2-yl)-2-phenyl-
2-(1-pyrrolidinyl)ethanone in pig brain MAO was 
displaced by pre-treatment with an MAO inhibi-
tor [64] (Figure 4), but this compound has not 
yet found clinical PET applications. The 
β-carboline [11C]-harmine (Figure 4) binds 
reversibly to MAO-A in vitro with an affinity of 2 
nM [65], and has been used in human PET 
studies for assessment of the central occupan-
cy of MAO-A by novel inhibitors [65], and by con-
stituents of St. John’s Wort (Hypericum perfora-
tum) [66]. The earlier report of MAO-A inhibition 
in brain of smokers was recently confirmed in a 
study with the reversible MAO-A ligand 
[11C]-befloxatone [67, 68] (Figure 4), and cessa-
tion of smoking results in acute increases in 
[11C]harmine binding [69]; this increase was 
associated with transient depression in healthy 
non-smokers, presumably due to enhanced 
metabolism of dopamine and serotonin. 
However, in preclinical studies, a nearly com-
plete inhibition of both forms of MAO failed to 

Figure 4. Structures of selected 11C-radiolabeled MAO inhibitors [68, 175-178].
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evoke any potentiation of the displacement of 
[11C]-raclopride by amphetamine-evoked dopa-
mine release [70, 71]. Increased [11C]-harmine 
uptake in cerebral cortex has been described 
in brain of untreated, non-smoking depressed 
patients [72], and persistence of this increase 
following pharmacotherapy may predict for 
relapse [73], presumably due to increased neu-
rotransmitter catabolism. Increased [11C]-har- 
mine uptake, presumably of a transient nature, 
is also described in women in the early postpar-
tum period [74].  A more recent study using 
[11C]-harmine measured the effect of changes 
in MAO-A substrate on MAO-A binding in regions 
implicated in affective and neurodegenerative 
disease in healthy volunteers and the findings 
of this work suggest an adaptive role for MAO-A 
in maintaining monoamine neurotransmitter 
homeostasis by rapidly compensating fluctuat-
ing monoamine levels [75].

While [11C]-harmine has excellent properties as 
a reversible MAO-A ligand, a reversible ligand 
with selectivity for MAO-B imaging has remained 
elusive. The search for such a compound is 
motivated by a potential use in PET studies of 
Parkinson’s disease, in which MAO-B has been 
implicated, based upon the MAO-B-catalyzed 
toxicity of MPTP for dopamine neurons. In one 
approach, the reversible and selective MAO-B 
inhibitor Ro-19-6327 was radiolabeled by 
replacing the chlorine with radioiodine, giving 
[123I]-Ro-43-0463 [76] or 18F for PET studies; 
both radiotracers were evaluated in human 
subjects [77]. While [123I]-Ro-43-0463 had 
good properties for SPECT imaging, the 
18F-analog had limited brain uptake. It is note-
worthy that 18F-radiolabeled analogues of 
deprenyl [78, 79] and rasagyline [80] have 
been developed. A seemingly promising radio-
tracer, N-(6-[18F]-fluorohexyl)-N-methylpropargy- 
lamine ([18F]-FHMP) [81] was reported, but 
unfortunately a radioactive metabolite was 

Figure 5. Synthesis of [11C]-SL25.1188 using [11C]-CO2 fixation [85].

detected in the rodent brain, mitigating against 
its use [82]. Two other potent and selective 
candidates for imaging brain MAO-B, namely, 
11C-radiolabeled 3-(4-[11C]-methoxyphenyl)-6-
methyl-2H-1-benzopyran-2-one and N-((1H-
pyrrol-2-yl)methyl)-N -[11C]-methyl-1-phenyl-
methanamine, were synthesized and evaluated 
in preclinical models [82]. While the distribu-
tion of the labeled benzopyranone did not 
match the regional MAO-B activity in rat brain, 
the labeled pyrrole had relatively high brain 
uptake, reflected regional MAO-B activity, and 
could be blocked, albeit with limited signal-to-
background contrast. Two 11C-labeled oxazolidi-
none derivatives have been reported as highly 
promising reversible MAO-B radiotracers: [11C]-
MD-230254 [83], and [11C]-SL25.1188 (Figure 
5) [84]. Both radiotracers entered brain, and 
obtained reversible specific binding to MAO-B 
in non-human primates, which could be blocked 
by L-deprenyl pre-treatment. High binding was 
present in the thalamus and striatum, and 
moderate binding in the cerebellum, which 
would preclude its use as a reference tissue. As 
with [11C]-befloxatone, both of these com-
pounds are obtained via the specialized label-
ing agent [11C]-phosgene, such that their pro-
duction has been restricted to only a few 
laboratories. [11C]-SL25.1188 was efficiently 
labeled in one-step via [11C]-CO2 (Figure 5) at 
room temperature in solution, eliminating the 
use of [11C]-COCl2, and has been validated for 
human PET studies [85].

Acetylcholine esterase

Acetylcholine is a biogenic amine neurotrans-
mitter synthesized in several populations of 
subcortical neurons, i.e. the large interneurons 
of the striatum, and the cortically-projecting 
neurons of the basal forebrain; degeneration of 
this latter population contributes to the cogni-
tive impairment of AD. Developing a PET assay 
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for the synthesis of acetylcholine would be 
problematic due to the ubiquity of the precur-
sors, acetate and choline. However, there are a 
number of PET methods for detecting acetyl-
choline esterase (AChE), the enzyme decom-
posing acetylcholine. Early imaging efforts 
focused on AChE inhibitor ligands, such as 
[11C]-physostigmine [86], [11C]-methyltacrine 
[86], and [11C]-donezepil [87]. These inhibitor 
ligands have mostly been supplanted by a 
series of esters based on 1-[11C]methylpiperi-
din-4-yl propionate ([11C]-PMP) propionate 
(Figure 6) [88, 89]; here a labeled metabolite is 
formed in brain at a rate dependent upon the 
AChE activity, and is retained due to its consid-
erable lipophilicity [89]. PET studies with 
[11C]-PMP showed no change in AChE activity 
with normal aging [90], but revealed a 30-40% 
reduction in the temporal and parietal cortex of 
patients with AD [91]. The IC50 of the anti-
dementia compound donezepil for blocking 
AChE has been estimated relative to observa-
tions of [11C]-PMP uptake in monkey brain [92]; 
analogous studies in AD patients revealed a 
30-40% blockade of AChE upon treatment with 
donezepil [93] or rivastigmine [94]. In a remark-
able study in awake monkeys, treatment with 
donezepil increased acetylcholine levels in 
microdialysis samples from cortex, while 
decreasing [11C]-PMP uptake, and likewise 
decreasing the binding in cerebral cortex of a 
PET ligand for muscarinic acetylcholine recep-
tors [95], indicative of enhanced cholinergic 
signaling. However, persistent 30-40% block-
ade of [11C]-PMP trapping did not influence the 
binding of [11C]-nicotine at nicotinic receptors in 
cerebral cortex of AD patients treated with 
galantamine [96].

A study in early AD patients suggested that 
reductions in cortical and amygdala AChE activ-
ity precede measurable reductions in the basal 
forebrain, i.e. the location of the cholinergic 
neurons with ascending projections [97]. 
However, interpretation of results with AChE 
ligands is uncertain, since the cortical enzyme 

activity need not have a simple functional rela-
tionship with the integrity of the cortically-pro-
jecting cholinergic fibres. Furthermore, secre-
tion of the “read through” variant of AChE to 
cerebral spinal fluid may be stimulated by 
galantamine treatment, without alterations in 
the synaptic variant; [11C]-PMP PET cannot dis-
tinguish these forms of the enzyme [96]. 
Matters are made more complicated by the 
occurrence in brain of a distinct acetylcholine-
hydrolyzing enzyme, butyrocholinesterase, 
which can be detected in PET studies with the 
more selective substrate 1-[11C]-methyl-4-
piperidinyl n-butyrate ([11C]-MP4B) (Figure 6) 
[98]. Butyrocholinesterase activity may be 
increased in AD patients, especially those with 
the ApoE ε4 allele [99]; since acetylcholine is 
also a substrate for butyrocholinesterase, high 
levels of the latter enzyme may predict for poor 
response to selective AChE inhibitors.

Cytochrome P450/aromatase

Cytochrome (CYP) enzymes in liver and brain 
catalyze a variety of chemical reactions includ-
ing demethylation and mono-oxidations of lip-
ids, steroids and importantly exogenous toxins 
including drug molecules. CYP enzymes are 
implicated in ~75% of all metabolic transforma-
tions in drug toxicology [100] which can be 
associated with drug clearance, or activation. 
In the context of PET studies, CYP enzymes are 
relevant in that they mediate the catabolism of 
a number of radiotracers. For example, we have 
observed increased metabolism of 
[11C]-deprenyl in patients with epilepsy [101], 
which we attribute to induction of liver enzymes 
by anticonvulsant medications; others have 
likewise noted increased metabolism of 
[11C]-verapamil in epilepsy patients [102]. 
Bioavailability of the serotonin ligand 
[18F]-FCWAY was increased in humans treated 
with the CYP2E1 inhibitor disulfuram [103]. 
Metabolism of the dopamine ligand raclopride 
may be attenuated by competition in pharma-
cological challenge studies with amphetamine 
[101, 104].

Figure 6. Structure of promising 11C-radiolabeled acetylcholine esterase and butyrlcholine esterase ligands [88, 89].
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Recently, a cytochrome enzyme has emerged 
as an important target for brain PET. The prod-
uct of the CYP19A1 gene, known as aromatase, 
catalyzes the formation of estradiol from tes-
tosterone, and likewise the formation of estriol 
and estrone from other androgen precursors. 
Aromatase has a ubiquitous distribution 
throughout the body, and is expressed in a 
number of cell populations in brain, including 
pyramidal cells in the cerebral cortex, specific 
groups of neurons in the hippocampus, and 
cortical astrocytes [105]. Estrogen modulates 
neuroendocrine function and sexual dimor-
phism of the mammalian brain, and is also 
thought to influence synaptogenesis and neuro-
nal survival. A number of transcripts of the sin-
gle aromatase gene are differentially expressed 
in different brain regions [106]. The aromatase 
can now be visualized in brain with the inhibitor 
[11C]-vorozole (Figure 7); it has highest autora-
diographic binding in the medial amygdala, bed 
nucleus of stria terminalis, and preoptic area of 
male rat brain, with lesser expression in female 
rats [107]. Abundant displaceable binding of 
[11C]-vorozole in the expected areas was detect-
ed in a PET study of young men, and also in a 
group of three women, for whom binding was 
higher in scans recorded at mid-cycle, when 
estrogen levels were highest, than during scans 
obtained in the menstrual/early follicular phase 
[108]. Intravenous administration of nicotine, 
at a dose comparable to that encountered in 
smoking, substantially blocked [11C]-vorozole 
binding in brain of baboons [109]. This ligand 
promises to open up new domains of research 
in the neurobiology of addiction, ageing, gender 
differences in brain function, as well as in clini-
cal oncology of estrogen-sensitive tumors.

Signal transduction inhibitors and second 
messengers

Phosphodiesterases

The G-protein coupled receptors (GPCRs) com-
prise a superfamily including most of the recep-

Figure 7. Struc-
ture of the aro-
matase inhibitor 
[11C]-vorozole.

tors of dopamine, serotonin and other biogenic 
amines, which exert their signaling though 
modulation of the intracellular levels of 
3’,5’-cyclic adenosine monophosphate (cAMP) 
and/or cyclic guanosine monophosphate 
(cGMP). The phosphodiester bonds in these 
compounds are hydrolyzed by phosphodiester-
ase (PDE) enzymes, which are classified into 11 
families (PDE1 – PDE11), each of which has 
varying specificity for cAMP and cGMP. Further 
sub-categorization of these PDE enzyme fami-
lies includes subfamilies of genes as well as 
splice variants derived from a single gene. The 
roles of PDEs as imaging targets in PET have 
been reviewed [110, 111].

The first reported attempt to target a PDE was 
conducted with the PDE4 antagonist ligand 
[11C]-LY186126; although preliminary PET 
imaging revealed substantial binding in canine 
myocardium, this radiotracer was not further 
pursued [112]. A decade later, ex vivo biodistri-
bution and pharmacological blocking studies 
were carried out in rats with [11C]-Ro-20-1724 
and [11C]-(R,S)-rolipram [113]; the latter com-
pound had good brain permeability, and bound 
in brain in a manner consistent with the known 
distribution of PDE4 enzyme. Subsequently, the 
enantiomer [11C]-(R)-rolipram (Figure 8) was 
found to have to have higher binding in rat 
brain, and to have selectivity in vivo over PDE1 
[114]. The first PDE4 imaging study in human 
brain soon followed [115].

PDE4 catalyzes the hydrolysis of cAMP, thereby 
terminating intracellular signaling through spe-
cific cAMP-dependent protein kinases. As such, 
activation of relevant receptors might be 
expected to deplete intracellular cAMP, which 
might in turn increase the availability of binding 
sites for PDE4 inhibitors. Based on this dynam-
ic competition model, a number of pharmaco-
logical activation studies have been conducted 
with [11C]-(R)-rolipram. For example, indirect 
agonism of catecholamine receptors increased 
PDE4 binding in brain of living monkeys via acti-
vation specifically of dopamine D1 receptors 
[95]. Activation of muscarinic receptors with 
scopolamine likewise increased PDE4 binding 
in that study. Attenuation of D1-mediated mod-
ulation of [11C]-(R)-rolipram binding has been 
reported in aged monkey [116]. In a rat study ex 
vivo, MAO inhibition or treatment with selective 
noradrenalin or serotonin reuptake blockers 
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increased PDE4 binding, with roughly parallel 
changes in brain and myocardium [117]. Similar 
attenuation effects were observed in desipra-
mine-challenged rats with diabetes evoked pre-
viously by a high fat diet [118]. However, others 
failed to detect increased PDE4 binding in brain 
of rats treated with imipramine [119]. These 
discrepant findings illustrate a limitation of sec-
ond messenger studies; due to the conver-
gence of multiple neurotransmitter signaling 
pathways, PET results with [11C]-(R)-rolipram 
reflect the net modulation of the PDE4 enzyme. 
Thus, induction of anesthesia reduced the 
cerebral binding of [11C]-(R)-rolipram [120], by 
an unknown mechanism presumably reflecting 
reduced tonic signaling by various biogenic 
amine neurotransmitters. Pharmacological 
activation of protein kinase A (PKA), which 
phosphorylates and activates PDE4, increased 
[11C]-(R)-rolipram binding in rat brain, indicating 
an additional mechanism for convergence of 
intracellular signaling on PDE4 [121]. [11C]-(R)-
rolipram has advanced to studies in humans 
with major depressive disorder [122, 123].

Few other PDE imaging agents have been 
developed and evaluated in animal models. 
The cGMP-selective PDE5 has received consid-
erable attention as the target of Sildenafil and 
related compounds. The distribution of the 

PDE5 inhibitor [11C]-RAL-01 (Figure 8) was 
investigated in living pig [124]. This radiotracer 
readily entered the pig brain, and gave a hint of 
displaceable binding in the hypothalamus. In 
contrast, there was abundant displaceable 
binding in the myocardium, suggesting a poten-
tial application of [11C]-RAL-01 in occupancy 
studies, especially given the use of PDE5 inhibi-
tors for treating acute heart failure, and the 
linkage of myocardial PDE5 to adrenergic 
receptors.

PDE10A was identified independently by three 
groups in 1999 [125-127] and has a unique 
expression with mRNA levels in the brain [126]; 
the highest expression of PDE10A protein is in 
the medium spiny neurons of the striatum (cau-
date and putamen), nucleus accumbens, and 
olfactory tubercle [126-128]. PDE10A inhibi-
tors are under development as novel approach-
es for treating neurological and psychiatric dis-
orders such as schizophrenia, Parkinson’s 
disease, and Huntington’s disease [129, 130]. 
Testing of [11C]-papaverine (Figure 8) and relat-
ed derivatives revealed poor brain penetration 
and rapid washout from striatum in rats and 
monkeys [131]. Present work has focused on 
other candidate PDE10A radiotracers including 
N-alkylated pyrazoles labeled with 11C, or 18F 
such as [11C]-MP-10 and [18F]-JNJ41510417 
(Figure 8) [132-136].

Figure 8. Structures of selected 11C- and 18F-radiolabeled PDE4, PDE5 and PDE10A inhibitors.
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Adenylate cyclase

The intracellular activity of adenylate cyclase is 
stimulated directly with forskolin, a diterpene 
isolated from the rhizomes of Coleus forskohlii, 
which is a decorative garden plant. Activation 
of adenylate cyclase increases the intracellular 
levels of cAMP, which activates in turn protein 
kinase A (PKA). In the next step of the signalling 
cascade, PKA phosphorylates specific intracel-
lular targets, including neuroreceptors. 
Activation of PKA also has consequences for 
energy metabolism, such that [18F]-FDG PET 
can be used as a surrogate marker for activa-
tion of cAMP-dependent signal transduction in 
brain of living rats. These intriguing preclinical 
results suggest that forskolin binding changes 
could be relevant to addiction, epilepsy, and 
degenerative diseases. However, there have 
been few efforts to make corresponding PET 
ligands for adenylate cyclase. Many forskolin 
derivatives also bind to glucose transporters, 
including the GLUT1 residing in the blood-brain 
barrier, with affinity sometimes exceeding that 
for adenylate cyclase [137]. An 18F-labeled for-
skolin derivative failed to enter brain of living 
rat [138], conceivably due to effects of 
P-glycoprotein (P-gp) at the blood-brain barrier. 
A study of the biodistribution of [11C]-forskolin 
(Figure 9) indicated some entry into rat brain, 
but displaceable binding was only evident in 
myocardium [139], where adenylate cyclase 
mediates adrenergic signalling. This suggests 
that sympathetic denervation of the myocardi-
um, as occurs frequently in Parkinson’s dis-
ease, may present a natural model for investi-
gating the effects of denervation on adenylate 
cyclase expression.

Protein kinases A, B and C

The intracellular concentration of cAMP is set 
by the balance of PDE and adenylate cyclase 
activities; a key mediator in the cellular 
response to cAMP is protein kinase A (PKA). 
Dysregulation of PKA in brain has been linked 
to depression and other affective disorders 
[140, 141]. In the only report of an attempt at 
molecular imaging of PKA, carbon-11 labeled 
N-(2-(4-bromocinnamylamino)-ethyl)-N-methyl-
isoquinoline-5-sulfonamide, an N-methyl deriv-
ative of the known PKA inhibitor H89 (Figure 
10), proved to have inadequate brain penetra-
tion [142].

Figure 9. Structure 
of the adenylate cy-
clase binding radio-
tracer [11C]-forskolin.

While PKB (also known as Akt) is more fre-
quently investigated in the context of oncology, 
it is also implicated in brain signalling path-
ways, via interactions with PI3K and glycogen 
synthase kinase-3 β (GSK-3β). Recently, a 
[11C]-bisaryl-maleimide was proposed for imag-
ing PKB but has yet to be evaluated in vivo 
(Figure 10) [143]. Several attempts have also 
been made to develop radiotracers for imaging 
PKC, the Ca2+/calmodulin-dependent protein 
kinase. PKC is also part of the PI3K signaling 
pathway, and therefore, plays a crucial role in 
intracellular signal transduction. Carbon-11 
labeled phorbol esters have been used for PET 
imaging of PKC in brain [144]. Other efforts to 
develop PET tracers for PKC focused on label-
ing a staurosporine derivative with 11C [145].

As PKC enzymes are activated by signals such 
as increases of Ca2+ or diacylglycerol (DAG), 
other work has investigated [11C]-DAGs but 
these radiotracers were found to metabolize in 
rat brain to phosphatidylinositols and phospha-
tidylinositol phosphates [146]. The trapping in 
brain was partially indicative of phosphoti-
dylinositol turnover, and could be stimulated by 
cholinergic mechanisms [144, 147].

Glycogen synthase kinase-3β

The glycogen synthase activity is under the reg-
ulation of glycogen synthase kinase-3β which is 
a serine/threonine kinase. This enzyme is high-
ly abundant in brain tissues and is involved in 
signal transduction cascades controlling multi-
ple cellular processes. Small molecule inhibi-
tors of GSK-3β are currently under develop-
ment as potential medications for diverse 
neurological illnesses including depression, 
stroke, and bipolar disorder [148], and recently 
a “GSK-3 hypothesis of Alzheimer’s disease” 
has been proposed [149]. One potent and 
selective inhibitor of GSK-3β, namely N-(4-
methoxy)-N’-(5-nitro-1,3-thiazole-2-yl)urea, has 
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been successfully labeled with 11C (Figure 11), 
but, ex vivo biodistribution studies showed very 
low uptake of in brain of conscious rodents, 
despite pre-administration of a P-glycoprotein 
inhibitor [150]. More recently, [11C]CO2 fixation 
was used to prepare [11C-carbonyl]-AR-A014418 
(Figure 11), thereby enabling libraries of relat-
ed radiolabeled derivatives to be prepared 
based on this scaffold [151]. Future work focus-
ing on systematic generation of derivatives of 
related inhibitors promises to yield useful radio-
pharmaceuticals for imaging GSK-3β.

Arachidonic acid (AA)

Arachidonic acid is derived from phospholipids 
by the action of phospholipase A2, or from dia-
cylglycerol by the action of a lipase. In addition 
to serving as a precursor for inflammatory eico-
sanoids and anandamide, arachidonic acid in 
the nervous system is involved in signalling cas-
cades regulating ion channels and PKC. In pre-
clinical testing of 20-[18F]-fluoroarachidonic 
acid there was considerable uptake in myocar-
dium, but little evidence of labeling of brain lip-
ids [152, 153]. Myocardial fatty acid uptake is 
presumably more indicative of energy metabo-
lism than intracellular signalling. Subsequently, 
[11C]-arachidonic acid was tested by PET in 
monkeys. The net influx was unaffected by a 

three-fold increase in CBF under con-
ditions of hypocapnea, indicating that 
it is driven by a trapping process in 
brain, rather than simply delivery. In a 
PET study of healthy, young awake 
humans, in which [11C]-arachidonic 
acid net uptake was corrected for the 
formation in brain of [11C]-CO2, there 
was no discernible decline in the 
magnitude for [11C]-arachidonic acid 
uptake with healthy aging [154]. Brain 
uptake of [11C]-arachidonic acid was 
globally increased in grey matter of 
patients with AD [155]. This finding 
was especially evident in neocortical 
regions known to have a high burden 
of amyloid plaques, which suggested 
that the tracer uptake reveals an 
inflammatory process mediated by 
microglia.

Pre-treatment of rats with the non-
selective dopamine agonist apomor-
phine increased [11C]-arachidonic 
acid influx in the basal ganglia and 

Figure 10. Structures of selected 11C-radiolabeled protein kinase 
A, B and C inhibitors [142].

various cortical regions [156]. This stimulation 
was blocked by raclopride pre-treatment, indi-
cating that it was mediated by D2 receptor acti-
vation. A low dose of the more selective dopa-
mine D2 agonist quinpirole stimulated 
[11C]-arachidonic acid uptake in the striatum of 
awake rats, whereas as higher dose also had 
effects in cerebral cortex; pre-treatment with 
lithium attenuated the D2-receptor mediated 
stimulation of tracer uptake [157], suggesting a 
basis for the efficacy of lithium in bipolar disor-
der. Stimulation with a flashing light increased 
[11C]-arachidonic acid uptake in visual cortex 
and other cortical regions of healthy humans, 
in a pattern generally overlapping with stimu-
lus-evoked increases in CBF [158]. However, 
there have been no [11C]-arachidonic acid PET 
studies of human seizure disorders, or for that 
matter, affective disorders. Despite certain 
preclinical findings implicating fatty acids in 
dopamine transmission, the cerebral uptake of 
[11C]-arachidonic acid has yet to be investigated 
in patients with Parkinson’s disease.

Fatty acid amide hydrolase (FAAH)

There has been a recent surge of reports on the 
preparation of PET radiotracers targeting fatty 
acid amide hydrolase (FAAH), the enzyme 
responsible for metabolising the endogenous 
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cannabinoid anandamide. The earliest reports 
investigated [11C]-labeled analogues of URB597, 
which exhibited low brain uptake and rapid 
metabolism [159]. In a preliminary report, 
radiosynthesis and PET imaging studies of a 
reversible FAAH inhibitor, [11C]-MK-3168 (Figure 
12) in non-human primates and healthy volun-
teers under baseline and blocking conditions 
was conducted [160]. An analogue of URB597, 
[11C]-CURB (Figure 12) is an irreversible carba-
mate inhibitor of FAAH with similar selectivity 
but greater brain penetration than URB597. To 
avoid the potential loss of the radiolabel during 
hydrolysis by FAAH, [11C]-CURB was radiola-
beled at the carbonyl position involved in the 
carbamylation of Ser241, such that the label 
remains bound to the enzyme [161]. Evaluation 
of [11C]-CURB in rodents demonstrated high 
brain uptake with distribution matching that of 
FAAH expression, and displayed irreversible 
binding kinetics which could be blocked by 
intraperitoneal pretreatment with high doses 
URB597 or URB694 [161]. This radiotracer is 
currently undergoing preliminary investigation 
in healthy human volunteers and showed great-
er uptake in FAAH rich regions including the 
cerebral cortex, cerebellum, and hippocampus 
with lowest uptake in the hypothalamus [162]. 
Several other derivatives are under investiga-
tion [163]. Optimization of a urea-based lead 
compound led to the synthesis of PF-04457845 
as a potent and highly selective FAAH inhibitor 
[164] which underwent Phase II clinical trials 
for managing pain [165] as well as for marijua-
na withdrawal. Based on this structure, 
Skaddan et al. [166] recently reported the prep-
aration of [18F]-PF-9811 (Figure 12), in which 
the trifluoromethyl group of PF-04457845 was 
substituted by a [18F]-fluoroethyl group. 
Although they reported minimal loss of FAAH 
inhibitor potency or selectivity in vitro, the 
uptake and specific binding in rodent brain was 
modest. A preliminary report of the radiosyn-
thesis of [11C]-PF-04457845 (Figure 12) and its 
ex vivo biodistribution in conscious rodent mod-
els shows promise for imaging FAAH [167].

Figure 11. Structures of two 11C-radiolabeled isotopologues of the GSK-3β inhibitor AR-A014418 [150, 151].

Prostanoid biosynthesis

The biosynthesis of the prostanoid is mediated 
by the enzyme arachidonic acid cyclo-oxygen-
ase, which comes in two common variants 
known as COX-1 and COX-2. Whereas COX-1 is a 
constituent of normal cells, COX-2 expression is 
inducible, being most abundant in reactive 
macrophages. A number of 11C-labeled aryl-
propionic acids and their methyl esters, includ-
ing [11C]-ibuprofen [168] and [11C]-ketoprofen-
methyl ester [169] have been prepared as 
potential PET tracers for COX-1 (Figure 13) 
[170]. Inflammatory expression of COX-1 in 
mouse brain could be revealed with 
[11C]-ketoprofen-methyl ester [171]; transient 
increases in binding ex vivo were evoked by 
intracerebral injections of lipopolysaccharide 
or quinolinic acid, in association with increased 
activated microglia and macrophages at the 
site of inflammation. Considerable efforts have 
been expended towards development of COX-2 
tracers, for application in molecular imaging 
studies of oncology and also neurodegenera-
tive disease. Some specific binding of the COX-2 
ligand [11C]-rofecoxib (Figure 13) was evident in 
normal rat brain, but induction of encephalitis 
via Herpes Simplex infection did not evoke the 
expected increase in specific binding [172]. The 
COX-2 ligand [11C]-celecoxib has been prepared, 
but its fitness for detecting inflammatory 
responses is not yet established and the radio-
tracer is known to undergo metabolism giving 
[11C]-SC-62807 which is rapidly cleared via hep-
atobiliary excretion [173]. However, displace-
able uptake of an 18F-labeled derivative of cele-
coxib (Figure 13) was evident in solid tumor 
xenografts in nude mice [174].

Conclusions

There are relatively few brain enzymatic pro-
cesses of sufficient abundance such that their 
activity can be measured by molecular imaging 
of product formation in vivo. Whereas the great 
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majority of useful brain tracers are reversible 
ligands for neuroreceptors and transporters, 
the signal transduction pathways linked to neu-
roreceptors present a wide range of targets 
which have scarcely been investigated by 
molecular imaging. Efforts to pursue new target 
classes, as well as to explore more diverse 
radiochemical scaffolds, offers great potential 
for improving the specificity of brain imaging.
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