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1. Introduction

1.1. Definition of Molecular Imaging

Recent advances in noninvasive imaging modalities have
opened endless opportunities for molecular diagnostic and
therapeutic procedures. The term “molecular imaging” is
broadly used in conjunction with imaging modalities that
provide anatomic as well as functional information. But is
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anatomic imaging really molecular imaging? And do imaging
studies involving blood pool, perfusion, or skeleton provide
us with molecular images? Clearly, the terminology “mo-
lecular imaging” is quite often used for marketing rather than
for scientific purposes, as pointed out by Haberkorn and
Eisenhut in an EJNM editorial.’

Literally speaking, molecular imaging can be interpreted
as imaging using molecules or imaging of molecules. But if
we consider that molecular imaging aims to target a specific
tissue or cell type using a specific imaging probe, then
certainly molecular imaging must be defined as the visualiza-
tion of in vivo biological processes at the molecular or
cellular level using specific imaging probes. This and similar
definitions have been formulated in the literature by many
authors®™ and most recently by the Molecular Imaging
Center of Excellence Standard Definition Task Force.® In
this latter definition, the techniques mentioned are radiotracer
imaging/nuclear medicine, magnetic resonance (MR) imag-
ing, MR spectroscopy, optical imaging, ultrasound, and
others.

Molecular imaging may be used for early detection,
characterization, and ‘“real time” monitoring of disease as
well as investigating the efficacy of drugs. Presently, there
is a consensus among experts in the field that the most
sensitive molecular imaging techniques are the radionuclide-
based positron emission tomography (PET) and single photon
emission computed tomography (SPECT) imaging modali-
ties. PET or SPECT has the sensitivity needed to visualize
most interactions between physiological targets and ligands
such as neurotransmitters and brain receptors. Radionuclide-
based imaging modalities are able to determine concentra-
tions of specific biomolecules as low as in the picomolar
range. It must be stressed here, however, that the choice of
a certain imaging modality whether MRI, ultrasound, or PET
depends primarily on the specific question to be addressed.

Over the years, biologically interesting molecular probes
for PET imaging have been developed and used for
diagnostic clinical studies, basic human studies for under-
standing biochemical processes in neurobiology, and pre-
clinical studies especially using nonhuman primates and
rodents. In recent years, the PET technology has been applied
in various ways to assist in drug development, whereby
understanding drug action, establishing dosage regimens of
central nervous system (CNS) drugs, and treatment strategies
have been most crucial. Such studies eventually provide
means to accomplish “personalized medicine” by monitoring
individual response to drug delivery.

Central to molecular imaging with PET is the development
of appropriate PET imaging probes. Although the develop-
ment of PET radiopharmaceuticals for the in vivo imaging
of specific targets in the CNS began more than 25 years ago,
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until today only a handful of established PET radiopharma-
ceuticals exist for the imaging of some CNS targets. For a
vast majority of CNS targets, there are currently no suitable
PET radioligands. As with drug development, the difficulty
in radioligand development is the fact that in vivo factors
such as in vivo affinity, specific binding, metabolic stability,
and pharmacokinetics are for the most part unknown. Quite
often, initial lead compounds as potential imaging probes
go through several steps of optimization before the imaging
probe with the desirable imaging characteristics including
selectivity and high specific binding is selected for imaging.
Thus, many months may be required before the optimal PET
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Table 1. Physical Properties of Commonly Used
Positron-Emitting Radionuclides

maximum
half-life  energy mode of theoretical specific
nuclide  (min) (MeV) decay (%) activity (GBg/umol)
I8F 110 0.64 B+ (97%) 6.3 x 10*
EC“ (3%)
¢ 20.3 0.97 S+ (99%) 3.4 x 10°
3N 10 1.20 B+ (100%) 7.0 x 10°
150 2 1.74 B+ (100%) 3.4 x 10°
Br 972 4.0 B+ (57%) 7.2 x 10°
EC (43%)
1241 60 192 2.14 B+ (25%) 1.15 x 10°
EC (75%)
%8Ga 68.1 1.90 B+ (89%) 1.02 x 10°
EC (11%)
$4Cu 762 0.655 p+ (19%) 9.13 x 10°
EC (41%)
p+ (40%)

“EC: electron capture.

molecular imaging probe gets through radiosynthesis and
animal studies into clinical trials. Section 3 of this review
provides a discussion on some of the most important criteria
that are necessary for a successful CNS molecular probe.
Several PET nuclides exist for incorporation into biomol-
ecules (Table 1), but most of the PET imaging probes applied
in neurological research have been labeled with either ''C
or '®F. We describe the radiolabeling strategies that are
commonly employed for the synthesis of ''C- and '®F-labeled
PET imaging probes. Furthermore, we give an overview of
the most useful clinical PET radiopharmaceuticals that have
found application for the CNS with emphasis on dopamin-
ergic, serotonergic, cholinergic, and glutamatergic systems
as well as beta-amyloid imaging agents for the diagnosis of
Alzheimer’s disease (AD). Small animal PET imaging has
helped to establish PET as a leading tool in molecular
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Figure 1. Principle of PET imaging. '®F atom on the sugar molecule
decays by emitting a positron, a positively charged electron.

imaging, making possible the translation of research results
from bench to the bedside. We highlight also the challenges
facing small animal PET imaging and some of its applica-
tions in rodent models of human brain diseases.

1.2. PET Methodology

PET imaging agents are radiolabeled with positron-
emitting radionuclides, which decay by the emission of a
positively charged particle, the positron. After being emitted
from the nucleus the positron travels a short distance in the
surrounding matter or tissue before it annihilates with an
electron (Figure 1). The distance traveled by the positron
before annihilation is known as positron range. The energies
of the emitted positrons determine the path length before
annihilation and are different for each positron-emitting
radionuclide (Table 1). The larger the positron energy, the
larger the average distance the positron travels before
annihilating and the larger the loss in spatial resolution.
Annihilation produces two 511 keV y-rays, which correspond
to the rest masses of the positron and electron. The two
y-rays are emitted simultaneously in opposite directions and
are then detected by an array of surrounding detectors. A
detector pair gives rise to a line along which positron
annihilation must have occurred. Although the exact site of
annihilation is unknown, the acquisition of a large number
of coincidence events along all the lines can provide
information to reconstruct the numerous events that have
been registered into an image with information on the spatial
distribution of radioactivity as a function of time (for a review
see Levin).’

A special advantage of PET is that the measured tissue
radioactivity can be measured in absolute units (Bq/mL);
however, prior corrections for physical effects such as photon
attenuation and random and scattered radiation must be made.
Modern PET cameras collect data in either two- or three-
dimensional modes.

1.3. Radionuclides for PET Imaging

Among the nuclear medicine imaging modalities, PET
offers a specific advantage because it employs positron-
emitting isotopes of atoms such as carbon, nitrogen, and
oxygen, the main constituents of bioorganic molecules, and
thus allows the syntheses of radiopharmaceuticals that are
chemically indistinguishable from their nonradioactive coun-
terparts. Apart from a negligible isotopic effect, the radio-
labeled pharmaceutical possesses the same physicochemical
and biochemical properties as the nonlabeled compound.

Chemical Reviews, 2008, Vol. 108, No. 5 1503

Whereas the replacement of a carbon-12 or nitrogen-14 atom
with carbon-11 or nitrogen-13 nuclide, respectively, is
isotopic substitution, the radiolabeling with fluorine-18 is
mainly nonisotopic substitution. Fluorine atom is generally
not a constituent of biomolecules, but the substitution of a
hydrogen atom or hydroxyl group by a fluorine atom is one
of the most commonly applied bioisosteric replacements.
Steric parameters for fluorine and hydrogen are similar (van
der Waal’s radii of fluorine and hydrogen are 1.35 and 1.20
A, respectively), and the replacement of hydrogen for fluorine
in a biomolecule induces only minimum steric perturbations.®
The strong electron-withdrawing properties of fluorine,
however, result in pharmaceuticals with altered electronic
properties, lipophilicity, and biological characteristics. In
some cases, the fluorinated compounds even exhibit im-
proved potency when compared to the nonfluorinated
analogues. For example, it was shown in a study with
naphthyl-fused diazepines that aromatic substitution of a
fluorine atom for a hydrogen atom resulted in enhanced
affinity and efficacy.” With regard to lipophilicity, bioisos-
teric replacement of a hydrogen atom in an aliphatic position
by fluorine will generally decrease the lipophilicity, while
substitution in an aryl group increases the lipophilicity.'®

Of all the positron emitters employed in PET, fluorine-18
labeled PET radiopharmaceuticals have the most favorable
physical properties because the fluorine-18 nuclide has the
best imaging physical characteristics due to the low positron
energy (Table 1). Its optimal physical half-life of 110 min
allows for more complex radiosynthesis, longer in vivo
investigation, and, most importantly, “satellite” and com-
mercial distribution to clinical PET centers that lack radio-
chemistry facilities. Prominent representative examples of
fluorine-18 labeled PET imaging probes synthesized by
nonisotopic substitution are 6-['®F]-fluoro-3,4-dihydroxyphe-
nylalanine (['®F]6-Fluoro-L-DOPA), a PET ligand for prob-
ing cerebral dopamine metabolism'"'? and neuroendocrine
tumors in humans,'® and 2-['®F]-fluoro-deoxy-p-glucose
(['®*FIFDG) (Figure 2), for studying glucose metabolism.'*
['®F]FDG is the best clinically known and the most suc-
cessful commercial PET radiopharmaceutical. All experts in
the field agree that there would be no clinical PET imaging
today without ['*F]FDG.

Carbon-11, a positron-emitting isotope of carbon with
a physical half-life of 20.3 min, is particularly suited for
labeling compounds with short biological half-lives.
Compared to fluorine-18, the relatively short physical half-
life of ''C allows repeated investigations in the same
subject and within short time intervals. A disadvantage,
however, is the fact that carbon-11 labeled compounds
can be produced and used only in centers with a cyclotron
and radiochemistry facility.

In Table 1 are shown some commonly used PET nuclides
including the “nonstandard” radionuclides and their physical
properties. Except for gallium-68, which is a generator-
produced PET nuclide, all other positron emitters shown in
Table 1 are produced in a cyclotron by the bombardment of
an appropriate target material with either accelerated protons
or deuterons. Several other positron-emitting radionuclides
such as ®Cu, "®Br, or '**I, with half-lives longer than
fluorine-18, are useful for studying biochemical processes
with slow pharmacokinetics in addition to making satellite
delivery much easier.
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3. X = H, 3,4-Dihydoxyphenylalanine (DOPA)
4. X = "8F, 6-Fluoro-3,4 dihydroxypheylalanine
(FDOPA)

Figure 2. Structures of glucose, 3,4-dihydroxyphenylalanine, and their respective fluoro analogues.

HYCN <——""CH, — 11y,

11CH20 - 11CH3OH <—
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MCHINO, «—— 11CH4l —11CH;Li

l

CF3S0,- OUCH3

Figure 3. Pathways to carbon-11 reagents.

2. Radiolabeling Strategies

The relatively short physical half-lives of the positron-
emitting nuclides require that the synthesis time for a PET
imaging probe is kept as short as possible. Ideally, the
synthesis and purification period should not exceed 2 to 3
times the physical half-life of the radionuclide in use, and
strategies for the radiolabeling should aim to introduce the
label in the synthetic sequence as late as possible. Multistep
syntheses may be employed for complex molecules that
require labeling via prothestic groups or have sensitive
functional groups that need to be protected and deprotected
after the radiolabeling. Usually a large excess of unlabeled
precursor typically about 10°- to 10*-fold of the radioactive
reagent is employed during the radiosynthesis to help drive
the radiolabeling reaction to completion. This unusually high
stoichiometric ratio results in pseudo-first-order reaction
kinetics, which leads to an increased reaction rate and a rapid
turnover of the radiolabeling entity. Practical reaction times
vary and range from 1 to 30 min depending on the physical
half-life of the radioisotope in use. Reaction volumes are
typically 0.2—1 mL, and reaction temperatures also vary from
ambient room temperature to 190 °C. Besides conventional
heating, other techniques of reaction activation, for example,
microwave heating, are also employed for radiochemical
reactions. In fact, microwave heating has been shown to be
effective in that faster, cleaner, and more selective reactions
were obtained compared to conventional heating.'

Microfluidic devices have also recently been reported to
show great potential for the radiolabeling of ['*FJFDG'® and
a range of other PET radiopharmaceuticals.'” Distinct
advantages of the microreactor technology include enhanced
reaction kinetics and the possibility to work with smaller
quantities of reagents and solvents on a nanoliter scale. It is
remarkable that 2-3-fold higher radiochemical yields are
obtained with shorter synthesis time relative to conventional
radiosynthesis. It is expected that microfluid-based radio-

CH3,l

T
T

—> "cocl,

— » M"co

— R'CH,0H — R'ICHy

Rcocl

syntheses will gain wide acceptance soon in the PET
chemistry community.

All PET radiopharmaceuticals whether for human or
animal use should show a high level of radiochemical purity
(typically >95%), which is most frequently achieved by high-
pressure liquid chromatography (HPLC) purification. In some
cases, the use of disposable cartridges is sufficient enough
to achieve highly purified radiolabeled compounds. Since
PET radiopharmaceuticals are administered mainly by the
intravenous route, it is important to check for sterility and
apyrogenicity and all other quality control parameters that
may have an adverse effect on an animal or a human subject
under study.

2.1. Strategies for Carbon-11 Radiolabeling

A wide range of nuclear reactions exist for the production
of ''C, but the most commonly used method is the bombard-
ment of a nitrogen gas target with protons according to the
N(p,o)''C reaction.'®? A large number of ''C radiola-
beling precursors exist, but not all have found large-scale
application in the routine labeling of biomolecules. Most can
be produced directly in the target or obtained via chemical
reactions from either ''CO, or ''CH,. For example, the
addition of oxygen (20 to 20 000 ppm) or hydrogen (5-10%)
to the nitrogen target gas gives ''CO, or ''CH,, respectively.
With current available ''C-radiolabeling techniques, ''CO,
is the most versatile primary labeling precursor. In Figure 3
is shown a selection of ''C-labeled precursor reagents that
are derived from ''CO,.

The most widely used ''C-labeled precursor reagent, ''C-
methyl iodide, was developed some 30 years ago using the
so-called “wet” method (Figure 4).%°

More recently, an alternative approach known as the “gas
phase” or “dry” method has been reported.>'** The synthetic
approach depicted in Figure 5 has the advantage that it
delivers ''C-labeled PET imaging probes with higher specific



Molecular Imaging with PET

0, LiAIH,, HI
“N(p, 2)''"c ——— ""cO, — "ICH,0LIi —— ""CHgl

Figure 4. “Wet” method for the preparation of carbon-11 labeled
methyl iodide.

0,
NG, @)l —2— 1c0, > 11CH, 11GH,
Ni @ 410°C b, @ 720°C

Figure 5. “Gas phase” method for the preparation of carbon-11
labeled methyl iodide.

20Ne(d, o)'8F

18F + F2 —_ 18F_1QF + 19F

Figure 6. Method for the preparation of electrophilic '*F,.

radioactivity relative to the “wet” method and is gradually
becoming the method of choice in most PET chemistry
laboratories. Besides ''C-methyl iodide, ''C-methyl triflate*
has been utilized to improve the radiochemical yields in ''C-
methylations.

In general, most methylation methods applied in basic
organic chemistry can be utilized in PET radiochemistry. A
vast majority of ''C-labeled imaging probes have been
prepared either by N-, O-, or S-methylations, but in recent
times ''C—C coupling reactions using Stille, Suzuki, or
Sonogashira cross-coupling reactions have also emerged.>*2’

The theoretical maximum achievable specific radioactivity
for ''C-radiolabeled imaging probes is 3.4 x 10° GBg/umol
(Table 1). In practice, however, this value is never reached
due to isotopic dilution from impurities such as nonradioac-
tive CO, CO,, CHy, and other sources of carbon. For human
studies, a specific radioactivity greater than 74 GBg/umol
is sufficient for most molecular probes used for the PET
investigation of receptors, enzymes, and transporters in the
CNS. Molecular imaging studies in small laboratory animals
require higher specific radioactivities. Additional discussion
on specific radioactivity is provided in section 3.2.

2.2. Strategies for Fluorine-18 Radiolabeling

As mentioned earlier, fluorine-18 is the most important
positron-emitting isotope for PET imaging. Its optimal
physical half-life of 110 min allows for multistep radiosyn-
thesis, longer in vivo investigation, and above all commercial
distribution to other clinical PET centers that lack a radio-
chemistry laboratory. Several nuclear reactions are known
for the production of fluorine-18, and different target
materials are used depending on the chemical form of the
'8F required.?® Both the electrophilic and nucleophilic forms
of '8F are needed to satisfy the current need for '®F-labeled
pharmaceuticals.

2.2.1. Electrophilic Radiofluorinations

For electrophilic reactions, elemental 18R 1abeled fluorine
("®F,) and its secondary derived precursors are used. The
original method for the production of '®F, proceeds via the
bombardment of a target gas consisting of neon and typically
0.1% unlabeled '°F, gas with deuterons according to the
reaction depicted in Figure 6.

A more recent approach utilizes the "*O(p,n)'®F reaction
employing enriched '%0, as the target material.”® Due to its
high reactivity, '®F, is generally converted into less reactive
and more selective '®F-labeled fluorination agents such as
acetyl hypofluorite,* xenon difluoride,*' and fluorosulfon-
amides.”” In Figure 7 are shown some of the '®F-labeled
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Figure 7. Pathways to some electrophilic '®F-labeled reagents.

fluorination agents derived from 18R, Besides '®F-labeled
acetyl hypofluorite, '®F, has found a wide application in the
radiosynthesis of a number of 'F-labeled PET imaging
probes including [ISF]FDOPA (Figure 8), which ranks after
['®F]FDG in frequency of clinical use thanks to a regiose-
lective demetalation reaction involving an aryltrimethyltin
precursor and '®F,.>* For the radiolabeling reactions involv-
ing '®F,, the maximum achievable radiochemical yield can
only be 50%.

This is due to the fact that only one of the fluorine atoms
in '®F, carries the '®F label (Figure 6). Another shortcoming
of the electrophilic labeling method is the low specific
radioactivities of the final '®F-labeled products. The low
sgeciﬁc radioactivity values stem from carrier (i.e., unlabeled
'°F, gas) addition, which is required for the recovery of '°F,
from the surface of the target wall. Values for the specific
activities obtained by this method are generally less than 0.40
GBq/umol, and compounds prepared by the electrophilic
method are thus not suitable for PET investigations involving
saturable brain receptors due to their low concentrations. A
recent attempt to improve the specific radioactivity via
electric gaseous discharge of 'SF-labeled methylfluoride
prepared from the no carrier added (nca) (i.e., no intentional
addition of unlabeled fluoride) nucleophilic substitution
method (Figure 9) gave final products with specific radio-
activities in the range 10-20 GBg/umol but still not high
enough for brain receptor studies.** For PET studies requiring
high specific radioactivities, the nca nucleophilic substitution
reaction based on nca '®F-fluoride is the method of choice.

2.2.2. Nucleophilic Radiofluorinations

The primary nca '®F-fluoride ion obtained in an aqueous
solution is produced by irradiation of oxygen-18 enriched
water according to the '®O(p,n)'®F reaction. Depending on
the cyclotron and type of target body used, quantities of '®F-
fluoride radioactivity greater than 100 GBq can be achieved
after 1 h of bombardment. Fluoride ion in aqueous medium
is a poor nucleophile and inactivated for nucleophilic
substitution reactions; therefore reactions involving nca 18R
fluoride ion require strict exclusion of water. Activation of
the '®F-fluoride ion is achieved by applying cryptands in
combination with alkali salts or tetra-n-butylammonium
cation. The alkali (K, Cs, Rb) or quaternary ammonium salts
are readily obtained from their respective carbonates, bicar-
bonates, or hydroxides, respectively. The most commonly
used cryptand in combination with potassium carbonate is
the aminopolyether Kryptofix 2.2.2. complex.*>°

Nucleophilic substitution reactions are performed mainly
in dipolar aprotic solvents. For aliphatic systems the reaction
mechanism proceeds via an Sy2 mechanism, and most often
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Figure 8. Electrophilic radiosynthesis of ['*F]FDOPA.

8 fluoride Fo/Ne
CH3l ————> CH3®F ———— 1819

Electrical discharge

Figure 9. Preparation of '8F, using gaseous electrical discharge.

M]"8F
Rx ———» R®F

M = Kryptofix / K*, Ry;N*

X=8Br, |, OTs, ONs, OMs, OTf
Figure 10. Nucleophilic aliphatic substitutions.

18F
| SN BF-fluoride x
_
2X solvent P
X (0, p) X (o,p)

Activating groups: X =NO,, CN, CHO, COR, COOR

Leaving groups: Y = NOy, (CH3)sN*

Figure 11. Nuclephilic aromatic substitutions.

precursors bearing bromo, iodo, tosylate, nosylate, and
sulfonate as leaving groups are employed (Figure 10).
Acetonitrile is the preferred solvent for nucleophilic substitu-
tions on aliphatic systems, although sometimes dimethyl
sulfoxide or dimethylformamide may be considered. Com-
peting reactions, e.g., eliminations or degradations, due to
the basicity of the reaction media may influence the radio-
chemical yields. Recent results showed that the addition of
tert-butanol to acetonitrile could dramatically improve the
radiochemical yields for certain aliphatic systems, and
radiochemical yields as high as 80% were obtained.*’ Ionic
liquids that have good thermal stability are alternatives to
the above-mentioned solvents. A further advantage of using
ionic liquids as solvents is the fact that nca '*F-radiolabeling
reactions can be carried out in the presence of water.*®

Aromatic nca '8F nucleophilic substitutions are feasible
only if activated aromatic systems are employed. Strong
electron-withdrawing substituents such as CN, CHO, NO,,
COOR, and RCO in ortho or para position are suitable for
activation (Figure 11), and leaving groups are typically nitro
and trimethylammonium salts.***° Nca nucleophilic substitu-
tion reactions involving heterocyclic aromatic systems such
as the electron-poor pyridine series, however, do not neces-
sarily require activating groups, as shown in several
publications*' ™ and a recent review by Dollé.** Dimethyl
sulfoxide is the preferred solvent for aromatic nucleophilic
substitutions, although sometimes dimethylformamide is
useful.

In recent years, efforts have been directed toward finding
new synthetic approaches to radiolabel biomolecules that do
not bear activated aromatic moieties. Encouraging results
have been achieved using diaryliodonium salts as precursors
for simple molecules,*>* but the aromatic nca nucleophilic
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substitution of more complex molecules using diaryliodo-
nium salts remains a challenge.*” Decarbonylation of
2-["®F]fluorobenzaldehydes has also been employed to
prepare nonactivated '*F-labeled aromatic systems.*®

In general, complex molecules such as oligonucleotides,
peptides, and antibodies are not amenable to direct
fluorination with nca '®F-fluoride ion due to denaturing
of sensitive organic substrates and the presence of reactive
functional groups such as free amino, carboxylic acid, or
other CH-acidic functionalities.** Methods have been
developed that employ nca '®F-labeled small organic mol-
ecules called prosthetic groups, which are then chemoselec-
tively coupled to the oligonucleotide, peptide, or antibody.>*>°
Typically, the '®F-labeled prosthetic groups are incorporated
into biomolecules via alkylation, acylation, amidation, or
photochemical reactions.®®®! In Figure 12 are shown some
selected labeled prosthetic groups commonly used for
labeling peptides and antibodies. A shortcoming of the use
of prosthetic groups is the fact that the synthetic methods
are comprised of multistep radiosyntheses and the radiolabel
is incorporated very early in the synthesis sequence. To
circumvent this shortcoming, new synthetic strategies for the
direct labeling of peptides and other large molecules are
currently being pursued. In a recent communication from
our group,®*® peptides were radiofluorinated in a one-step
nucleophilic substitution reaction. A general approach for
the one-step nca fluorine-18 labeling of the peptides is shown
in Figures 13 and 14. A recent study also demonstrated the
feasibility of labeling organoboron and organosilicon bio-
conjugates with '®F in a single step.®* Expectations are that
these newly developed methods would make the use of '®F-
labeled prosthetic groups in some cases redundant. An
interesting approach that uses enzyme systems to label large
biomolecules under mild conditions has also been described
and shows prospect for the future.®®> For a collection of
review articles on labeling strategies with positron-emitting
nuclides see Schubiger et al.®

The nucleophilic method is the method of choice for the
syntheses of '®F-labeled radiopharmaceuticals with high
specific radioactivity. Practical values for '®F-labeled PET
imaging probes using nca '®F-fluoride are generally in the
range 50-500 GBg/umol, but the maximum theoretical
achievable specific radioactivity of 6.3 x 10* GBg/umol
(Table 1) is never achieved due to isotopic dilution from
water, solvents, reagents, and transport lines as previously
discussed for carbon-11. Generally, although the theoretical
specific radioactivity for carbon-11 is higher than that of
fluorine-18 (Table 1), in practice specific radioactivities
obtained for nca '®*F-labeled compounds are much higher.
This results from the fact that fluorine is less ubiquitous in
nature than carbon.

Recently, “click chemistry” has been applied in PET
chemistry to prepare '®F-labeled compounds. The application
of the method is in its infancy, but it also shows great promise
for preparing '®F-labeled compounds with diversified sub-
stitutions.®’
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Figure 12. Examples of some prosthetic groups.
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3. Prerequisites for CNS PET Imaging Probes

Establishing the usefulness of a PET imaging probe for
human applications requires the expertise of several scientists
including radiochemists, pharmacologists, and clinicians who
work in close collaboration in an interdisciplinary environ-
ment. For PET imaging probes to be useful as in wvivo
imaging agents, a number of prerequisites have to be fulfilled.
Some of these prerequisites derived from several years of
empirical research are briefly discussed below. Although
these prerequisites represent a simplification of complex
biochemical processes, they provide useful guidelines for
designing molecular probes with improved probability of
success.

3.1. Selectivity/Affinity for the Receptor

The equilibrium dissociation constant (K4) of a drug
receptor complex is the concentration of drug that occupies
or binds to 50% of available receptor population. By
definition, affinity is the reciprocal of equilibrium dissociation
constant and is ideally highest for the target site to be imaged.
Considering that the By, (maximum concentration of binding
sites) for most brain receptors is rather low (nano- to
femtomoles per milligram tissue), PET imaging probes
should have binding affinities in the subnanomolar range.
But too high an affinity can render a PET radiopharmaceu-
tical unsuitable because its uptake may become blood flow
dependent instead of being dependent on the rate of binding.
The uptake may essentially be irreversible, and equilibrium
studies may not be possible. The K, and By, values are
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measured by in vitro equilibrium binding assays and are
related to the labeled probe and the target protein, respec-
tively. The receptor densities, for example for the dopamine
D, receptor subtype, are on the order of 10 to 30 pM, and
typical affinities of PET radioligands used for this target are
in the range 1 to 10 nM. The in vitro Bm./Kq ratio, called
the “binding potential”, is often used to predict in vivo target
to nontarget ratio, but the values for this ratio are only
estimates for the in vivo situation. Typically, the in vivo
binding potential is several-fold lower than the in vitro
measured binding potential. This point has been highlighted
in a recent editorial by Eckelman et al.®®

3.2. Specific Radioactivity

Specific radioactivity (SA) refers to the amount of
radioactivity per unit mass of a radiolabeled compound. The
theoretical maximum SA of a radionuclide is a function of
the physical half-life of the radionuclide and is calculated
using the following equation:

SA = (In 2/t,,)N (1)

where N is the number of atoms of the radioactive element
and 1, is the physical half-life of the radionuclide. N can
be converted to the equivalent number of moles by dividing
by Avogadro’s number (6.023 x 10** atoms/mol). The
theoretical maximum SA is simply then calculated from

SA(Bg/mol) = 1.16 x 10*r,,, 2)

(t1» = half-life in units of hours).*” It is obvious from this
equation that the radionuclide with the shortest half-life
would have the highest SA value. Thus in Table 1, oxygen-
15, with the shortest half-life of 2 min, has the highest
theoretical specific radioactivity. The relatively short half-
lives of the PET isotopes result in low masses. For example,
typical clinical doses of 370 MBq of ''C and '®F are
equivalent to 1.186 x 10" and 1.0529 x 10~ ’g, respec-
tively. Therefore, the contribution in terms of mass of the
radionuclides is negligible. The higher masses obtained after
the radiosyntheses for the ''C- and '®F-labeled imaging
probes, typically in the range 5-10 ug, result from contami-
nation with stable isotopes '>C and '°F. For in vivo brain
receptor imaging, PET radiopharmaceuticals must be pre-
pared in high specific radioactivities so that only a small
percentage of the total number of available binding sites is
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occupied by the radioligand. Low specific radioactivity may
lead to a significant saturation of the binding sites, which
is associated with deterioration of signal-to-noise ratios,
and depending on the target and its effector system, it
may result in pharmacological or toxic effects. It should,
however, be noted that during radioligand development
an escalating dose of the unlabeled compound or other
competing agents are used to saturate the binding sites in
order to determine the specificity of the radiopharmaceu-
tical in question.

3.3. Metabolism and Position of Label

Since PET cannot discriminate between signals from
parent radioligand and radiolabeled metabolites, it is essential
that PET ligands do not undergo rapid metabolism over the
period of PET measurements. It has therefore to be verified
that metabolites that are formed in the course of data
acquisition do not contaminate the PET signals of the intact
parent compound. This is usually determined in metabolite
analysis using brain extracts from mice or rats. HPLC
analysis of blood samples provides useful information on
the clearance of the radiopharmaceutical, and useful PET
ligands have less than 80% metabolism at the end of the
PET imaging studies.

The position of the radiolabel in a molecule is a crucial
factor and has to be considered very carefully during the
planning of the synthetic approach since the loss of the
radiolabel in a molecule by metabolic degradation will limit
its usefulness as a PET ligand.

3.4. Blood—Brain Barrier Permeability

A source of failure for CNS PET imaging probes is often,
besides the high nonspecific binding in vivo, the inability of
the compounds to cross the blood—brain barrier (BBB). In
assessing whether a radiopharmaceutical may undergo a
lipid-mediated transport across the BBB, two important
factors need to be taken into consideration: (a) the extent of
hydrogen bond formation of the drug with water and (b) the
molecular weight of the drug or radiopharmaceutical. As a
general rule, hydrogen bond formation should be minimal
and the total number of hydrogen bonds a drug forms with
water should be less than eight to ten.”® This explains also
why peptide-based radiopharmaceuticals that have high levels
of hydrogen bonding do not penetrate the BBB to any
considerable extent. The molecular weight, which is a
measure for molecule volume, should be below the 400-600
Da threshold. Excellent reviews are available that describe
in silico,”" in vitro,” and in vivo™ methods for predicting
BBB penetration. For PET radiopharmaceuticals, besides
computational methods, the octanol/water partition coef-
ficient, P, is quite often used as a predictor for BBB
penetration, and log P values between 2 and 3.5 are generally
considered optimal. Within a class of structurally related
compounds, higher log P values generally translate into
higher nonspecific binding. The discussion here holds for
diffusion-mediated transport systems but not for specialized
active transport systems such as amino acids or sugars.
Furthermore, it has to be verified that the CNS imaging agent
is not a substrate for P-glycoprotein (Pgp), which operates
at the BBB. The development of mdr-1 knockout mice has
made possible the assessment of the influence of Pgp on CNS
molecular probes.

Ametamey et al.

3.5. Clearance Rate, Protein Binding, and
Nonspecific Binding

Also of importance are rapid clearance rates from blood
and nonspecific binding sites (i.e., binding to nontarget sites).
A low binding of radioligand to plasma proteins is essential
since only the free fraction of radioligand in plasma is
available for diffusion out of the vascular space. The
nonspecific binding of the radiopharmaceutical under inves-
tigation must be low in order that a high target to background
ratio can be achieved.

As mentioned earlier, these prerequisites do not provide
a guarantee for a successful CNS PET radiopharmaceutical,
these are only useful guidelines. It should be stressed at this
point that an excellent drug performing well on the market
is not necessarily a good molecular imaging agent. For
example, the antidepressant fluoxetine (Prozac), one of the
“blockbusters” on the pharmaceutical market, is as a PET
radioligand not suitable for the imaging of the serotonin
transporter due to high nonspecific binding in vivo.”*

4. Molecular Imaging Probes for the CNS

4.1. Imaging Probes for the Dopaminergic
Neurotransmission

The involvement of the dopaminergic system in numerous
brain disorders such as schizophrenia, Parkinson’s disease,
and other movement disorders has prompted an intense
research in this field. Five dopamine receptor subtypes
(D, —Ds) are known from cloning studies’>’® and classified
in two different families. The D; family includes the D; and
Ds subtypes, while the D, family consists of D,, D3, and D4
subtypes. Substantial efforts have been directed toward the
development of molecular imaging probes for the D, and
D, subtypes in part due to their relative abundance in the
striatum. The By values for the D, and D, receptors in the
striatum are 50 pmol/g tissue and 20 pmol/g tissue, respec-
tively.”” Initial radioligand development work concentrated
on the D, receptor subtype, and the types of compounds
evaluated were structurally derived from butyrophenone and
substituted benzamides. It is therefore no surprise that the
first receptor to be visualized in the human brain was the D,
receptor subtype using the butryophenone derivative [''C]3-
N-methylspiperone as the PET imaging agent.”® Butyrophe-
nones, however, have a disadvantage in that they lack
selectivity. Besides the D, receptor subtype, they bind also
with high affinity to 5-HT, (5-hydroxytryptamine subtype
2) receptors. The binding is essentially irreversible and does
not allow equilibrium studies. Fortunately, the benzamide
derivatives are more selective and show reversible binding.
Of all the benzamide derivatives reported to date, ["'Clra-
clopride (Figure 15) is the most widely used routine PET
ligand for the investigation of striatal D,/Ds receptors in
humans.” ["'C]Raclopride has been used to image D,/D;
receptors in patients with Parkinson’s disease, Huntington’s
disease, and schizophrenia, for determining receptor oc-
cupancy of antipsychotic drugs as well as for the indirect
measurement of dopamine concentrations in the synaptic
cleft.®=*3 ['®F|Fallypride® and [''C]FLB 457,% also struc-
tural analogues of raclopride, have been used for the in vivo
visualization of striatal and extrastriatal D, receptors, re-
spectively.

For the D, receptor system, [''C]SCH23990%*° and
["'CINNC112% are in use for assessing the D; receptor
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Figure 15. Structures of some established dopaminergic imaging
probes.

density in Parkinson’s patients, bipolar effective disorders,
and schizophrenia as well as investigating the binding of
neuroleptic drugs to the D; receptor. There are currently no
selective PET radioligands for the dopamine D3 and D4
receptor subtypes.

For the presynaptic dopamine transporters (DATS), a series
of cocaine congeners labeled with either ''C or '®F have
been developed. Some of these compounds including
["'CIPE21,®8 ['8F]B-CFT,* and ['®*FIJFECNT®° have found
routine application in the clinics for assessing DAT density,
which is altered in parkinsonian patients. In addition to being
useful as diagnostic agents, these DAT PET ligands have
also been employed as surrogate markers in the development
of novel drugs for use in the therapy of brain disorders in
which the dopaminergic system is implicated.

['®F]6-Fluoro-L.-DOPA has been used extensively to
investigate presynaptic neuronal degeneration of the dopa-
minergic system, specifically the capacity of the neurons to
synthesize dopamine. It passes the BBB through an active
transport mechanism and is transformed to ['®F]6-fluoro-
dopamine by neuronal aromatic amino acid decarboxylase
(AADC).’" A significant decrease in the uptake of ['°F]6-
fluoro-L-DOPA, indicating a decrease in the density of the
presynaptic dopaminergic nerve terminals, has been dem-
onstrated in several PET studies (for a review see Piccini).”
The metabolically more stable ['*F]6-fluoro-L-m-tyrosine,
which is not a substrate for catechol-O-methyltransferase
(COMT), has also been applied to study AADC activity.”

PET radioligands such as [''C]clorgyline and [''C]depre-
nyl are available for the investigation of monoamino oxidase
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Figure 16. Some examples of serotonergic imaging probes.

A (MAO-A) and B (MAO-B), respectively.”* PET studies
with [''C]clorgyline and [''C]deprenyl have shown that
smokers have approximately 25% and 40% reduction in
MAO-A®> and MAO-B,” respectively, and it is speculated
that this reduction may account for the reduced rate of
Parkinson’s disease in smokers.”’

4.2. Imaging Probes for the Serotonergic
Neurotransmission

The serotonergic system has also been implicated in a
number of neurological and psychiatric disorders such as
depression, anxiety, schizophrenia, and Alzheimer’s disease.
Although more than 16 receptor subtypes for this system
are known, PET imaging probes exist only for the 5-HT 5
and 5-HT,s receptor subtypes, which are found in high
densities in the hippocampus and neocortical regions of the
brain. Examples of some established imaging agents for the
serotonergic neurotransmission are shown in Figure 16.
['"CIWAY100635 labeled in the carbonyl position was
shown to have high selectivity for the 5-HT;5 receptor
subtype in humans, and its use in PET studies to assess
receptor occupancy of a typical oral dose of pindolol, a
5-HT A receptor antagonist with beta-adrenoceptor antagonist
properties, has also been demonstrated.”®”® PET studies with
[""CIWAY100635 have also shown a reduced 5-HT,
receptor density in patients with major depression.'® Several
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fluorinated analogues of WAY100635 including ['®F]p-
MPPF'?! and ["®F]JFCWAY'?? have also been prepared and
evaluated as potential imaging probes for the 5-HTa
receptors. Robalzotan (NAD-299), a structurally different
compound, has been labeled with carbon-11, and preliminary
results show that [''CINAD-299 is a promising imaging
probe for the 5-HT 4 receptors.lo3

For the 5-HT,a receptor, PET imaging probes such as
[''CIMDL100907,'** ["®F]Altanserin,'® and ['®F]Setoper-

one!'%® are in use.

The first promising tracer developed for the PET imaging
of the serotonin transporter (SERT) was (H)[''CIMcN-
5652.'7 Although (+)-[''C]McN5652 labels the SERT in
the human brain, it exhibits also high nonspecific binding
and slow kinetics. Using (+)-[''C]McN5652 as a SERT PET
ligand a significant increase in the SERT density in the
thalamus of patients with depression was observed.'*® More
recently, a highly promising diarylsulfide class of com-
pounds, namely, [ 'CIDASB,'® ["'CIMADAM,""®and [''C]HO-
MADAM,"'! have been developed as putative PET ligands
for the in vivo imaging of the SERT in humans.

4.3. Imaging Probes for the Cholinergic
Transmission

The cholinergic system has also been implicated in a vast
number of neurological and psychiatric disorders including
depression and cognitive and memory disorders such as
Alzheimer’s and Parkinson’s disease. Two main classes of
acetylcholine receptors are known: nicotinic and muscarinic.
Whereas the nicotinic acetylcholine receptors (nAChRs) are
ligand-gated ion channels, the muscarinic acetylcholine
receptors (mAChRs) are G-protein coupled receptors and
operate via second messenger systems. PET ligands such as
[''C]4-NMPB,'">'"? [''C]3-NMPB,''*!'* and [ "' C]bezotro-
pine''® have been evaluated for the imaging of the muscarinic
receptors, but all have a shortcoming in that they lack
receptor subtype selectivity for the four receptor subtypes
of mAChRs. PET studies with [''C]4-NMPB demonstrated
that normal aging was associated with a reduction in the
density of muscarinic receptors in neocortical regions and
thalamus.'"?

The nAChR exists as pentamers and comprises a, 3, and
other subunits. The most abundant nAChR in the mammalian
brain is the a4/32 subtype. [''C]Nicotine was used in humans
to image the nicotinic receptors, but the PET images were
plagued with high nonspecific binding."'”!'® Recently, a
number of PET imaging probes derived from epibatidine with
high in vivo specific binding have been reported. Epibatidine
itself and some of its analogues exhibited extremely high
toxicity and were thus never used for human studies. Two
nontoxic 0432 receptor subtype PET imaging probes, ['*F]-
2-F-A-85380"1%12% and ['®F]6-A-85380,"*""'*? are currently
under investigation in human subjects. Recent data from these
studies show that Alzheimer’s'* and Parkinson’s disease'**
patients show a significantly reduced 04432 density and a
good correlation with severity of disease.

[''CIMP3A (N-methyl-3-piperidylacetate) and [''CJMP4A
(N-methylpiperidin-4-ylacetate) (Figure 17) have been in-
vestigated as potential PET imaging agents for visualizing
central acetylcholinesterase activity in humans. PET studies
in healthy controls and patients with Alzheimer’s disease
(AD) showed a widespread reduction of acetylcholinesterase
activity in the cerebral cortex of AD patients.'*

Ametamey et al.
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Figure 17. Some examples of cholinergic imaging probes.
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Figure 18. Structures of some beta-amyloid imaging probes.

4.4. Molecular Imaging Probes for the Imaging of
p-Amyloid Load

The pathophysiology of Alzheimer’s disease is an area of
intense research. The -amyloid peptides A31-40 and Af31-
42 are major metabolites of the amyloid precursor protein
(APP) and are found in senile plaques and cerebrovascular
amyloid deposits in AD.'*® Although the presence of
extracellular amyloid-rich f-amyloid plaques and hyper-
phosphorylated tau filaments in intracellular neurofibrillary
tangles (NFTs) is a common feature in the brain of patients
with AD, the exact mechanisms leading to AD are not yet
clear. The PET imaging of 3-amyloid plaques will greatly
improve the diagnosis of AD as well as accelerate the
development of antiamyloid drugs currently under develop-
ment provided appropriate imaging probes are available.

One of the first PET imaging probes (Figure 18) developed
and investigated in humans was the lipophilic naphthalene
derivative ['SFJFDDNP  ((2-(1-{6-[(2-["®F]fluoroethyl-
(methyl)amino]-2-naphthyl}-2-ethylidene)malonitrile).'?” This
compound was shown to bind to both -amyloid plaques
and NFTs and shows promise in differentiating mild cogni-
tive impairment from healthy controls and patients with AD.
A new compound, ''C-labeled 6-OH-BTA ([N-methyl-[''C]-
2-[4'-(methylamino)phenyl]6-hydroxybenzothiazole), also
known as Pittsburgh Compound B (["'C]PIB), was reported
recently, and its utility as a selective B-amyloid plaque
imaging agent in patients with AD was also examined.'?®
Highest binding for ''C-labeled PIB was observed in the
posterior cingulate, frontal cortex, and caudate nuclei,
followed by lateral temporal and parietal cortex, and this
uptake was higher in all the AD patients than in controls.
The extent of [''C]PIB uptake did not, however, correlate
with dementia severity in Alzheimer’s patients but matched
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Figure 19. Transaxial and midsagittal PET images obtained
90-120 min postinjection of 300 MBq BAY 94-9172 in a 75-year-
old subject with mild Alzheimer’s disease (MMSE 26) and a 76-
year-old healthy control. The color scale is set so that cerebellar
white matter is green to yellow in both cases. The HC subject
(bottom row) shows extensive white matter binding most apparent
in the corpus callosum, peri-thalamic area, pons, and centrum
semiovale. The AD subject shows cortical binding in frontal,
posterior cingulate/precuneus, and lateral temporal areas with
relative sparing of occipital and sensori-motor cortex. (Image
provided by Chris Rowe, Austin Hospital, Nuclear Medicine &
Centre for PET, Melbourne Australia).

histopathologic reports of 3-amyloid plaque distribution in
aging. A recent study using a ''C-labeled compound,
[''C]SB-13, also demonstrated the feasibility of PET imaging
of B-amyloid plaques in humans.'*® More recently, a new
18F_labeled compound called ['|FIBAY 94-9172, which
shows high affinity binding to S-amyloid plaques (Figure
19), has been shown to be useful for detecting -amyloid
load early in disease progression. The fact that significant
p-amyloid was seen in a subgroup of clinically healthy
elderly persons may be interpreted as recognition of pre-
symptomatic AD, but this requires additional longitudinal
studies.'® In this study, FTLD (frontotemporal lobar de-
generation) subjects show no gray matter retention of
['*FIBAY 94-9172. ['"®*FIBAY 94-9172 is thus so far the only
fluorine-18 labeled 3-amyloid imaging probe reported to date
that discriminates well between AD and healthy controls and
should facilitate integration of S-amyloid imaging into
clinical practice. It is expected that the development of
specific molecular imaging probes for -amyloid imaging
would give new insights into Alzheimer’s disease progresssion.

4.5. PET Imaging Probes for the Glutamatergic
Neurotransmission

Glutamate is considered the major excitatory neurotrans-
mitter in the CNS. Its central effects are mediated through
ionotropic and metabotropic glutamate receptors (mGluRs).
The ionotropic glutamate receptors include NMDA (N-
methyl-D-aspartate), AMPA (a-amino-3-hydroxy-5-methyl-
isoxazole-4-propionate), and kainate receptors. The mGluRs
are G-protein coupled receptors that activate intracellular
secondary messenger systems when bound by the physi-
ological ligand glutamate. Eight metabotropic glutamate
receptor subtypes have been identified and classified into
three groups. Group I mGluR (mGluRs 1 and 5) are coupled
to phospholipase C and up/down-regulate neuronal excit-
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Figure 20. Structures of mGluR5 PET imaging probes currently
under evaluation.

ability. Group II (mGluRs 2 and 3) and group III (mGluRs
4, 6, 7, and 8) inhibit adenylate cyclase and hence reduce
synaptic transmission.'?!

Over the course of the years, many attempts have been
made by several research groups to develop PET molecular
imaging probes for the ionotropic glutamate receptors due
to their possible involvement in higher cognitive functions
such as memory and learning, and a wide variety of brain
diseases including anxiety,'**'3* depression,'*? schizophre-
nia,"** Parkinson’s disease,'*” drug addiction or with-
drawal,'*® and various pain states.'*”"'*® But despite strenu-
ous efforts, no suitable PET radioligand currently exists for
the imaging of the ionotropic glutamate receptors.'?*~'*!
Three new fluorinated compounds (Figure 20) for the PET
imaging of the metabotropic glutamate receptor subtype 5
(mGluR5) have been described in two recent publications,
but it is not clear yet whether these compounds can be used
for the imaging of mGIuR5 in humans.'**'** Our group
recently reported on a novel, selective, and high-affinity
mGIuRS antagonist that shows promise as a PET radioligand
for the imaging of the mGIluR5 in humans.'**'**> This new
compound, [''CJABP688 (Figure 20), displayed an in vivo
distribution pattern in rodents and human subjects consistent
with the known regional density of mGluRS5. In Figure 21
is shown a PET image of [''C]ABP688 uptake in a human
brain showing the regional distribution of mGIluRS. Ongoing
clinical studies involving the use of [''C]JABP688 would
show the utility of this new molecular imaging agent in
patients with psychiatric and neurological disorders.

5. Challenges in Small Animal PET Imaging

Although PET has been in use for more than 30 years
now in neuroscience, most applications were in man and
nonhuman primates. This was because the clinical PET
imaging systems used for these studies were not capable of
resolving small brain structures in rodents. The development
of dedicated new small animal PET scanners with signifi-
cantly improved spatial resolution has revolutionized mo-
lecular imaging in this field. But despite the fact that
analogous PET studies can be carried out in small animals
and in humans, small animal PET imaging poses a number
of challenges.
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Figure 21. Uptake of [''C]JABP688 in a healthy volunteer. High
accumulation in mGluR5-rich brain regions such as cingulate cortex,
amygdala, hippocampus, and prefrontal cortex is observed. The
cerebellum, a brain area known to have negligible mGluRS density,
showed low radioactivity accumulation. Red color indicates highest
activity concentrations and blue color lowest activity concentrations.

Figure 22. Horizontal sections through the brain of a human (left)
and NMRI mouse (right) injected with ['"®F]JFDOPA and ['®F]fal-
lypride, respectively. The human scan was undertaken using an
Advance scanner (GE Medical Systems); the mouse scan was
acquired on a dedicated small animal PET tomograph with ultrahigh
resolution (quad-HIDAC; Oxford Positron Systems, UK). The color
scale is arbitrary and not normalized. Red color indicates highest
activity concentrations, blue and black color lowest activity
concentrations.

5.1. Resolution versus Sensitivity of the PET
System

Due to the different physical sizes of human and rodent
brains, dedicated small animal PET cameras require a much
higher resolution compared to clinical systems. Recent
advances in detector technology have led to a substantial
improvement in spatial resolution, permitting the resolution
of tissue volumes smaller than 10 xL."*® Such a volumetric
resolution is sufficient to visualize and quantify a variety of
molecular targets and biochemical processes in the major
areas of the mouse and rat brain. Figure 22 exemplifies the
comparable resolution and quality of a PET image visualizing
dopaminergic neurotransmission in the striatum of a human
and mouse brain. The striatum is a tiny structure in the mouse
brain of less than 20 L. volume. Upon injection of the D,
receptor ligand ['®F]fallypride, the resolution of the small
animal PET camera permitted a clear-cut visualization of
the mouse striatum.
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A typical volumetric image resolution element (voxel)
in small animal PET is below 1 uL. To preserve the
number of registered counts per voxel and to obtain a
comparable signal-to-noise ratio (S/N), preclinical systems
should ideally have a much higher sensitivity compared
to clinical systems. However, the sensitivity of small
animal PET imaging systems is still limited. As a
consequence, significantly higher doses of radioactivity
have to be administered to a rodent to achieve a higher
number of coincidence events detected from a rodent
imaging voxel and to obtain similar count statistics to
clinical PET studies. The requirement to inject higher
doses of radioactivity into rodents, however, is correlated
with the injection of a significant mass of cold compound
per body weight. High occupancy or even saturation of
the target protein by the radioligand may then lead to the
deterioration of signal-to-noise ratios and—depending on
the target and its effector system—to pharmacological or
even toxic effects. Such a violation of the tracer principle
impedes the use of kinetic modeling approaches and
quantitative analysis of the PET data.'*’

5.2. Anesthesia

In contrast to human PET imaging, PET data collection
in small animals must involve immobilization of the animal,
which is usually attained by anesthesia of the animal during
the PET scanning procedure. Several issues have to be
considered to minimize the confounding influence of anes-
thesia on tracer kinetics and distribution. In general, anes-
thesia should be administered in a controllable manner and
at a superficial level. The most established and consistent
anesthetic regimen in small animal PET imaging involves
isoflurane inhalation anesthesia of spontaneously breathing
animals. Like isoflurane, most anesthetics have significant
impact on the respiratory and cardiovascular systems, and
consequently, tracer distribution and elimination will be
influenced in vivo by the use of anesthesia. Cross-
comparisons between anesthetized and nonanesthetized
animals using alternative techniques (such as post mortem
tissue sampling) must be performed to assess the effect of
anesthesia on tracer accumulation. For example, the striatal
concentrations of the radiotracer 6-['®F]fluoro-L-m-tyrosine
(['®F]FMT) in the brain of anesthetized mice was 3-fold
larger compared to nonanesthetized animals.'*® Such high
discrepancies of tracer concentrations between anesthetized
and nonanesthetized animals point to prominent in vivo
metabolism of the radiotracer, thus complicating data inter-
pretation and reducing the predictability of tracer character-
istics in other species. Some anesthetics are also known to
target neurotransmitter receptors or transporters in a direct
or indirect manner. Isoflurane, for example, interacts directly
with the GABA, receptor and was also shown to induce
changes in the dopaminergic system in nonhuman primates,
possibly by modulating presynaptic dopamine transporter
availability.'**~'>! Figure 23 demonstrates the influence of
isoflurane anesthesia on striatal activity concentrations of
['®F]fallypride, a ligand binding to postsynaptic D, receptors.
Post mortem activity concentrations in the striatum of
anesthetized and nonanesthetized animals differed by only
20% at 63 min after injection excluding a substantial
influence of isoflurane anesthesia on ['®F]-fallypride bind-
ing.lSz

Fluctuations in the anesthetic level among various scans
is supposed to increase the interindividual variation in tracer
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Figure 23. Striatal activity concentrations (normalized to the
injected dose per bod?/ weight) of anesthetized and nonanesthetized
mice injected with ['®F]fallypride and sacrificed at two different
time points after injection.

uptake, kinetics, and metabolism and must be kept at a
minimum by standardization of anesthetic regimens and
precise monitoring of physiological and hemodynamic
parameters. Homeostasis of fluid, electrolyte, and acid/base
balance during anesthesia should be considered, especially
for long-term scanning (>60 min). In addition, body tem-
perature must be controlled and adjusted by a rectal probe
and an appropriate heating device.

The compromising effects of anesthesia for PET imaging
can be partly avoided for radiopharmaceuticals that are
efficiently trapped in their target tissue and if no information
about tracer kinetics is required. The animal is allowed to
remain awake during the uptake and accumulation phase of
the radiotracer and is only anesthetized when tracer uptake
is complete and a steady state has been reached. ['*F]FDG
is a good example of a tracer that may be used for such a
static PET scanning protocol.'>® PET experiments with a
complete omission of anesthesia will remain undoable for
routine rodent scanning. Some PET experiments have been
performed in conscious and trained cats or monkeys.'>*"’
Recently, a nonanesthetized rat was trained to accept head
fixation and scanned for 60 min.'>® With regard to animal
welfare issues and scanning throughput, this approach will
probably not achieve general acceptance. Furthermore, the
effects of the physical and mental stress imposed on the
animal by the active restraint are not well investigated.
Alternatively, a PET system mounted to a rat’s head
permitted imaging of the conscious rodent brain,'*® but the
practicability and utility of such an experimental approach
has still to be proven.

5.3. Data Quantification

PET imaging using appropriate small animal models has
emerged as a powerful technique to explore neurophysiology
and neuropharmacology in a noninvasive and potentially
highly quantitative manner. However, only limited informa-
tion is currently available on the feasibility to achieve
absolute quantification in small animal PET imaging. The
new generation of dedicated small animal PET systems and
the associated software packages have still not reached the
standards and quantitative accuracy of state-of-the-art clinical
PET systems. Corrections for attenuation in the animal’s
body as well as for scattered and random coincidences have
to be included in the reconstruction software. Furthermore,
calibration factors should be routinely determined and applied
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to allow conversion of scanner units (counts/voxel/s) to
radioactivity concentrations (kBg/mL). Dynamically acquired
and reconstructed PET data can be further processed and
quantified by applying kinetic modeling approaches. To
perform such fully quantitative dynamic PET experiments,
the time course of tracer delivery to the tissue must be
determined. This so-called arterial input function is a
prerequisite for precise quantification of various biological
parameters. Several techniques have been successfully ap-
plied in humans, but most of them have only limited
applicability for routine work in rodents. Some of these
techniques are invasive such as arterial microsampling of
blood, arterial-venous shunts, and beta-probe measurements
and are far from being routinely applied. Other techniques
using image-based extraction of input functions (e.g., left-
ventricle regions of interest) are characterized by a low
degree of complexity and invasiveness and may be prefer-
entially employed in future PET studies (for a review see
LaForest et al.).!®°

Another prerequisite for reliable and precise quantitative
PET imaging involves high intrastudy stability and interstudy
reproducibility of the PET imaging experiment. Only a
detailed standardized experimental protocol and standardized
evaluation techniques avoid the introduction of bias to the
analysis and permit drawing meaningful conclusions from a
longitudinal study with repetitive PET scanning experiments.
The maintenance of physiological and hemodynamic stability
of anesthetized animals is one important criterion. The
stability of the PET system represents another crucial point
that must be controlled by regular performance tests and
calibrations. The use of internal radioactive standards during
each PET measurement might also help to monitor uniform
system sensitivity during longitudinal studies. Standardization
of acquisition and reconstruction protocols as well as
calculation of standardized uptake values (SUV) may also
allow a better comparison of PET data across studies or
research institutions.

Small animal PET studies are typically analyzed by regions
of interest (ROIs) drawn manually on the PET image.
However, in the absence of any anatomical information ROIs
are just based on the observed radioactivity distribution.
Inconsistent drawing of ROIs within and across experimental
series will thus introduce errors to a study. Contour-finding
algorithms and coregistration of PET and CT images will
probably facilitate ROI delineation and improve the accuracy
of a ROI analysis. The use of stereotactic frames for brain
studies guarantees a reproducible positioning of the animal’s
head and facilitates spatial alignment of PET images and
their quantitative analysis by atlas-based approaches.'®!

The translatability of PET data obtained in mice and rats
to the human setting is a great topic of discussion in the
scientific community. There are considerable species differ-
ences in metabolism, protein binding characteristics, target
site density, etc., and the prediction whether a successfully
characterized PET tracer in rodents can be effectively used
in humans is rather critical. Figure 24 exemplifies the highly
variable uptake pattern of ['°FJFDOPA in a mouse and
human brain. ['®F]JFDOPA visualizes presynaptic integrity
of dopaminergic synapses in the human striatum and has
proven its utility in the clinical diagnosis of Parkinson’s
disease. When administered to mice, however, [*FJFDOPA
was found to distribute uniformly in the brain without specific
accumulation in the striatum (Figure 24, right) despite the
concomitant use of the inhibitors for the enzymes AADC
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Figure 24. Comparison of representative horizontal PET images
through the striatum of a healthy human (left) and a wild-type C57/
BL6 mouse (right), both injected with the radiotracer ['®F]-FDOPA.
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Figure 25. Comparison of maximum intensity projections (MIP)
of the head of a Brown-Norway rat (left) and a Wistar rat (right),
both injected with the radiotracer ['*F]FDG.

and COMT."'*® Hume and colleagues reported similar find-
ings in the rat brain using ['®F]FDOPA, suggesting that
rodent metabolism of ['*FJFDOPA might be too fast and
efficient to allow for sufficient specific tracer accumulation
in rodents. '

Considerable variations of PET tracer uptake and metabo-
lismus may also occur among various strains of mice and
rats. Strain differences in response to anesthetics or other
pharmacologically active compounds are documented in
rodents, but the impact of the genetic background of a
specific rodent strain on radiotracer characteristics is less well
described. Cerebral glucose metabolism assessed by intra-
venous administration of ['®F]FDG, for example, is strikingly
variable in routinely used rat strains such as Brown-Norway
and Wistar (Figure 25). As observed for many PET ra-
diotracers, the nonspecific accumulation of ['®F]-FDG in
intraorbital Harderian glands is also highly differing. In order
to produce meaningful rodent data that can be reliably
extrapolated to the human situation, these intraspecies
variability in rodents must not be neglected.

6. Conclusion and Perspectives

Recent synthetic and technical developments have made
possible the radiolabeling of imaging probes with carbon-
11, fluorine-18, or other PET isotopes for preclinical research
as well as for clinical applications. The increasing number
of new targets and new molecular entities with complex
structures will demand new radiolabeling strategies. The
accomplishment of this goal is expected to eventually further
harness the progress of PET as a powerful functional
molecular imaging tool.
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Numerous molecular imaging probes have been discussed
here in this review, but for a vast majority of systems, such
as the ionotropic glutamate receptors and norepinephrine
transporters, no molecular imaging probes are available to
aid in the diagnosis of diseases in which these proteins are
up/down-regulated. Radiochemists and pharmacologists are
therefore challenged to develop useful and selective PET
imaging agents for neurotransmission systems lacking ap-
propriate imaging probes. But one has to acknowledge that
PET radiopharmaceutical development is not a straightfor-
ward process. It is an iterative process that requires a lot of
effort and luck. One may follow all the guidelines and criteria
needed for a CNS imaging probe, but there is no guarantee
that a successful tracer for human application will be the
end product, and obviously no successful radiopharmaceu-
tical can fulfill all the requirements.

Small animal PET imaging is becoming an increasingly
important methodology to analyze CNS functions in a
noninvasive manner. Recent advances in PET imaging
technologies allow addressing the same neurobiological
questions in mice and humans. Obtaining consistent and
quantitative PET images and data sets is one of the greatest
strengths of rodent neuroimaging but also its greatest
challenge. The next improvements with respect to scanner
performance and data quantification are eagerly awaited.
Integrating CT or MRI to PET has additional benefit of
greater accuracy due to high-resolution anatomic imaging.
Commercial small animal and clinical PET-CT systems are
available, but the challenge now is to combine MRI and PET
for routine CNS imaging in small animals because of the
excellent soft tissue contrast of MRI. The future development,
therefore, of in vivo PET in small animal brain imaging will
equally be dependent not only on radiochemists and phar-
macologists but also on the contributions made by physicists
and engineers.
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