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The process of drug discovery and development requires substantial resources and time. The drug indus-
try has tried to reduce costs by conducting appropriate animal studies together with molecular biological
and genetic analyses. Basic science research has been limited to in vitro studies of cellular processes and
ex vivo tissue examination using suitable animal models of disease. However, in the past two decades new
technologies have been developed that permit the imaging of live animals using radiotracer emission, X-
rays, magnetic resonance signds, fluorescence, and bioluminescence. The main objective of this review is
to provide an overview of small anima molecular imaging, with a focus on nuclear imaging (single pho-
ton emission computed tomography and positron emission tomography). These technol ogies permit visu-
dization of toxicodynamics aswell as toxicity to specific organs by directly monitoring drug accumulation
and assessing physiological and/or molecular alterations. Nuclear imaging technology has great potential
for improving the efficiency of the drug devel opment process.
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INTRODUCTION

The drug discovery and development is a relatively long
process that requires on average 12 years and 800 million
USdollars (1,2).

Rational predefined steps have been streamlined for drug
development in recent years. In general, target identifica
tion, target validation, hit & lead identification, lead optimi-
zation, preclinical and clinical tria steps are included before
FDA approval (Fig. 1).

During the past two decades, molecular imaging, which
can give non-invasive, quantitative, and repetitive analytic
information on molecules and biological processes in liv-
ing organisms, has emerged as a new technology for both
research and clinical drug development (3,4).

Many imaging techniques have been routinely used in the
drug discovery process to monitor the drug in blood, nor-
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mal organs, tissues, and tumor and to evaluate the effects of
the drug in the context of tumor (5,6).

Molecular imaging, defined as the visual representation,
characterization, and quantification of biological processes
a the cellular and subcellular levels within intact living
organisms, can be obtained by imaging techniques such as
optical imaging, nuclear imaging, magnetic resonance imag-
ing (MRI), ultrasound imaging and computed tomography
(CT) (7,8) (Table 1).

Molecular imaging techniques can improve the efficiency
of drug screening, assess pharmacokinetics, and evaluate
drug effects to markedly reduce the costs and time required
for the new drug development (5,9-11).

Nuclear imaging, such as single photon emission tomog-
raphy (SPECT), positron emission tomography (PET), pro-
vides the 3D distribution of radiopharmaceuticals and has
excellent senditivity and high resolution with excellent tis-
Sue penetration depth (8,12-14).

This review will discuss the roles of nuclear molecular
imaging for drug discovery and development, particularly
for drug screening, pharmacokinetic and preclinical drug
evaluation.

MOLECULAR IMAGING

The past two decades have seen an immense growth of
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Fig. 1. Rational steps for drug discovery and development.

Table 1. Small animal imaging techniques for drug discovery and development

) ) Sensitivity
Technique  Resolution Depth (moles of label detected) Agent Target
MRI 10~100 um No limit 10°~10°° Gadolinium, Dysprosium, iron oxide particles ~ A*, P, M®
CcT 50 um No limit 10°~10°° Lodine AP
SPECT 1~2mm No limit 10%~10% e, ™Mn PM
PET 1~2mm No limit 105~10" B 1, 0 PM
Optical 1 mm <10cm 10%~10" Fluorescence, NIR PM
Ultrasound 50 um Millimeters 10%~10°° Microbubble AP

1: anatomical change, 2: physiological change, 3: molecular level change

knowledge in the field of molecular biology, leading to a
better understanding of pathologic processes at the molecu-
lar level. New genetic tests have been among the first trans-
lations of these discoveries into diagnostics. These tests can
be used for prevention screening, provide prognostic infor-
mation and predict disease in progeny. However, in vitro
diagnosticsin genera does not provide anatomical informa:
tion on the actual localization of the event. Imaging proce-
dures will be necessary to visualize abnormalities identified
by in vitro diagnostics. Obtaining a non-invasive diagnosis
of preclinical or even pre-malignant disease states is highly
desirable and could be achieved with molecular image
(M1), which is capable of detection and visualization of
molecular disease markers in vivo via specific probes (15).
While conventional imaging yields anatomical maps or a
rendering of physiologic functions, molecular imaging pro-
vides additional information on the distribution and (in
some cases) amount or activity of specific molecular mark-
ers in vivo and will thus expand the emphasis of radiologi-
cal imaging beyond the anatomical and functional level to a

molecular one. Since changes on the molecular level always
precede anatomical restructuring which can be detected in
conventional imaging methods, diagnosis at an earlier stage
in the course of a disease is needed so that an earlier treat-
ment starts. Obtaining a non-invasive diagnosis of preclini-
cal or even reversible states of serious diseases is highly
desirable and may be achieved with molecular imaging.

There are hundreds of potential molecular imaging tar-
gets and a variety of probes currently under development.
Among the existing imaging modalities PET, SPECT, and
aso MRI are particularly suited for molecular imaging. A
new technology is in vivo near infrared imaging (NIR), so
far in preclinical use. Beside hardware adaptations, there is
a need for dedicated post-processing tools for quantifica-
tion, image fusion and parameter mapping for Ml.

SMALL ANIMAL MOLECULAR
IMAGING MODALITIES

Academia and pharmaceutical companies are increasingly
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Fig. 3. Scheme representing the role of small animal molecu-
lar imaging techniques for drug development.

expressing aninterest in small anima molecular imaging
(SAMI), because small anima models congtitute established
research tools for molecular imaging and the biological val-
idation of new therapies. The small anima dedicated imag-
ing modalities PET, SPECT, CT, MRI, optical imaging and
also ultrasound are adreadyused for in vivo molecular imag-
ing (Fig. 2). Fig. 3 represents that the SAMI is a promising
technique that provides pharmacokinetic and pharmacody-
namics profiles with direct in vivo drug monitoring and
detecting the functional and/or molecular level change.
SAMI alows for repetitive studies on the same animal and
therefore enables the evaluation of disease progression or
treatment response over time. It furthermore aids in target
identification and early prioritization of candidate lead com-
pound. Imaging instrumentation used for SAMI includes
those modalities already used in clinical radiology. Dedi-
cated scanners for SAMI are today available for al differ-
ent modalities. MicroPET became commercialy available
around 1997, following by microSPECT in 2001. All these
dedicated systems are specificaly designed for the needs of
SAMI. Most of the systems today are tomographic.

NUCLEAR IMAGING

Nuclear techniques include planar scintigraphy, SPECT
and PET. All of these systems have a lower resolution (1 to

2 mm) than MRI and CT, but are highly sensitive and inher-
ently quantitative. Picomolar concentration of isotopes can
be detected with no depth limit in vivo. Because of low res-
olution, nuclear imaging provides only limited anatomical
information. The output is merely a map of activity in the
animal, the exact anatomical location of which can only be
derived from the shape of the accumulated activity. This
makes combinations with other modalities such as CT or
MRI that deliver very valuable anatomical information.
PET and SPECT are currently the most advanced methods
to image molecular eventsin patients.

Nuclear imaging has always been at the forefront of
molecular imaging. Many of the clinical probes have been
dready designed to detect molecular mechanisms, e.g. radi-
olabeled annexin to image apoptosis (16-20). For PET,
positron-emitting isotopes are needed (*O, N, F, *"Tc,
“C). Most of these isotopes are produced in a cyclotron and
have short half lives (e.g. **F has a half life of 110 min),
thus cannot be transported over long distance and require
rapid chemical synthesis of the radio-labeled probe and ide-
dly a cyclotron on side. On the other hand, the short half-
life allows for repetitive experiments within shorter time
cycles. Small molecules are widely used as probes, which
are recognized by enzymes, receptors or other targets (21).

IMAGING PROBES FOR MOLECULAR IMAGING

In order to visualize specific cellular and molecular events
non-invasively in living subjects, appropriate imaging probes
need to be designed (8,22). In general, nonspecific probes
are the most commonly used imaging probes and do not
interact with a specific molecular target. They accentuate
differences between tissues in permeability or perfusion.
These probes are helpful to characterize physiologica pro-
cesses. For characterization of early changes in disease
development, imaging visualization of specific biological
processes at the cellular or molecular level is required.
Thus, molecular imaging probes need to interact specifi-
cally with targets on these levels, leading to the develop-
ment of targeted probes. In principle, targeted probes are
used to localize biomolecules and to reveal their distribu-
tion. Such probes are detectable regardless of their interac-
tion with the target. Therefore, background noise can target
and remaining unbound probe is eliminated.

IDENTIFICATION OF SUITABLE TARGETS
FOR MOLECULAR IMAGING

To find novel targets for drug development, the pharma:
ceutical industry undertakes screening tests in the magni-
tude of millions of samples. Using high throughput screening,
thousands of samples can be evaluated simultaneously,
quantitatively and rapidly against approximately 500 differ-
ent molecular targets, of which 45% are receptors, 30% are
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enzymes and 25% are other molecules. Recently, screening
technologies are aso being extended to identify targets for
molecular imaging (23).

Potential molecular targets are primarily nucleic acid
segquences (DNA and mRNA) or proteins, but can also
include any other specific cell structure such as carbohy-
drates (e.g. integrins, epitopes) or lipids. Several features of
these biomolecules need to be considered, including the
localization of the target molecules (on the cell surface or
within the target cells) and the amount of copies of the same
moleculein asingle cell (quantity) (22).

LABELING A LIGAND THAT BINDS
TO A MOLECULAR TARGET

Once a suitable target has been identified, a molecule
(ligand) that specifically binds to this target has to be con-
firmed. Ligands can be small molecules, such as receptor
ligands and substrates for enzymes, or larger ones such as
recombinant proteins or monoclona antibodies. Depending
on the imaging modality, a detectable signal molecule
(Iabel) has to be bound to the ligand. For nuclear imaging, a
variety of appropriate radioisotopes are available and aready
in clinical use, simplifying potential clinical applications.
Numerous labeling techniques assst in probe design whereby
radioisotopes are either chelated or covaently coupled to
theligand (24).

DELIVERY OF PROBE

Imaging probes must have the ability to reach the intended
target at sufficient concentration and time to be detectable
in living subjects. After administration, imaging probes are
subject to pharmacokinetic precepts. absorption, distribu-
tion, metabolism, and eimination. The “fate” of imaging
probes in vivo depends on properties of the probes such as
molecular size, water solubility or binding characteristics.
The main process by which the body eliminates “foreign”
substances is excretion. Hydrophilic materids are eliminated
by kidneys, whereas lipophilic compounds are usualy metabo-
lized by liver, the principal organ for metabolism. Lipo-
philic compounds are al so redistributed into fatty tissue.

In order to leave the vascular system, the vascular wall
needs to be traversed. However, extravasation can be chal-
lenging, especialy in the brain when the blood-brain-bar-
rier is intact (25). In tumors or inflammatory processes, the
vasculature is “leaky” and therefore easier to traverse (26).
Once the probe crosses over into the intergtitial space of the
target tissue, it needs to reach the target cells.

APPLICATION OF NUCLEAR IMAGING FOR DRUG
DISCOVERY AND DEVELOPMENT

'8F-fluorodeoxyglucose (FDG) is the most widely used

tracer molecule for PET imaging in clinical studies to detect
metabolically active tumors. This glucose analogueis trans-
ported into the cell by a specific transporter molecule, over-
expressed in many cancers, which leads to an accumulation
of the tracer within the tumor cells. FDG might serve as a
surrogate marker to assess treatment response after chemo-
therapy. PET has been further applied to study multi-drug
resistance, apoptosis (27) and gene expression in animal
studies using reporter genes (28). For example, to study gene
expression with PET, herpes smplex virus thymidine kinase
(HSV-TK) is utilized as a marker gene. If HSV-TK is
expressed, nucleoside andogs are phosphorylated and become
trapped within the cell due to the associated changes in
charge. The accumulation of activity is therefore an indica
tor of HSV-TK presence and consequently successful trans-
fection. Those marker genes can aso be utilized for tracking
of transfected cellsin vivo (29).

SPECT utilizes gamma-emitting radioisotopes (*"Tc, *In,
23], Y etc.), which are produced in generators without
needing a cyclotron. These isotopes are generally cheaper
and have a longer half-life than the positron emitting iso-
topes used for PET imaging (e.g. ™In has a half life of 2.8
days). This longer haf life makes SPECT easier to work
with and facilitates imaging of probes with slow kinetics
such as antibody fragments. Isotopes suitable for SPECT
imaging on the other hand emit gamma rays of different
energies, which alows for the simultaneous detection of
several isotope, e.g. simultaneousimaging of different molec-
ular targets. SPECT has been used to track cells or mole-
cules such as radiolabelled annexin-V to image apoptosis
(16) or tumor specific peptides (30,31) in vivo. It has aso
been deployed to image oncogene expression. Preliminary
reports show that SPECT imaging might play arole as sur-
rogate marker after chemotherapy aswell (32).

Radioisotope labeling is the method of choice as modifi-
cation can be isotopical, producing the same drug molecule
with the same pharmacological effects and providing accu-
rate pharmacokinetic information. In addition, nuclear imag-
ing is highly sensitive and requires doses that are orders of
magnitude lower than the pharmacological dose to obtain
animage (3).

However, radiolabeling of a drug without changing phar-
macokinetic characteristics is not always possible, and the
radiochemistry is often complex. In addition, radiolabeled
metabolites can produce same imaging signals as the origi-
nal radiolabeled drug, and some isotopically labeled drugs
have short windows for imaging acquisition (33).

Gene or protein targets related to disease development
and therapeutic response can be exploited through molecu-
lar imaging and dynamics of the ligands in vivo and alows
screening for agonistic and antagonistic ligand candidates
for the receptor (34). Protein-protein interaction can be in
vivo imaged with PET technology using thymidine kinase,
therefore it can be applied to human subjects (35).
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Deficiencies in bioavailability and pharmacokinetic prop-
erties cause drug development failures, and early warning
systems for new drug candidates are essential for drug
development (3). To generate accurate and reproducible
pharmacokinetic studies, an exact input function of the
labeled drug is critical for kinetic modeling.

APPLICATION OF NUCLEAR IMAGING
FOR TOXICITY STUDY

Toxicology is heavily influenced by advances in many
scientific displines. Currently increasing array of molecular
methods provides deeper insights into toxicity mechanism.
Many in vivo imaging techniques are used for visualizing
toxicodynamics. Nuclear imaging has outstanding sensitiv-
ity as levels of picomole to femtomole for detection in vivo
are possible without any depth limitation. The excellent
sengitivity gives advantage to toxicologist to use tiny amount
of radioactive compound for toxicokinetic study instead of
overdose against detection limit. Visuaization property can
contribute to easy and reliable detection of the organ spe-
cific accumulation and toxicity. In addition, these techniques
can contribute to the toxicodynamic profiling through early
and reliable detection of the changes of physiological func-
tion and/or molecular level. For example, even in clinics,
BF-FDG imaging is the gold standard to detect the meta-
static tumor for cancer patient. For this purpose, many FDA
approved radiopharmaceuticals to be used for assessment of
physiological functional changes and furthermore many
nuclear molecular imaging probes are aready in the pipeline.

CONCLUSION

Although nuclear molecular imaging technologies have to
overcome challenges related to resolution, specificity, and
accuracy to improve the process of drug discovery and
development process, close collaborations from molecular
biologist, chemist, physicist, and imaging scientist provide
more potential imaging target and process. Efficient collabo-
ration of al groups can promote target discovery and valida-
tion, drug screening, and preclinica trid. Molecular
imaging is being integrated into the pharmaceutical indus-
try infrastructure and will reduce the costs and time
required for new drug development. Additionaly, the
potential of molecular imaging can contribute the predic-
tion of the organ specific toxicity since they can reved the
digribution of compound in vivo easly and provide the evi-
dence based approach for organ toxicity screening.
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