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Can Small Animal Imaging Accelerate
Drug Development?

Martin G. Pomper*

Johns Hopkins University School of Medicine, Department of Radiology, Baltimore, Maryland 21287-2182

Abstract Better mechanistic understanding of disease throughmapping of the human andmouse genomes enables
rethinking of human infirmity. In the case of cancer, for example, we may begin to associate disease states with their
underlying genetic defects rather thanwith the organ system involved. Thatwill enablemore selective, nontoxic therapies
in patients who are genetically predisposed to respond to them. Because one of the major goals of molecular imaging
research is to interrogate gene expression noninvasively, it can impact greatly on that process. Most of molecular imaging
research is undertaken in small animals,whichprovide a conduit between in vitro studies andhumanclinical imaging.We
are fortunate to be able tomanipulate small animals genetically, and to have increasingly bettermodels of human disease.
The ability to study those animals noninvasively and quantitatively with new, high-resolution imaging devices provides
the most relevant milieu in which to find and examine new therapies. J. Cell. Biochem. Suppl. 39: 211–220, 2002.
� 2002 Wiley-Liss, Inc.

Key words: molecular imaging; small animal imaging; drug development; gene expression imaging; cell tracking

The human and mouse genomes are highly
homologous [Gregory et al., 2002].Knowledge of
the complete gene sequence of anothermammal
will enable the construction of relevant animal
models of human disease at an unprecedented
rate and with high specificity. We can study
those models in a variety of ways, most in-
corporating invasive techniques destructive to
the tissue, orwe can image them.With imaging,
we can perform longitudinal studies on single
animals without the sampling error inherent to
biopsy; however, the most important attribute
of imaging is the provision of structural and
functional information under physiologic con-
ditions, mimicking the situation observed in
the clinic. Molecular imaging can hasten drug
development at the target identification and
validation stages, in the synthesis and optimi-
zation of drug candidates, and in pre-phase I to
phase II clinical trials, i.e., at almost any point
in the process. It provides the link between

in vitro studies and those performed in vivo,
in humans. Many fine reviews of the use of
human imaging in drug development exist
[Gibson et al., 1993; Rubin and Fischman,
1997; Fowler et al., 1999; Hietala, 1999; Vaal-
burg et al., 1999; Paans and Vaalburg, 2000;
Aboagye et al., 2001; Brady et al., 2001; Gupta
et al., 2002], and an entire issue of The Journal
of Clinical Pharmacology has recently been
dedicated to that topic [Eckelman et al., 2001],
so this review will focus on the use of small
animal imaging for that purpose. Hume and
Myers [2002] have recently reviewed small
animal imaging with positron emission tomo-
graphy (PET) in drug development.

WHY SMALL ANIMAL IMAGING?

Small animal imaging includes mainly
rodents, but also involves birds, snakes, and
other animals with a head or body diameter
< 5 cm. Because they are accessible, easy to
maintain, have a short reproductive cycle and,
more recently, are easily genetically manipu-
lated, the mouse remains the premier animal
model for biomedical research. In the 40 years
since the discovery of the nudemouse, research-
ers have learned not only how to grow tumor
xenografts orthotopically, but also to produce
animals that develop tumors de novo or even
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fluoresce, atwill. Approximately 25millionmice
are used in biomedical research annually, re-
presenting over 90% of all mammalian studies
[Chatziioannou, 2002]. Over 3,000 knockout
strains are currently available and among
knockouts, conditional knockouts, transgenic,
andmutantmice, there is essentially no limit to
the diversity of strains able to be produced to
study gene function. Perhaps, the most obvious
reason to image those mice is to learn about
the effects genetic manipulation has on each
strain, particularly since unexpected pheno-
types arise. Imaging with X-ray computed
tomography (CT), magnetic resonance (MR),
ultrasound (US), optical and radionuclide
techniques can provide a nearly complete
phenotype, structurally, functionally, and long-
itudinally, of a genetically altered animal.
Other reasons to image (rather than dissect)
mice are to decrease the number of animals
needed per study, with concurrent decrease of
statistical variance, since each animal may
serve as its own control; to uncover biochemical
pathways, for example, signal transduction
cascades and protein–protein interactions, as
they occur in vivo, in mammals; and to develop
new diagnostic and therapeutic agents.

Small animal imaging began as merely
another technique to answer questions posed
in academic laboratories, but is rapidly becom-
ing an industry. Several commercially avail-
able, miniaturized imaging systems for each
modality and in-house molecular imaging cap-
abilities are available at several pharmaceuti-
cal companies and equipment manufacturers
worldwide. Dedicated scanners are needed be-
cause the size of the regions to be imaged in
small animals can be smaller than the resolu-
tion of clinical scanners, particularly for radio-
nuclide applications; high-resolution imaging
systems can be built with sensitivities on a
par with clinical instruments; and, dedicated
animal devices do not detract from clinical
throughput, allowing continuous laboratory
investigation to proceed. Although, such dedi-
cated systems tend to be housed in radiology
departments, where adequate shielding from
the high magnetic fields employed and proxi-
mity to a cyclotron are available, increasing
use of commercially available 18F-fluorodeoxy-
glucose (FDG) as a tracer, table-top optical
imaging systems, and portable ultrasound
machines encourage the use of these imaging
systems as standard laboratory equipment in

any department concerned with molecular im-
aging research.

SMALL ANIMAL IMAGING IN
DRUG DEVELOPMENT

The most important step in the arduous pro-
cess of drug development is target identification
(Fig. 1). Proteins mediate function and there-
fore are the primary targets in drug develop-
ment. As we have entered the post-genomic
era, the identification of therapeutic targets
is no longer a bottleneck in the drug devel-
opment process. Because of alternative splic-
ing and post-translational modification of the
30,000–40,000 genes identified in the human
genome, the number of potential targets is in
the hundreds of thousands, up from the mere
hundreds of potential targets under study
before the sequence became available. Those
potential targets must be prioritized so that
the 10,000 or so that are clinically viable can be
prioritized further and validated.

Target validation occurs through a number of
proteomics methods including two-dimensional
gel separation of protein mixtures followed
by mass spectrometry (2D-MS), transcriptional
profiling of mRNAs, and functional screening
[Kreider, 2001]. Biochemical screens for small
molecule binding and enzymatic assays can be
performed and have been automated on micro-
arrays [MacBeath and Schreiber, 2000]. Anti-
sense approaches can also be applied, where the
gene that encodes the protein of interest can be
shut off when the complementary oligonucleo-
tide binds to its DNA sequence. Cellular func-
tion can then be assessed in the absence of
function of that protein. An extension of that
process to the in vivo case involves the use of
knockout mice, where homologous recombina-
tion enables deletion of the gene that produces
the protein of interest and the effects of the
absence of function can then be determined in
an animal model. Although surprising pheno-
types occasionally arise, calling into question
the validity of such models, their use remains a
powerful, newmethod to assessprotein function
and is gaining increasing use not only in drug
but also in radiopharmaceutical development
[Pomper et al., 2000]. Screening for the func-
tion of intracellular proteins employs protein–
protein interaction mapping, a new technique
that enables a better understanding of cellular
events including signal transduction and drug
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susceptibility [Kreider, 2001]. The mapping of
protein–protein interactions is also a current
goal in molecular imaging research [Contag
and Ross, 2002; Luker et al., 2002].
The target identification/validation stage is

commensurate to the elucidation of pathophy-
siology of the underlying mechanism under
study, for example, apoptosis during develop-
ment or cancer therapy, HIF1a expression
during hypoxia, activation of the NFAT path-
way during immunological challenge, or over-
expression of the prostate-specific membrane
antigen in prostate cancer. The vast number
of new targets enables the development of
therapeutic agents of unique specificity, such
as imatinib mesylate (Gleevec), which takes
advantage of the Bcr-Abl pathway in the
treatment of acute leukemia [Druker et al.,
1996]. For validation, those specific targets
require specific functional assays, the most
physiologically relevant of which are available
through molecular imaging.
The screening of protein function can be

avoided if the structure is known. Structure can
be determined by nuclear magnetic resonance
(NMR) spectroscopy or, more recently, through
high-throughput X-ray crystallography, i.e.,

methods of structural genomics [Montelione,
2001]. Homology modeling and computational
docking methods also enable a guess at pro-
tein structure that, once known, permits the
rational synthesis of suitable ligands. Dynamic
combinatorial chemistry and computer-assisted
drug design are finding increasing use as well.
Once compounds of acceptable affinity and
selectivity are identified, their physical proper-
ties, i.e., solubility, pKa and logP, are deter-
mined. Each of those parameters is critical and
can be a reason for failure of the candidate drug.
Drug metabolism is then studied in human
hepatocytes, if possible, or at least in hepato-
cytes of the species in which later toxicology
studies will be performed. Drug–drug inter-
actions are assayed and then the absorp-
tion, distribution, metabolism, and excretion
(ADME–pharmacokinetics) of the candidate
drug are determined in rodents and in other
species. At that point, the candidate drug is
ready to enter clinical trials.

Information from small animal imaging
studies can be extremely helpful at the ligand
synthesis/optimization stage, particularly in
elucidating pharmacokinetics of the drug
candidate. Pharmacokinetic imaging requires

Fig. 1. Drug development.
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the drug candidate to be tagged in some way,
usually radiolabeled, but increasingly with
fluorescent labels and, for larger molecules,
withmagnetic labels. In almost all cases, except
for radiolabeling an identical site in the drug
candidate with carbon-11 for PET, one must
be mindful that an analog, rather than the
drug candidate, is being studied. Central ner-
vous system (CNS) drugs can be tagged and
tracked in vivo in a single animal to determine
blood–brain barrier permeability. Quantitative
kinetic evaluation of drug candidates can be
performed with PET, allowing calculation of
relevant rate constants that describe tissue
extraction, receptor-specific binding, nonspeci-
fic binding, or enzyme turnover. Pharmacoki-
netic knowledge obtained from imaging enables
continuous monitoring of the disposition of the
drug candidate, not just snapshots of theplasma
concentration of the unmetabolised component,
which may have little relevance to the concen-
tration of the drug candidate at the intended
site of action. That is true of CNS drugs, where
brain and plasma kinetics invariably diverge
and for oncologic agents, where heterogenous
tumor perfusion presents the lesion with an
uneven or inadequate dose, not reflected in
peripheral samples. Pharmacodynamic infor-
mation, i.e., the effects of the drug candidate on
the tissues, is also readily available through
small animal imaging. Changes in blood flow
critical to anti-angiogenic therapies can be as-
sessed by PET, MR, or US. Drug–drug interac-
tions can be studied by radiotracers designed
to probe the activity of multidrug resistance
(MDR) pumps under the influence of MDR
modulators, for example. All of this information
can be used in an iterative fashion for structural
refinement of lead compounds.

Phase I clinical trials consist of determining
a safe dose of the drug candidate in healthy
volunteers. Before that, i.e., in pre-phase I,
radionuclide imaging has been applied in dose-
finding exercises, particularly in CNS applica-
tions where the receptor occupancy of drug
candidates can be calculated [Grunder et al.,
1997]. Because only a small amount of mass is
administered with radiotracers synthesized in
high specific radioactivity, no pharmacologic
effect from that administration results and
doses as little as 1/1,000 of the lowest initial
dose in a phase I trial can be administered
[Paans and Vaalburg, 2000]. In phase II, the
candidate drug is administered to patient

volunteers to evaluate efficacy and search for
side effects. Effectiveness is further monitored
in phase III, as is the presence of long-term
side effects. Preclinical development takes an
estimated 3.5 years while about 6 years are
required for clinical trials needed to apply to the
FDA for a new drug application (NDA). A
further 2.5 years is required for that application
to be approved. In all, about one in 5,000 drugs
reaches that stage, at a cost ofup to$700million.

Imaging endpoints included in clinical trials,
such as the RECIST (Response Evaluation
Criteria in Solid Tumors) criteria, rely on ana-
tomic changes to assess theefficacy of antitumor
drugs, with progression defined as a 40% in-
crease in tumor volume [Padhani and Ollivier,
2001]. But physiologic changes detected with
molecular imaging techniques antedate ana-
tomic changes and should be more sensitive in
assessing efficacy. Accordingly, PET is being
applied increasingly for therapeutic monitor-
ing, particularly for cancer, where new agents
may be merely cytostatic, having a minimal
effect on lesion size [Hoekstra et al., 2002].
One problem in using physiologic endpoints
in determining efficacy is the lack of standar-
dization of techniques of data acquisition and
analysis, which, in the case of clinical PET,
extend from measuring the standardized
uptake value corrected for body surface area
(SUVBSA) to full kinetic modeling. Agents other
than FDG, such as 30-deoxy-30-[18F]fluoroth-
ymidine (FLT) [Dittmann et al., 2002] and
MS-325 (AngioMARK) [Bluemke et al., 2001],
a blood poolMR contrast agent, are beginning to
see clinical use, the latter in phase III trials.
Although, those agents are able to be tested
in humans directly, input from small animal
imaging during early clinical trials can refine
the imaging protocols, and answer unfore-
seen questions related to pharmacokinetics,
for example, because performing animal studies
is much more efficient.

SMALL ANIMAL IMAGING IN
DRUG DEVELOPMENT: EXAMPLES

The standard, clinical modalities of CT, MR,
US, and radionuclide imaging are available
to small animals. Optical imaging is avail-
able clinically to a limited extent, but is em-
erging as a key modality for imaging rodents
because like US, it provides an essentially
instantaneous readout on portable, inexpensive
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equipment. Scaling down of each modality to
serve small animals is an important issue,
because careful knowledge of the scaling factors
involved, which are not necessarily linear, is
necessary to assure an appropriate experimen-
tal design. The modalities are complementary
in information, vary in anatomic and temporal
resolution, sensitivity, cost, and other factors
[Weissleder, 2002]. Table I synthesizes those
factors as they apply to drug development.
Several generalizations are possible: contrast
agents enhance the utility of all modalities; CT
and MR are used primarily for anatomy and
pharmacodynamics; US is used for pharmaco-
dynamics of vascular agents; and optical and
radionuclide agents image gene expression, en-
zymes, receptors, and transporters. The sensi-
tivities of the systems for detecting molecular
events, of paramount importance in drug devel-
opment, can roughly be described as: optical>
radionuclide �MR>US�CT.
MR tissue characterization relies on the

detection of water protons through the applica-
tion of radiofrequency pulses to the animal in a
magnetic field. Differences in themicroenviron-
ment of those protons between tissues deter-
mine the appearance of the image. MR may be

used to interrogate a variety of cellular and
molecular phenomena and has been applied to
drug development primarily in the context of
antineoplastic agents [Aboagye et al., 2001].
Tissue pH, pO2, and various endogenous meta-
bolites can be determined by MR spectroscopy
[Gillies et al., 2002]. Occasionally, therapeutic
agents can be isotopically labeled, for exa-
mple, with 19F or 13C to be detected directly,
but because MR requires concentrations of 10–
100 mM for detection (compared to nano- or
picomolar concentrations for PET), pharmaco-
kinetic studiesaredifficultwithMR,and labeled
species may approach toxic concentrations. MR
is particularly adept at following vascular
phenomena, such as changes in blood flow that
might be caused by a pharmacologic challenge.

In order to enhance the signal produced by
macromolecular or cellular species to enable
direct detection, several strategies have been
employed, including the use of superparamag-
netic particles (monocrystalline iron oxides,
or MIONs) linked to the species of interest
[Hogemann et al., 2000]. Because they are
superparamagnetic, MIONs alter the magnetic
field around themsuch that an obvious decrease
in signal intensity is viewed on the image.

TABLE I

Small Animal Imaging 215



Bulte et al. [2002] used that technique to track
the movement of oligodendrocyte progenitors
(CG-4) in vivo over time. They used a mono-
clonal antibody (OX-26) to the transferrin
receptor (Tfr) bound to MION that, upon
binding extracellular Tfr on CG-4 cells, caused
internalization of the Tfr-OX-26-MION com-
plex enabling visualization by MR. In doing so,
they were able to follow the diffusion of Tfr-OX-
26-MION into the brain parenchyma of shaker
rats, a model for dysmyelinating disease, after
intracerebroventricular administration (Fig. 2).
Therapeutics that rely on transplantation of
progenitor cells, for example, to reconstitute
the CNS in cases of trauma or neurodegenera-
tive disease, will benefit greatly from MR cell
tracking. Superparamagnetic particles have
additional uses, including providing signal am-
plification for imaging gene expression [Moore
et al., 2001].

A technique with excellent anatomic resolu-
tion, such asMR (50 mm forMRmicroscopy) can
be coupled to techniques of lower resolution to
study processes that generally require higher
sensitivity, such as gene expression. Using an
imaging reporter to visualize gene expression
in vivo is an extension of using well-known
histochemical reporters, such as b-galactosi-
dase (Fig. 3). Imaging the expression of HIF-1a
in cells under hypoxic stress illustrates that
concept. Low oxygen tension upregulates ex-
pression of HIF-1a, which then dimerizes with
HIF-1b to form a transcription factor that binds
to downstream, specific hypoxia response ele-
ments (HREs) in DNA including the genes
coding for the vascular endothelial growth
factor (VEGF) and Glut-1. Raman et al. allowed
PC-3 prostate tumors transfected with theHRE
for VEGF to grow until the central core became
hypoxic (Fig. 4). Using an HRE-GFP construct,

Fig. 2. Magnetic resonance (MR) tracking of CG-4 oligodendrocyte progenitors in a rat model of
dysmyelinating disease (Long Evans shaker) is shown at 6 weeks after intracerebroventricular injection of
magnetically-tagged cells. Note the migration of cells into the brain parenchyma (arrowheads) [Bulte
et al., 2002].

216 Pomper



Fig. 3. Gene reporter/probe concept. Transcription of the
reporter protein is linked to that of a gene of interest. The reporter
may be intracellular (e.g., an enzyme such asHSV1-TK) or it may
be on the cell surface (e.g., Tfr). The degree of transcription of the

gene of interest (product not imageable) can be inferred because
it and the gene encoding the reporter protein (product imageable)
are transcribed in a 1:1 stoichiometry.

Fig. 4. Combined magnetic resonance (MR) and optical imaging. PC-3 cells stably transfected with
HRE-GFP were exposed to hypoxic conditions upon tumor growth, upregulating HIF-1a, ultimately driving
production of GFP.
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they demonstrated activation of the HRE
through optical imaging that was co-registered
with vascular volume and permeability maps
generated byMR.Themaps showedareas of low
volume and high permeability in the region of
high HRE expression, as expected, since VEGF
is believed to be a marker for vascular perme-
ability [Bhujwalla et al., 2001]. Gene expression
imaging to follow therapy is illustrated by a
recent study by Mayer-Kuckuk et al. [2002].
They used PET with the positron-emitting
HSV1-TK substrate 20-fluoro-20-deoxy-1-beta-
D-arabinofuranosyl-5-[124I]iodouracil (FIAU) to
show that cells exposed to antifolates demon-
strate a rapid increase in dihydrofolate re-
ductase (DHFR) activity (Fig. 5). That is an
example of drug-induced modulation of endo-
genous gene expression and can be used to test
the effectiveness of different therapies that act
through DHFR.

PERSPECTIVE

Rapid scientific advances have characterized
molecular imaging and small animal imaging
research over the last 5 years, but substantial
challenges remain. From a technical stand-
point, the development of small animal imaging

devices, particularly for radionuclide applica-
tions, has not yet reached the detection limit,
i.e., further improvements in sensitivity and
resolution are forthcoming, although they
will be incremental. Other technical challenges
include: timely processing of the vast amounts
of data generated by animal studies (one high-
resolution mouse study can generate 75 MB of
data [Weissleder, 2002]), particularly if pheno-
typing or other high-throughput uses of the
technology are anticipated; careful validation of
the imaging findings with time-tested in vitro
studies, particularly for gene expression ima-
ging; making the appropriate choices among
the many available targets uncovered after
sequencing the human genome; and in the
synthesis of suitable probes for those targets.
Synthetic chemistry capabilities remain at a
premium in imaging research, an area where
increased partnership with the pharmaceutical
industry could help. In that regard, pharma
might consider integrating functionality into
their drug candidates that will enable them to
provide imaging precursors as well as thera-
peutic agents. Availability of potential imaging
agent precursors among the large databases of
pharma could be made available to imaging
centers, provided issues regarding intellectual

Fig. 5. Imaging endogenous dihydrofolate reductase (DHFR) induction. Antifolate treatment (TMTX)
upregulates DHFR within tumor [Mayer-Kuckuk et al., 2002].
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property can be adequately addressed. Many
good drugs make poor imaging agents but some
poor drugs, shelved by pharma, might be modi-
fied into excellent imaging agents.
Sharing intellectual property is not the only

nontechnical challenge facing molecular ima-
ging research. Gene therapy, one of the target
areas of molecular imaging research, is in its
infancy and has experienced several setbacks,
most recently with the possibly related devel-
opment of a leukemia-like illness after what
appeared to be a success in treating severe
combined immunodeficiency disease (SCID)
[Buckley, 2002]. Also, the specific targets pro-
mised by the human genome project, each of
which with the potential of an equally specific
imaging agent, may not affect many people and
therefore may be of limited attractiveness to
pharma for therapeutic development. However,
just as the Orphan Drug Act of 1983 has been
implemented to address that issue, theNational
Cancer Institute (NCI) has implemented sev-
eral initiatives to enhance the development of
imaging agents, including the Development
of Clinical Imaging Drugs and Enhancers
(DCIDE) program.
Deeper understanding of disease processes

invariably leads to more specific, less toxic
therapy. Patients can now be screened geneti-
cally and segregated on that basis before be-
ginning what could be an unnecessary regimen
for someone with their genetic composition.
Molecular imaging research, initially under-
taken in small animals, has been aligned with
important goals in therapy, particularly in
cancer research, and incorporated into small
animal imaging research designhas beena view
of translation to the clinic. Initial clinical ap-
plications of this body of work will likely involve
cell tracking, using radionuclide techniques,
but the long-term applications will extend to
providing imaging phenotypes for patients,
rendering large-scale screening processes obso-
lete. Drug development will benefit not only
through cost savings at many pre-clinical and
clinical steps, but also by improving the effi-
ciency of research programs in pharma, which
will be free to tackle more feasible and relevant
targets.
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