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Introduction

The knowledge about the pathophysiology of a disease as well as its early diagnosis 
and characterization stands at the center of drug research. The better the mechanisms 
of a disease known, the higher the probability of finding an appropriate therapy. 
Also, the better and earlier a disease can be diagnosed and characterized, the greater 
will be the chance to interfere in the pathological process with a chemical entity. 
This reasoning sets the framework for the use of imaging in pharmaceutical 
research.

In a simplified view, the drug discovery and development process can be divided 
into four phases (Fig. 1). In vivo imaging may play an important role in three of 
these phases. In target validation and pre-clinical research, which encompasses all 
endeavors previous to testing compounds in humans, a significant portion of the 
in vivo activities is performed in mice. Since mouse and man are similar at the 
genetic level, it is possible to measure similar disease parameters in mice and in 
humans. The ability to manipulate the mouse genome has allowed and will allow 
us to define molecular pathways describing the processes of disease initiation and 
progression. These models may serve as an excellent platform for the identification 
of novel molecular targets for therapy as well as for the evaluation of the efficacy 
of targeted therapies. Indeed, genetic alterations in the mouse often result in 
functional changes through which relevant pharmacological effects in man can be 
predicted (Tornell and Snaith 2002; Zambrowicz and Sands 2003; Zambrowicz 
et al. 2003). A retrospective evaluation of the knockout phenotypes for the targets 
of the 100 best-selling drugs indicates that effects in murine models of human 
disease correlate well with known clinical drug efficacy (Zambrowicz and Sands 
2003), suggesting a productive path forward for discovering future drug targets.

N. Beckmann (*) 
Global Imaging Group, Novartis Institutes for BioMedical Research,  
Forum 1, Novartis Campus, CH-4056, Basel, Switzerland 
e-mail: nicolau.beckmann@novartis.com

In Vivo Mouse Imaging and Spectroscopy  
in Drug Discovery

Nicolau Beckmann, Catherine Cannet, Martin Rausch,  
Rainer Kneuer, and Hans-Ulrich Gremlich



230 N. Beckmann et al.

BookID 148447_ChapID 15_Proof# 1 - 27/09/2009 BookID 148447_ChapID 15_Proof# 1 - 27/09/2009

In this chapter, we discuss the use of mouse imaging in the context of drug dis-
covery. First, a brief description of imaging techniques currently adopted for imag-
ing mice is provided. The design of imaging probes, which is becoming more and 
more important in this context, is addressed next. Then, we turn our attention to the 
specific roles played by transgenic mice in drug discovery. Finally, we present 
examples of mouse imaging in Alzheimer’s research, selected to illustrate some key 
points reflecting the advantages, challenges and limitations of in vivo imaging in 
preclinical drug research.

Techniques for in Vivo Brain Imaging  
and Spectroscopy of Mice

An overview of current imaging modalities of interest within drug research is 
provided in Table 1. In this section we briefly outline the main characteristics of these 
techniques, for the scope of imaging mice in vivo. The reader is referred to other 
reviews to obtain more detailed information on mouse imaging methods including 
practical aspects and challenges (Acton and Kung 2003; Chen and Henkelman 2006; 
Contag and Bachmann 2002; Gambhir 2002; Hammoud et al. 2007; Nieman et al. 
2007; Ntziachristos et al. 2003; Ritman 2004; Rudin 2006).

Fig. 1 Simplified view of the drug discovery process. Except for the lead finding and optimization 
phase, possible uses of in vivo imaging at the several phases are indicated on the right



231In Vivo Mouse Imaging and Spectroscopy in Drug Discovery

BookID 148447_ChapID 15_Proof# 1 - 27/09/2009

Ta
bl

e 
1 

C
ur

re
nt

 im
ag

in
g 

m
od

al
iti

es
 o

f 
in

te
re

st
 in

 d
ru

g 
re

se
ar

ch
 a

nd
 d

is
co

ve
ry

Te
ch

ni
qu

e
Sp

at
ia

l r
es

ol
ut

io
n;

 
tim

e 
sc

al
e

C
lin

ic
al

 
im

ag
in

g
A

pp
lic

at
io

n
M

ai
n 

ch
ar

ac
te

ri
st

ic
s

U
ltr

as
ou

nd
50

 m
m

; s
 to

 m
in

Y
es

A
na

to
m

ic
al

, f
un

ct
io

na
l; 

dr
ug

 d
el

iv
er

y
M

ic
ro

bu
bb

le
s 

as
 c

on
tr

as
t a

ge
nt

; d
if

fi
cu

lt 
to

 im
ag

e 
th

ro
ug

h 
bo

ne
 o

r 
lu

ng
s

C
T

50
–1

00
 m

m
; s

 to
 m

in
Y

es
A

na
to

m
ic

al
, f

un
ct

io
na

l
Po

or
 s

of
t t

is
su

e 
co

nt
ra

st
M

R
I

80
–1

00
 m

m
; s

 to
 m

in
Y

es
A

na
to

m
ic

al
, f

un
ct

io
na

l, 
m

et
ab

ol
ic

, c
el

lu
la

r
H

ig
h 

sp
at

ia
l r

es
ol

ut
io

n 
an

d 
so

ft
 ti

ss
ue

 c
on

tr
as

t; 
lo

w
 

se
ns

iti
vi

ty
 (

~1
 m

m
ol

)
PE

T
 (

hi
gh

 e
ne

rg
y 
g-

ra
ys

)
1–

2 
m

m
; m

in
Y

es
M

et
ab

ol
ic

, f
un

ct
io

na
l, 

m
ol

ec
ul

ar
M

os
t c

om
m

on
 is

ot
op

es
 h

av
e 

sh
or

t h
al

f-
liv

es
; h

ig
h 

se
ns

iti
vi

ty
 (

pm
ol

ar
 c

on
ce

nt
ra

tio
ns

);
 c

yc
lo

tr
on

 
ne

ed
ed

SP
E

C
T

 (
lo

w
 e

ne
rg

y 
g-

ra
ys

)
1–

2 
m

m
; m

in
Y

es
Fu

nc
tio

na
l, 

m
ol

ec
ul

ar
R

ad
io

is
ot

op
es

 h
av

e 
lo

ng
er

 h
al

f-
liv

es
 th

an
 th

os
e 

us
ed

 
in

 P
E

T;
 s

en
si

tiv
ity

 1
0–

10
0 

tim
es

 lo
w

er
 th

an
 P

E
T

B
io

lu
m

in
es

ce
nc

e
1–

3 
m

m
; s

 to
 m

in
N

o
M

ol
ec

ul
ar

H
ig

h 
se

ns
iti

vi
ty

 (
~1

 n
m

ol
);

 tr
an

sg
en

e 
ba

se
d 

ap
pr

oa
ch

; 
lig

ht
 e

m
is

si
on

 p
ro

ne
 to

 a
tte

nu
at

io
n 

w
ith

 in
cr

ea
si

ng
 

tis
su

e 
de

pt
h

N
IR

F
1–

3 
m

m
; s

 to
 m

in
Y

es
1

M
ol

ec
ul

ar
, f

un
ct

io
na

l
H

ig
h 

se
ns

iti
vi

ty
 (

~1
 n

m
ol

);
 e

xc
ita

tio
n 

an
d 

em
is

si
on

 
lig

ht
 p

ro
ne

 to
 a

tte
nu

at
io

n 
w

ith
 in

cr
ea

se
d 

tis
su

e 
de

pt
h

1 A
pp

lic
at

io
ns

 in
 c

lin
ic

al
 e

va
lu

at
io

n 
of

 b
re

as
t c

an
ce

r 
an

d 
ar

th
ri

tis
 u

nd
er

 e
va

lu
at

io
n



232 N. Beckmann et al.

BookID 148447_ChapID 15_Proof# 1 - 27/09/2009 BookID 148447_ChapID 15_Proof# 1 - 27/09/2009

Ultrasound and Drug Delivery to the Brain

The central nervous system (CNS) is protected from the entry of foreign substances 
by the almost impenetrable blood–brain barrier (BBB), which hampers the delivery 
of potentially effective diagnostic or therapeutic agents. Because antibody-based 
agents with a molecular size of approximately 150 kDa are easily blocked by 
the BBB, their delivery to the CNS requires the temporary suspension of the 
physiological role of the BBB to bar larger molecules from the CNS.

Advances in acoustic technology have made ultrasound a modality with therapeutic 
as well as diagnostic applicability. The combined use of ultrasound and gas bubble-
based ultrasound contrast agents induces bioeffects, such as transient changes in 
cell-membrane permeability (Kinoshita and Hynynen 2005). This approach has 
been shown to facilitate the reliable disruption of the BBB in murine models (Choi 
et al. 2007; Kinoshita et al. 2006a). The technique has been applied to examine in 
mice the feasibility of delivering Herceptin through the BBB (Kinoshita et al. 
2006b) (Fig. 2). Contrast-enhanced high-resolution magnetic resonance imaging 
(MRI) revealed BBB opening.

Microcomputerized Tomography

Microcomputerized Tomography (micro-CT) systems providing high-resolution 
images (~50 µm) and rapid data acquisition (typically 5–30 min) are emerging as a 
cost-effective means for detecting soft-tissue structures, skeletal abnormalities and 
tumors in small animals (Badea et al. 2004; Cavanaugh et al. 2004; Ford et al. 2005; 
Ritman 2004). The use of iodinated contrast agents enhances the weak endogenous 
contrast between different soft tissues. However, the difficulty in designing CT 
contrast agents limits the utility of the technique for molecular imaging applications, 
and at least in the near future, micro-CT will be used essentially to supplement data 
from other molecular imaging techniques.

Fig. 2 Experimental settings and BBB disruption in mice by MRI-guided focused ultrasound. (a) 
Diagram and protocol for BBB opening used in this experiment. Mice in the supine position were 
placed on the sonication table in the MR scanner. The ultrasound beam was focused through the 
intact skull on the target in the brain. (b) Representative example with BBB disruption achieved by 
0.6-MPa (peak negative-pressure amplitude) focused ultrasound exposure. (Upper) The BBB 
opening was easily monitored by leakage of the MR contrast agent into the brain parenchyma on 
axial (AX) and coronal (COR) MR images (arrows). (Lower Left) The location of the BBB opening 
was confirmed by trypan blue staining of the affected area. (Lower Right) No apparent macroscopic 
damage related to BBB disruption can be seen. (c) Magnitude of BBB disruption in the animal 
presented in B monitored by the MR-intensity change. Absolute values of the MR intensity of the 
sonicated target (open circle) and the contralateral side (control; filled circle) are plotted for 
repeated image acquisitions after sonication. Data are presented as the mean ± SD of four voxels. 
Courtesy of Kullervo Hynynen, Harvard University, Boston. Reproduced with permission from 
Kinoshita et al. (2006b). © 2006 The National Academy of Sciences of the USA
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Accuracy in the images is determined by the X-ray dose given to the animal. 
One concern of micro-CT is therefore radiation dose, which despite not being 
lethal, may be high enough to induce changes in the immune response and other 
biological pathways, so that experimental outcomes could be affected (Boone et al. 
2004; Ford et al. 2003).

Magnetic Resonance Imaging and Spectroscopy

The principal strengths of magnetic resonance (MR) techniques are noninvasive-
ness, high spatial resolution – of the order of 100 µm for small rodent studies – and 
excellent soft tissue contrasting capabilities. The signal is governed by a number of 
parameters, and this wealth of information renders MR a valuable tool for diagno-
sis, tissue characterization and in vivo morphometry, for obtaining physiological 
and functional readouts, and for deriving metabolic and, to some extent, target-
specific tissue characteristics.

A major limitation of MR is its low sensitivity, and in general terms, the role of 
in vivo MR imaging (MRI) and spectroscopy (MRS) in pharmacological research 
is to study the effects of a drug on tissue morphology, physiology and biochemistry 
rather than to study the fate of the drug itself in the organism. In other words, MR 
methods yield primarily pharmacodynamic readouts (Beckmann 2006; Beckmann 
et al. 2001, 2004; Rudin et al. 1999).

Development of gradient systems with improved design (Dodd and Ho 2002; 
Leggett et al. 2003), of specialized radiofrequency coils for microimaging (Bilgen 
2006; Webb 1997), including cryogenic coils (Darrasse and Ginefri 2003; Ratering 
et al. 2008; Voehler et al. 2006), and of devices for appropriate anesthesia and 
physiological control (Brau et al. 2004; Hedlund et al. 2000) are significantly 
improving the quality of mouse MRI/S. Most of the studies are performed at high 
magnetic fields (³4.7 T), however, an interesting alternative for translational purposes 
could be the use of cryogenic coils in combination with magnets operating at lower 
fields (£1.5 T), compatible with clinical settings (Poirier-Quinot et al. 2008) (Fig. 3). 
Despite the practical challenges in performing MRS studies in living mice [see (Choi 
et al., 2003; Heerschap et al. 2004) for reviews], several groups have shown the 
feasibility of applying the technique on a routine manner in the neuroscience area 
(Jenkins et al. 2005; Marjanska et al. 2005; von Kienlin et al. 2005). High resolution 
proton spectra from the mouse brain can be obtained at high (9.4 T) (Miyasaka et al. 
2006; Tkac et al. 2004) and low fields (2.35 T) as well (Schwarcz et al. 2003).

Positron Emission Tomography

Positron Emission Tomography (PET) produces images of the body by detecting 
the radiation emitted from substances injected into the body and labeled with 
positron emitting radioactive isotopes such as carbon-11, fluorine-18, oxygen-15, 
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or nitrogen-13. As isotopic substitution does not affect the physicochemical and 
binding properties of a compound, PET is the method of choice for pharmacoki-
netic studies of biologically active compounds, for instance drugs or drug candi-
dates, by labeling them with e.g. carbon-11. The short half-life of PET radionuclides 
implies that scanners have to be located near particle accelerators (cyclotrons) that 
produce the radioisotopes. PET imaging is one of the most sensitive imaging 
approaches and picomolar amounts of radiolabel can be readily detected and quan-
tified in vivo, irrespective of tissue depth. For comparison, SPECT and MRI 
require respectively 101–102 and 107–108 higher amounts of probe. Recent advances 
in radionuclide labeling allow the design and development of a large variety of 
radiopharmaceuticals including macromolecular structures (Duatti 2004). The 
availability of such tools enables target-specific studies of label biodistribution, 
pharmacokinetics, and excretion to be carried out in vivo, as well as to visualize 
and quantify target expression levels and target function.

Preclinical studies using small laboratory animals demand high spatial resolu-
tion provided by dedicated micro-PET systems. Typical voxel volumes achieved 
with such systems are between (1.1 mm)3 and (1.5 mm)3, rendering them adequate 
for studies in mice, rats, and nonhuman primates (Tay et al. 2005; Weber and Bauer 
2004; Yang et al. 2004).

Fig. 3 A MRI of the mouse brain in vivo using a high temperature superconducting radiofrequency 
coil (left) and a conventional copper coil of the same geometry (right), both operating at 1.5 T in 
a clinical scanner. Acquisitions were performed using a gradient-echo sequence. See Poirier-
Quinot et al. (2008) for details. Courtesy of Marie Poirier-Quinot, Jean-Christophe Ginefri and 
Luc Darrasse, Université de Paris Sud – CNRS, Orsay, France
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Single Photon Emission Computed Tomography

Single Photon Emission Computed Tomography (SPECT) radionuclides (xenon-
133, technetium-99, iodine-123) are characterized by relatively long half-lives. 
They stabilize by emission of single gamma rays. SPECT is used to collect physio-
logical information (e.g., blood flow) and to measure the biodistribution of radio-
active substances. In addition to being less expensive than PET, a SPECT instrument 
does not need to be located close to a particle accelerator. Commercial small 
animal SPECT systems capable of measuring mice, typically use pixelated crystal 
arrays coupled to position sensitive photomultiplier tubes and a pinhole collimator 
(Beekman et al. 2002; Cao et al. 2005).

In Vivo Optical Imaging

Bioluminescence

Bioluminescence refers to the generation of (visible) light by living organisms, 
commonly due to an enzymatic reaction (Contag et al. 1997; Zhang et al. 2001). 
Reporter genes are used to study the expression of a gene of interest. This is 
achieved by inserting into the host cell genome a gene cassette containing the 
reporter gene construct under the control of the target gene. Bioluminescent report-
ers yield exquisite sensitivity as there is no endogenous background signal in mam-
malian cells resulting in high signal-to-background ratios: using sensitive detection 
devices such as photomultiplier tubes or cooled charge-coupled devices (CCD) 
sensitivity is sufficient to count only a few emitted photons.

A prerequisite for bioluminescence imaging is genetic engineering of the tissue 
cells of interest, i.e. the incorporation of an exogenous reporter gene. The most 
commonly used bioluminescent reporter is luciferase from the North American 
firefly that catalyze the transformation of d-luciferin (injected e.g. intraperitone-
ally) into oxyluciferin in the presence of both O

2
 and Mg2+-ATP leading to the 

emission of radiation at wavelengths larger than 600 nm (Rice et al. 2001), which 
falls into the window of reduced tissue absorption. Reporter gene assays have been 
demonstrated to yield fundamental biological information on e.g. transcriptional 
regulation, signal transduction, protein-protein interactions, cell trafficking or tar-
geted drug action (Choy et al. 2003; Piwnica-Worms et al. 2004).

Fluorescence Imaging

Related to bioluminescence imaging is fluorescence imaging, an attractive tool 
due to its operational simplicity, safety, and cost-effectiveness. Exogenous fluoro-
chromes (dyes or genetically engineered fluorescent proteins) are excited by e.g. 
laser diodes operating at a frequency close to that of the detected light; the emitted 
fluorescent light is then detected in a spatially resolved manner by a CCD camera.
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The near-infrared window is particularly suitable for in vivo investigations. 
Near-infrared fluorescence (NIRF) imaging takes advantage of the low absorbance 
of tissue chromophores such as oxy- and deoxy-hemoglobin, water, melanin and 
fat, for light of wavelengths between 650 and 900 nm, to study in vivo biological 
processes at the cellular and molecular levels. At these wavelengths scattering of 
photons is a more significant attenuation factor than absorption.

A difficulty of in vivo optical imaging in general, is spatial resolution: the light 
intensity distribution measured at the surface critically depends on the depth of the 
light source within the tissue. A population of luciferase-expressing cells near the 
surface of the skin will appear both brighter and more focused than the same num-
ber of cells growing at deeper tissue sites. Tomographic approaches are being 
devised to improve data quantification (Ntziachristos et al. 2005; Wang et al. 2004; 
Zacharakis et al. 2005).

Multimodality Imaging

In many respects the imaging techniques discussed above are complementary; there 
is no “all-in-one” imaging modality providing optimal sensitivity, specificity and 
temporo-spatial resolution. Due to its relatively low sensitivity, MRI is of limited 
value for detecting molecular processes in vivo; nevertheless, its high spatial reso-
lution provides a good anatomical reference for molecular data obtained with high 
sensitivity, low resolution imaging modalities. This might be achieved by postpro-
cessing of data obtained in different imaging sessions or by simultaneous multimo-
dality small animal imaging such as PET-MRI (Benveniste et al. 2005; Lucas et al. 
2006; Pichler et al. 2006; Raylman et al. 2007; Slates et al. 1999), PET-CT (Del 
Guerra and Belcari 2002; Deroose et al. 2007; Hsu et al. 2008; Nahrendorf et al. 
2008) and SPECT-CT (Merron et al. 2007; Müller et al. 2008; Seo et al. 2007). 
Combining imaging data requires compatibility of data formats for the various 
modalities as well as sophisticated software tools for image coregistration (fusion), 
data visualization and integration across modalities. The integration of multimodal 
imaging information into bioinformatics platforms comprising nonimaging data 
(gene/protein expression data, pharmacodynamic, pharmacokinetic, and pharmaco-
genetic databases, histological data, atlases) will be mandatory in the future for 
handling the ever increasing complexity of biomedical information.

Contrast Agents, Molecular Probes and Tracers

For ultrasound, CT and MRI, the administration of exogenous agents serves to 
enhance the quality of anatomical data or to provide additional information, usually 
related to the measurement of physiological parameters. On the other hand, for 
optical imaging and PET/SPECT an imaging agent is a necessity for signal genera-
tion. There are two main interests to develop a target-specific contrast agent or 
tracer in the context of drug discovery:
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Imaging and measuring the drug biodistribution: Early information on drug •	
biodistribution and pharmacokinetic properties is essential during lead optimiza-
tion and profiling. Conventionally, such data are obtained in rodents by blood 
and tissue sampling, or by autoradiography. More recently, nuclear imaging 
methods, in particular PET/micro-PET (Fischman et al. 2002; Phelps 2000), 
have been regularly used to derive such information in humans and animals as 
isotopic substitution with 11C or 18F does not affect the physicochemical prop-
erties of the compound (Fischman et al. 2002; Phelps 2000). Alternatively, one 
could label molecules with fluorochromes and use the far more accessible opti-
cal imaging techniques as preliminary, fast readouts of drug biodistribution. 
Compounds selected at this preliminary step would then be submitted to the 
significantly more involved PET examinations. This approach might be limited 
to visualize the distribution of large molecular weight compounds such as bio-
polymers [e.g. monoclonal antibodies (mAb), proteins, siRNA] as the reporter 
groups for optical imaging are bulky dyes that may affect the properties of the 
labeled molecule. This influence will be less pronounced on these macromole-
cules compared to conventional small molecule drugs;
Imaging the target distribution/density and pharmacodynamic effects of drugs: •	
Demand is for specific reporter probes and amplification strategies in order to 
differentiate target information from nonspecific background signal and to cope 
with the low (subnanomolar) target concentrations. Minimization of background 
signals requires elimination of the unbound and possibly of the nonspecifically 
bound fraction of the label, which implies a waiting period following injection 
of the reporter probe. Modulations of the signal from the reporter probe after 
administration of a drug candidate can be used to assess the compound binding 
to the target (receptor occupancy) or the effect of the drug on a certain 
molecular pathway. Reporter probes include targeted agents [e.g. small 
molecules, peptides, metabolites, antibodies or other molecules labeled with (a) 
11C and 18F for PET, (b) 111In or 99mTc for nuclear imaging, (c) fluorochromes 
for optical imaging or (d) magnetic reporter probes and activatable probes 
(Hogemann et al. 2002; Sipkins et al. 1998; Weissleder et al. 2000)]. The latter 
undergo chemical or physicochemical changes upon interacting with their 
target. Examples include caged near-infrared fluorochromes (Bornhop et al. 
2001; Weissleder and Ntziachristos 2003), protease-activatable dequenching 
probes (Tung et al. 2000), paramagnetic agents that change spin–lattice 
relaxivity on activation (Louie et al. 2000), and superparamagnetic sensors 
(Perez et al. 2002).

Despite the poor sensitivity of MRI there is plenty of evidence that molecular 
 imaging approaches using targeted contrast can become a routine tool for in vivo 
pharmacological studies in the near future. This requires that a “hot spot” of para-
magnetic or superparamagnetic centers be delivered efficiently to the target, which 
can be achieved by using labeled nanoparticle platforms conjugated to targeting 
vectors (Lanza et al. 2004; Morawski et al. 2005). These platforms are optimized 
by different surface modification techniques to have reasonable circulation times to 
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reach their targets in the tissue by escaping the organism’s particle filter (reticulo-
endothelial system). Among others, lipid-based nanoparticles, such as liposomes or 
micelles, extensively used as drug carrier vehicles, constitute a promising strategy 
for molecular imaging applications using MRI [see (Mulder et al. 2006) for a recent 
review]. Targeting ligands can be conjugated to lipidic particles by incorporating 
lipids with a functional moiety to allow a specific interaction with molecular mark-
ers and to achieve accumulation of the particles at diseased sites.

Reporter molecules for optical imaging consist of a near-infrared fluorescent 
dye, which can be coupled to target specific ligands/carriers such as antibodies, 
nanoparticles or polymers, proteins, peptides and small molecules, analogous to 
radiolabeling methods but with certain limitations due to the bulky dye molecules 
(Frangioni 2003; Licha 2002). In addition, fluorescence detection allows research-
ers to design smart sensor reporters based on fluorescence quenching mechanisms, 
which are not detectable in their native state but are activated by interaction with 
their target (e.g. protease sensors) to increase signal-to-background ratios (Funovics 
et al. 2003). Another way to increase the sensitivity of detection is the introduction 
of biocompatible superbright quantum dots into small animal research (Ballou et al. 
2004; Gao et al. 2004) [see (Portney and Ozkan 2006) for a review]. Quantum dots 
of different colors tuned to target different biological process by coupling to cor-
responding carrier molecules will potentially enable multiplexed imaging in vivo.

Imaging of Mouse Models of Alzheimer’s Disease

In this section, we select imaging of mouse models of Alzheimer’s disease (AD) to 
illustrate issues of particular relevance within the pharmaceutical research context. 
Pathological features of AD are amyloid-beta (Ab)-peptide-containing plaques, 
neurofibrillary tangles consisting of aggregated, hyperphosphorylated tau, exten-
sive neuritic degeneration, and distinct neuron loss. Vascular abnormalities coexist 
commonly with the histological features of AD (de la Torre 2002; Farkas and 
Luiten 2001; Iadecola 2004). Deposition of Ab-peptide in cerebral vessel walls, 
known as cerebral amyloid angiopathy (CAA), is very frequent, but its contribution 
to the onset of dementia is unknown (Castellani et al. 2004; Nicoll et al. 2004).

Diagnosing AD remains an imperfect science. No definitive biomarker is cur-
rently available (Thal et al. 2006) and this hampers clinical diagnosis and drug 
discovery involving transgenic mice modeling AD. Various quantitative MR tech-
niques that measure the anatomical, biochemical, microstructural, functional and 
blood-flow changes are being evaluated as possible surrogate measures of disease 
progression (Kantarci 2005; Mueggler 2006).

Quantitative volumetry based on MRI is an important approach to assess the 
disease progression in patients. Correlation between antemortem MRI assessments 
of the hippocampal volume and postmortem analyses suggest that the hippocampal 
atrophy, although not specific for AD, is a fairly sensitive marker of both the patho-
logic stage and the hippocampal neurofibrillary tangle burden (Silbert et al. 2003). 
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Reduced hippocampal volume and corpus callosum length were detected by 
MRI in PDAPP mice before Ab deposition, suggesting that overexpression of APP 
and amyloid may initiate pathologic changes before the appearance of plaques 
(Redwine et al. 2003).

Amyloid deposits may affect diffusion properties of the brain interstitium with 
implications for the transport of endogenous signaling molecules during synaptic and/
or extrasynaptic transmission. Using diffusion-weighted MRI, Mueggler et al. (2003b) 
showed that fibrillar amyloid deposits and associated gliosis in brains of 25-month-old 
APP23 transgenic mice were accompanied by a reduction in the apparent diffusion 
coefficient (ADC). This decrease was most pronounced in neocortical areas with a 
high percentage of congophilic amyloid and was not significant in the caudate 
putamen, an area with only modest and diffuse amyloid deposition (Fig. 4). These 
findings suggest that extracellular deposition of fibrillar amyloid and/or associated 
glial proliferation and hypertrophy cause restrictions to interstitial fluid diffusion. 
Reduced diffusivity within the interstitial space may alter volume transmission and 
therefore contribute to the cognitive impairment in AD.

MRI approaches to analyze functional or hemodynamic changes related to the 
development of AD have also been successful in the process of characterizing 
transgenic mice in vivo. Functional MRI (fMRI) has been applied to assess brain 
functionality (Mueggler et al. 2002, 2003b) in APP23 mice. The cerebral hemodynamic 
response to infusion of the GABAA antagonist, bicuculline, was significantly reduced 
in aged APP23 mice compared with age-matched wild-type littermates. The decreased 
response was attributed to a compromised cerebrovascular reactivity associated with 
perivascular amyloid deposition. For fMRI, not a trivial procedure in small rodents, 
mice need special preparation (intubation, artificial ventilation, paralysis) which can 
be a substantial burden especially to aged animals. In addition, the throughput of the 
experiment is low. Despite providing only semiquantitative information, MR 
angiography of the mouse brain (Beckmann et al. 1999; Beckmann 2000), performed 
in spontaneously respiring animals and without administration of contrast material, 
has proven to be an interesting alternative for analyzing the vascular changes in 
transgenic mice. High resolution MR angiograms acquired in 16 min demonstrated 
flow perturbations in major arteries at the Circle of Willis in old but not in young 
APP23 transgenic mice (Beckmann et al. 2003; Thal et al. 2008). Corrosion casts 
(Krucker et al. 2004, 2006; Meyer et al. 2008) revealed that, at sites where flow voids 
were detected in vivo, vessel elimination, substitution and/or deformation had taken 
place. The loss of vascular integrity revealed by angiography might provide the basis 
for the age-related impairment of the cerebral blood volume response to 
pharmacological stimulation in the fMRI studies. Also, changes in relative cerebral 
blood volume (rCBV) and flow (CBF) determined with 2H MRS and gradient-echo 
contrast enhanced MRI were reported recently in the brains of APP/PS1 mice 
subjected to different lipid diets (Hooijmans et al. 2007). Overall, these results 
support the idea that cerebral microcirculatory abnormalities evolving progressively 
could contribute to AD pathogenesis and cognitive impairment.

The most consistently reported neurochemical abnormality detected by 1H-MRS 
in humans is a decrease in N-acetylaspartate (NAA) [for reviews see (Kantarci et al. 
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2004; Kantarci 2005)], considered as an indicator of neuronal number and health. 
An increase of the signal from myo-inositol, which may either be a marker for 
osmotic stress or astrogliosis, has also been reported in AD patients. Thus, myo-
inositol may be an earlier marker of pathological change in AD than NAA. Proton 
MRS has also been applied to transgenic mice in AD research (Marjanska et al. 
2005; von Kienlin et al. 2005), with spectral acquisition times between 10 and 
35 min. A reduction in NAA and glutamate levels, compared with total creatine 
levels, and an increase in the concentration of myo-inositol was found in transgenic 

Fig. 4 Color-coded representative ADC maps of a coronal brain section at the level of Bregma 
for a 6- (C) and 25-month-old APP23 mouse (D) and age-matched controls (6 months, A; 
25 months, B). The ADC scale on the right is in 10−6 cm2/s. A significant ADC decline, color-
coded in blue, is detectable in the medial and dorso-lateral cortex of aged APP23 mice. In the 
dorso-lateral cortex of the 6-month-old APP23 mouse, few areas with reduced ADC are visible. 
Courtesy of Thomas Mueggler, ETH Zurich, Switzerland. Modified with permission from 
Mueggler et al. (2003a). © Federation of European Neuroscience Societies
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mice with advancing age. The spectroscopic measures in vivo correlated well with 
the plaque load in the frontal cortex.

The ultimate readout of AD would be the visualization of cerebral plaques 
in vivo. Several groups have pursued the detection of amyloid plaques with MR 
microimaging in mice without administering contrast media (Braakman et al. 2006; 
Dhenain et al. 2002, 2007; Helpern et al. 2004; Jack et al. 2005; Lee et al. 2004). 
Initial trials involved very long acquisition times, up to several hours, however, 
recently, plaques have been resolved in vivo and at high magnetic fields (³7 T) in 
shorter measurement times of the order of 2 h (Jack et al. 2005; Lee et al. 2004) and 
even of 25 min (Braakman et al. 2006). Another approach involved enhancing 
contrast-to-noise by using molecular probes that specifically target Ab plaques 
(Higuchi et al. 2005; Kandimalla et al 2007; Poduslo et al. 2002; Wadghiri et al. 
2003). From the perspective of drug research, these approaches are hampered by 
either relatively long acquisition times – several hours (Higuchi et al. 2005; 
Poduslo et al. 2002) – or by the necessity to open the BBB by mannitol (Wadghiri 
et al. 2003). However, Gd[N-4ab/Q-4ab]Abeta 30, a novel MRI agent based on a 
derivative of human Ab peptide shown to cross the blood–brain barrier (BBB) and 
bind to amyloid plaques in APP/PS1 mice, holds promise for shorter acquisition 
times (Kandimalla et al. 2007).

Reduced T2 and T2* values have been reported in plaque-like structures in the 
cortex and hippocampus in several mouse models of AD (Braakman et al. 2006; El 
Tannir El Tayara et al. 2006; El Tayara Nel et al. 2007; Falangola et al. 2007; 
Helpern et al. 2004; Vanhoutte et al. 2005). This reduction could be explained by 
the presence of iron in plaques (Falangola et al. 2005). Despite not detecting 
plaques directly, this could potentially provide an interesting readout for following 
with a reasonable throughput age-related plaque load in AD models. A decreasing 
trend for T2 with age, while plaque area, number and size increased markedly, has 
been described (Braakman et al. 2006; El Tayara Nel et al. 2007).

Much more sensitive PET and NIRF approaches were successfully applied to 
detect plaques in vivo. For instance, the Pittsburgh Compound-B (PIB; [11C]6-OH-
BTA-1), a hydroxylated derivative of an amyloid-binding dye thioflavin-T, has 
been developed as a PET tracer for plaque detection in the clinics (Klunk et al. 
2004; Mathis et al. 2003). Recently, Maeda et al. (2007) showed the feasibility of 
quantitatively mapping by micro-PET the amyloid accumulation in the brain 
of APP23 mice modeling AD using [11C]PIB (Fig. 5). Micro-PET investigations of 
transgenic mice over an extended range of ages, including longitudinal assess-
ments, demonstrated an age-dependent increase in radioligand binding consistent 
with progressive amyloid accumulation. The approach has then been used to test 
therapeutic approaches for AD in APP23 mice. A reduction in amyloid levels has 
been observed in the hippocampus of transgenic mice during the course of antiamy-
loid treatment using an antibody against Ab peptide. Moreover, micro-PET scans 
with [18F]fluoroethyl-DAA1106, a radiotracer for activated glia, were conducted 
parallel to amyloid imaging, revealing treatment-induced neuroinflammatory 
responses, the magnitude of which intimately correlated with the levels of pre-
existing amyloid estimated by [11C]PIB (Maeda et al 2007). Surprisingly, no signifi-
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cant retention of [11C]PIB was seen in other mouse models, e.g. in presenilin-1/
amyloid precursor protein (PS1/APP) (Klunk et al. 2005) and in Tg2576 animals 
(Toyama et al. 2005) despite an excellent brain uptake of the probe. Possible rea-
sons for this discrepancy could be differences in the secondary structure of Ab for 
the transgenic lines.

A NIRF oxazine dye, AOI987, has been demonstrated to readily penetrate the 
intact BBB and to bind to amyloid plaques (Hintersteiner et al. 2005). Using NIRF 
imaging, a specific interaction of AOI987 with amyloid plaques was shown in 
APP23 mice in vivo, and confirmed by postmortem analysis of brain slices. 
Quantitative analysis revealed increasing fluorescence signal intensity with increas-
ing plaque load of the animals, and significant binding of AOI987 was observed for 
APP23 transgenic mice aged 9 months and older. Thus, AOI987 is an attractive 
probe to monitor noninvasively disease progression in animal models of AD and to 
evaluate the effects of potential drugs on the plaque load.

Final Remarks

Three main roles can be defined for noninvasive mouse imaging in preclinical 
research (a) phenotyping transgenic animals developed as disease models or for 
target selection/validation; (b) performing in vivo validation of pharmacological 

Fig. 5 In vivo detection of amyloid plaques in APP23 mice at different ages. PET images were 
generated by averaging dynamic scan data at 30–60 min after administration of [11C]PIB and 
were overlaid on the MRI template. From left to right, panels represent coronal images at 0, 2, 
3, and 7 mm posterior to the bregma. mo, Month. Courtesy of Makoto Higuchi, National Institute 
of Radiological Sciences, Chiba, Japan. Reproduced with permission from Maeda et al. (2007). 
© 2007 Society for Neuroscience
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targets; and (c) testing compounds in murine models of diseases. In all cases, the 
noninvasive nature of imaging can be exploited to either cope with the high 
variability in transgenic animal models, or to reduce the biological variability in the 
pharmacological experiments since the same animal may be used as its own 
control.

Ideally, an animal imaging laboratory in a pharmaceutical environment should 
provide access to several techniques. The opportunity to apply a diverse range of 
imaging techniques to a given problem is a strength. The complementarity of the 
techniques should be explored to address questions of pharmacological relevance. 
The choice of technique will be dictated by several factors, including e.g. its spatial 
and temporal resolution, sensitivity, or availability in clinical diagnosis as well. As 
a rule, imaging should provide robust and reproducible readouts, and measure-
ments should interfere minimally with the animal’s physiology since in most cases 
repetitive acquisitions are required. Because of the unique challenges encountered 
in imaging small rodents, not only a thorough understanding of the imaging modality 
but also of the animal’s physiology and the biological/pharmacological question 
to be addressed is required. Colby and Morenko (2004) have recently addressed 
several important aspects in small rodent bioimaging, including the choice of 
appropriate anesthetic regimens, monitoring and supporting the animal’s physio-
logic balance, biosecurity and radiation safety.

A fundamental driving force behind activities involving the use of imaging to 
characterize animal models of human disease in drug discovery is that the methods 
may facilitate the translation between preclinical and clinical drug research and 
development. Once potential biomarkers are identified and validated (qualified), 
similar study designs can be applied to preclinical and clinical investigations 
involving a given compound. Moreover, studies in animals can serve as the basis to 
rationalize experimental findings in humans through the use of analogous biomedi-
cal readouts. Helping to bridge the two intimately connected, however in practice 
often too distant, areas of preclinical and clinical research is a major contribution 
of imaging in pharmaceutical research.
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