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ABSTRACT

Magnetic Resonance Imaging is an essential diagnostic technique for the non-invasive study of biological entities
with high contrast as well as high spatial and temporal resolution. This work describes the current state of the art
in Micro-Magnetic Resonance Imaging and Molecular Magnetic Resonance Imaging. These new technologies are
transforming the modus operandi of the current research and applications being performed and developed in the
biotechnological and medical-pharmaceutical industries; establishing metabolic and genotypic relationships to
phenotypical traits and validating the design of active molecules, their structure-function relationship and their in-
teraction with the intended target. The use of endogenous and exogenous contrast mechanisms is also described.
Therefore, underlining the importance, a special emphasis is being placed on these methods capable of detecting,
quantifying and visualizing dynamic molecular and cellular phenomena in tissues and organs at spatial resolutions
of the order of dozens of microns and temporal resolutions of milliseconds. Examples of the application of these
methods in the study of pathologies like cancer and brain stroke are shown. The development of recent advances
in hardware, devices and contrast mechanisms is referred to increase productivity, specificity, reliability and impact
in experimental work. In the near future, the study of these techniques will be an indispensable tool for the design,
development and validation of new pharmaceuticals.
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RESUMEN

Imégenes moleculares y microimagenes de resonancia magnética en la biotecnologia y la farmacéutica
modernas. Las imagenes de resonancia magnética son esenciales para estudiar de modo no invasivo la natura-
leza biolégica, con elevado contraste y alta resolucién temporal y espacial. Se describe el estado actual del arte de
las microimdgenes y de las imagenes moleculares de resonancia magnética, nuevas ideas transformadoras de las
investigaciones y aplicaciones en la biotecnologia y la industria medico-farmacéutica que constituyen una herra-
mienta efectiva para el establecimiento de la relacion metabélica y genotipica con la expresién fenotipica y para
comprobar disefios de moléculas activas asi como su relacién estructura-funcion e interaccién con blancos terapéu-
ticos. Se expone el uso de mecanismos contrastantes endégenos y exdgenos. Se destaca la importancia de estos
métodos que detectan, cuantifican y visualizan fenémenos dindmicos moleculares y celulares en tejidos y 6rganos,
con resoluciones espaciales de hasta decenas de micras y temporales, de milisegundos. Se detalla su utilizacién
para el estudio de afecciones como la isquemia cerebral y el cancer. Se hace referencia a los avances obtenidos
en los equipos, dispositivos, metodologias y mecanismos de contraste para elevar la productividad, especificidad,
fiabilidad e impacto de las investigaciones. En breve tiempo, los estudios por imagenes seran ineludibles para el

disefo, desarrollo y validacién de nuevas drogas.
Palabras clave: Imdgenes moleculares, resonancia magnética, biotecnologia, industria farmacéutica

Introduction

Many of the promises of Magnetic Resonance Ima-
ging (MRI) for the non-invasive study of live tissues
at high temporal resolutions with unmatched spatial
resolution and contrast have become a reality in cu-
rrent biochemical and preclinical research, as well as
in clinical and industrial settings. These potentialities,
however, are far from exhausted [1-5].

The present work aims at summarizing the current
state of the art in two emerging MRI methods which
are transforming a number of research conceptions
and opening up new ideas for practical applications in
biotechnology and medical-pharmaceutical industry:
Magnetic Resonance microimages (WMR) and mo-
lecular images (miMR). Although the definitions of
these concepts are not completely settled yet, the fol-
lowing constitutes good approximations: tMR is the
technique to produce images from live biological struc-
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tures using magnets in the order of a few tens of mi-
crons, with high contrast and short acquisition times,
allowing the study of anatomical details and physio-
logical processes of cells, tissues, and organs without
discernible alterations (Figure 1). On the other hand,
miMR, are in vivo, non-invasive magnetic resonan-
ce techniques for the visual representation, structural
characterization and quantification of biological pro-
cesses at cellular and molecular levels [6]. Although
UMR and miMR could be in fact are being applied for
research at the molecular, cellular and tissue levels in
botany and agricultural biotechnology, such applica-
tions will not be discussed here [7].

In addition, kMR and miMR play a decisive contri-
bution in genomic evaluation and link metabolomics,
proteomics and phenotypic traits together unraveling
the bases of different diseases [2, 4, 7, 8]. They cons-
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Figure 1. Different UMR methods: a-b) 3D reconstruction of rat abdomen (resolution 50x50x500 mm, B; = 7.1 T) [24]; c) Rat
brain (resolution 21.5 mm, B; = 11.7T). [24]; d) Rat lungs (Bo=2.0 T). [30]; e) Heart obtained by flow technique (B, = 4.7T)
[*]; f-g) Rat fetus (resolution 21 mm, B, = 7.0T) [24]; h) Rabbit esophagus imaged with an endoscopic microcoil in the clinical
MR machine (B, = 1.5T) [*]; (i) Study of a kidney, (B, = 7.0T). (j) [24] Neuronal zones activated by olfactory stimulation in the
mouse brain depicted in k; k) Anatomical image of a mouse; |) Spectrum of the metabolites in the voxel where the activated

neurons reside j) [courtesy of Dr. Saint-Jalmes].

titute an effective complement for the evaluation of
molecularly designed active compounds, studying
their structure-function relationship and their interac-
tion with the intended therapeutic targets [2-14].

In toxicological studies, uMR and miMR are pla-
ying a rising significant role by complementing and
accelerating these assays and increasing the speed and
reliability of the results of the pharmacokinetic eva-
luation of new therapeutic molecules at the molecule,
cell, tissue and organism levels [2-14]. These methods
guarantee higher accuracy, reducing the required
amounts of reagents and laboratory animals, changing
the labor-intensive nature of histological work, and
shortening sampling intervals during model evalua-
tion and quantification of experimental parameters;
consequently lead to an increased speed and lowered
costs. The accuracy of longitudinal and transversal
studies is notably favored as well by limiting the need
to euthanize experimentation animals and comparing
the model to itself, [14, 15].
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Although all of them provide useful and unique
information to a higher or lower extent, making a
comparison of the spatial resolution, image acqui-
sition time, maximum assay depth, equipment costs
and possibilities of different imagenological moda-
lities reveals that only MRI can provide molecular,
cellular, anatomical and physiological information
with unmatched spatial resolution and a compara-
ble temporal resolution. Another advantage of MRI,
not often explicitly outlined in the literature, is the
direct application to the clinical practices of proce-
dures, technology and software originally developed
for lab animal and vice versa, taking into account that
the experimental bases of MR data acquisition in both
situations are very similar. The main disadvantage is
MRI equipment cost, which remains more expensive
unlike the alternative methods [12].

The number of scientific publications dealing with
UMR and miMR has exponentially increased in the
last 10 years [16], and the number of reports eva-
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luating favorably the position of regulatory entities
worldwide on these technologies is also being increa-
sed in frequency [13-15]. It is predicted that the requi-
rements for the study, validation and registration of
new pharmaceuticals will include the use of images
and data from image processing in a few years. The-
refore, the introduction, use and development of these
image acquisition technologies in all fields of biote-
chnology and biomedicine is becoming necessary to
remain competitive at the international level.

Magnetic resonance methods

The phenomenon of magnetic resonance (MR) is ba-
sed on the processes of polarization (alignment) and
excitation of nuclei from atoms with a magnetic mo-
ment that are commonly found in living beings (‘H,
BC, N, 2Na, *'P...). In order to align these nuclei, the
studied body is introduced into a homogeneous mag-
netic field of relatively high intensity (B ). Excitation
is achieved by subjecting the experimental sample
to radiofrequency electromagnetic wave pulses (RF)
that perturb the aligned nuclei from their equilibrium
position. Once the RF pulse stops, the return of the
nuclei to the equilibrium position defined by the mag-
netic field can be characterized by two parameters,
called relaxation times T1 and T2. In turn, T1 and T2
depend on the biophysical and biochemical properties
(density, molecular structures and movement, biolo-
gical barriers, temperature, pH...) of all elements of
the sample, from single molecules to whole organs.
The intensity of the MR signal (intensity of each pixel
for MRI) is a function of the density of magnetic nu-
clei (p) and T1 y T2, and therein lays the informa-
tion that can be provided by MRI [1]. Hydrogen ("H)
is the most commonly used nucleus in MRI due to
its abundance (guaranteeing the most intense signal)
and forms part of H,O and most molecular structures.
Thus, it is the signal registered in MRI originates from
water molecules in its different states. Changes in
concentration, mobility, associations and interactions
of H,O are involved in all normal or pathological and
physiological processes, consequently registered in
MR and MRI signals [17].

The acquisition of MRI images involves the syn-
chronous application of RF pulses and carefully se-
lected magnetic field gradients (G). There are many
image acquisition modalities, some stated below,
arising from specific combinations of RF pulses, G
and times to trigger the previous mentioned above re-
laxation processes [1]. Different MRI processes offer
different degrees of detail and precision in the exa-
mination of the specific molecular, cellular or tissular
phenomena under study, and MRI machines both for
clinical or animal experimentation often store libra-
ries of pulse sequences for these purposes, providing
the researcher a wide array of choices in spatial reso-
lution, signal/noise ratio and image acquisition time.
On the other hand, there are atlases registering bi-di-
mensional (2D) and three-dimensional (3D) images of
human and rodent organs [18].

Weighted imaging in p, T1 and T2
Classical MRI can be biased towards water density

(p) , T1 or T2, and these techniques are known as:
p-, T1- or T2-weighted MRI. All pathological proces-
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ses are associated with variations in the content and
mobility of water, resulting in changes to T1 and T2
during MRI [17]. During the first years of biomedical
application of T1-, T2- and p-weighted MRI proved
their potential for the detection of cerebral lesions in
animal models of ischemia, tumors, post-traumatic
wounds and multiple sclerosis [2, 4, 5]. A growth in
hydrogen density (H,0), T1 and T2 in pathological
tissues is attributed to an increase of interstitial water
associated to the development of vasogenic edema.
As it has been demonstrated, in rat and gerbil bra-
ins T1 and T2 correlate well with water content, and
changes in this parameter are more intense reflected
in T2.Moreover, changes in T2 are more pronounced
in tumoral edemas in experimentation animals. The
higher sensitivity of T2-weighted images has lead to
their wide use in experimental and clinical settings [4,
5]. During early stages of acute ischemia in animals
models, the changes in T1 and T2 can be attributed
to a decreased tissue oxygenation (T2-weighted MRI)
and the interruption of blood flow (T1-weighted MRI)
as already demonstrated.

Diffusion-weighted imaging

One of the most powerful and promising methods of
MRI is the use of diffusion-weighted imaging (DWI),
where each pixel of the image reflects the intensity
and direction of movement of water molecules in
each microzone of the object under examination.
H,0, subjected to molecular movement either as a
free molecule or as part of the hydration spheres of
other molecules and ions, changes the motility of its
molecular partners depending on the nature of the
molecular, cellular and physiological processes in-
volved in.

The diffusion at each pixel (with volumes ranging
from a few dozen picoliters to some microliters) de-
pends on bio-structural factors such as obstacles or
barriers (e.g. cell membranes, blood-brain barrier, ma-
cromolecules, etc). The diffusion coefficient (D) of
H,O varies significantly when it is measured either
along or across such barrier, which is reflected in pi-
xel intensity in MR images. Indeed, using the mean
apparent D per pixel (ADC, Apparent Diffusion Co-
efficient) it is possible to determine the density and
orientation of biological barriers for each micro-
region by DWI, or more specifically, ADC images [17].

Measuring diffusion requires the application of an
additional magnetic field gradient, whose orientation
allows exploring the location and alignment of the
barriers mentioned above. In order to obtain ADC in-
formation and define barrier orientation at least two
consecutive images have to be acquired, which in turn
requires restraining severely the movement of the ex-
perimental subject to avoid compromising data quali-
ty due to involuntary motion [1, 17].

DWI has opened up a wide array of experimental
choices, given its increased sensitivity to cell varia-
tions and tissue anomalies as well as the possibility of
detecting affected zones with higher resolution and at
earlier stages than with T1- or T2-weighted imaging.
ADC values, for instance, suffer a significant decrease
of 30 to 40% in DWI just a few minutes after cerebral
ischemia [4, 5], and it is possible to detect decreases
in ADC during the evolution of cytotoxic edemas at-
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tributed to the movement of water from the extrace-
llular zone towards intracellular compartments with a
high density of diffusion barriers.

A fast and intense decrease in ADC takes place du-
ring anoxic depolarization. The advance of the depo-
larization of the ischemic tissue into the border zone
of the ischemia is joined by a transitory inflammation
detectable by fast ADC imaging. These temporary
perturbations of the tissue contribute to expand the le-
sion. DWI has enabled measuring lesion volume and
monitoring its evolution [2, 4, 5, 19].

DWI has being used for monitoring the efficacy of
anticancer therapy with cytotoxic drugs by following
tumor response, using for instance cells of the 9L glio-
ma. Thus, therapy can decrease cell density in the tu-
mor and increase intercellular spaces, as well as water
mobility and diffusion (as evidenced by their higher
sensitivity during imaging) [4, 5, 20].

The barrier sensitivity of DWI has allowed the de-
velopment of maps of the orientation, size and integri-
ty of the fibrous structures of white matter that can be
used to infer and follow neuronal connectivity in three
dimensions: the tractography or architecture of neural
tracks. The results in this field have been nothing short
of spectacular, and the technique holds a vast potential
for the study of the central nervous system [21].

In vivo spectroscopy

Magnetic Resonance Spectroscopy (MRS) was the
first of the MR methods that provided molecular in-
formation in vivo. This technique can be performed
in vitro, in vivo and with perfused organs or tissues.
MRS has slowly become an essential component of
the toolbox of current pharmaceutical research, es-
pecially in the in vivo metabolomics of ischemia and
cerebral infarction [5], degenerative joint disorders,
cardiovascular disease [3], cancer, and in respiratory
and skin disorders. Figure 1L shows MRS data for the
metabolites of a neuronal region (Figure 1J) belonging
to a mouse brain under olfactory stimulation.

MRS allows measuring the concentration and dis-
tribution of administered drugs, as well as their inte-
raction with the target. It also offers information about
metabolic processes taking place in tissues and organs
[2, 3,5, 22-24]; for instance, the identities and concen-
trations of many important metabolites as measured by
"H MRS easily found in the literature. Many of these
metabolites play an essential role in the previously sta-
ted phenomena involved with the development of di-
fferent disorders, as exemplified by the concentrations
of N-acetyl aspartate (NAA) and lactates (Lac) during
hypoxic ischemia (NAA considered a neuronal inte-
grity marker, whereas lactate is a marker of anaerobic
metabolism that decreases immediately after ischemic
damage and NAA increases). Furthermore, MRS is u-
sed for the measurement of brain temperature [2, 5, 22,
23], and its possibilities are easily expanded with the
use of multi-nuclear spectroscopic methods that are
commonly used for researchers, examining not only 'H
nuclei, but also *'P, »*Na, °F and '**Cs nuclei which are
present in biological systems or in the supplied drugs.

The main disadvantage of in vivo spectroscopy
compared to MR-based imaging methods is related to
the concentration of 'H registered by the technique.
Imaging methods deal with water concentrations up to
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100 moles, whereas the concentration of most meta-
bolites is in the order of a few dozen millimoles. This
implies that the spatial resolution of spectroscopic
methods is much lower when voxel dimensions are in
the order of centimeters [2, 5].

The use of perfusion-weighted imaging (PWI)
should be included in the MRI arsenal, which using
internal contrast or external contrasting agents, pro-
vides quantitative information about essential para-
meters of in vivo research such as: tissue perfusion,
medium transit time and volume fraction occupied by
blood in the tissue, among others. These parameters
and the obtained from MR angiography have being
vital for the elucidation of cerebrovascular processes
and disorders as well as for the study of drug efficacy
in different tissues [2, 5, 19].

Functional magnetic resonance

Functional magnetic resonance imaging (fMRI) is
based on the detection of changes in blood magne-
tism as its oxygenation status changes (BOLD/ Blood
Oxygen Level Dependent). Oxyhemoglobin (diamag-
netic) becomes deoxyhemoglobin (paramagnetic) due
to cellular metabolism, which is translated into a shor-
tened T2 and, therefore, lower pixel intensities where
oxygenation levels change more intensely.

fMRI is not only being used in clinical practice for
some years now [2, 5, 13, 25]; but also found a place
in experimental research with neuronal models. For
instance, the acquisition of two consecutive images,
firstly with the subject at rest (basal state) and secon-
dly during stimulation (auditory, visual, olfactory,
chemical, etc.) can be used to pinpoint the brain areas
activated by stimuli through the use of image subtrac-
tion (Figure 1J). Further, the relationship between the
effects of administered drugs and brain activity has
also inferred from BOLD signals in the presence or
absence of stimuli [13, 25]. The sensitivity of fMRI
to oxygenation status has been widely applied to the
analysis of cerebrovascular processes in animals du-
ring ischemia or hemorrhage, likewise to the evalua-
tion of recovery through tissue re-oxygenation after
reperfusion. [13, 25].

Molecular images and contrast
mechanisms

Non-invasive in vivo miMR is defined as the visual
representation, characterization (structural and func-
tional) and quantification of biological processes at
cellular and molecular levels. This and other defini-
tions have a point in common which the image shows
a biological process at the molecular or cellular level
quantifiable and occurs in vivo and in a non-invasive
manner.

The overlap of advances in miMR with molecu-
lar and cellular biology technologies have generated
an expanding discipline with notable impacts in the
carly detection of a number of diseases, treatment
individualization and the development of new phar-
maceutical and biotechnological products [2, 4, 6, 8,
10-14]. One of the distinguishing advantages of the
application of MRI to biological systems is the exce-
llent contrast achieved for soft tissues [1-8], given its
dependence on density and, essentially, the mobility
of water flowing in or out of different structures. This
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level of contrast far exceeds the obtained in lab ani-
mals or humans by any other technique [12].

The mobility of water molecules changes by seve-
ral orders of magnitude when they are associated to
a macromolecule; therefore, water mobility changes
depending on the physiological states of cells, tissues
and organs [12, 17]. New experiments, procedures and
techniques developed in the last two decades have ex-
panded the array of MRI contrast methods that can be
used to underline the differences between otherwise
similar biological structures, their temporal evolution
and their dependence with physiopathological proces-
ses better.

Contrast during MRI can be managed and increa-
sed endogenously (intrinsic) or by agents which are
exogenous (extrinsic) to the biological system.

Endogenous contrast mechanisms

Endogenous contrast mechanisms are based on the in-
duction of differences in magnetization state or in the
use of pre-existing natural differences produced by
biomolecular processes, using pulse sequences spe-
cifically designed to capture into an image processes
such as diffusion, blood perfusion into tissues or the
flow of different biological fluids.

The most common known MR method taking into
account endogenous contrast is fMRI which can vi-
sualize the delivery of oxygen to the nervous tissue by
monitoring the change of oxy- to deoxyhemoglobin.
Other methods, such as perfusion weighing (PWI) or
flow techniques, make similar use of endogenous me-
chanisms to achieve image contrast [2, 5, 19].

Recent advances in genetic engineering have pro-
vided new ways to study and increase contrast and
consequently dissect enzymatic process; perform cell
labeling, and other tasks [26]. MRI contrast can be
genetically controlled through the directed expression
of a contrasting protein or RNA without the need for
synthesis of an exogenous agent [26]. For instance, a
gene for the intracellular expression of a metallopro-
tein forming a complex with endogenous metal ions
can fulfill this role. As a matter of fact, there are signi-
ficant numbers of applications using endogenous Fe™
(the most abundant paramagnetic ion in biological sys-
tems) for this purpose [26]. One of the simplest pro-
cedures is the modulation of protein-associated Fe™
contents. Ectopic ferritin (Ft), for example, has been
used as an artificial contrast agent (CA) in mice brain
by changing its expression levels in vivo [26] through
the introduction of Ft genes using viral transfection,
obtaining higher amounts of Fe"* than in control cells
without detectable toxicity. Fe" from the heme group
of myoglobin has also been overexpressed in trans-
genic animals to be used as a CA in muscular tissue,
although in this case the results have not been satis-
factory probably due to insufficient expression levels
or a rather small efficiency of relaxation [26].

Other totally endogenous procedures for increasing
contrast are based on the use of enzyme systems as
those taking into consideration the genetic control of
the accumulation of melanin which is a biopolymeric
pigment that collects paramagnetic ions and exerts a
large influence on MRI contrast, and is synthesized by
tyrosine hydroxylase from tyrosine during the initial
steps of the biosynthetic pathway for dopaquinone.
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Better contrast has been achieved by overexpressing
tyrosine hydroxylase in human cell cultures, thus in-
creasing the affinity for metal ions [26].

Exogenous contrast mechanisms

The use of exogenous contrast agents has constituted
an important part of the established clinical practices
for more than 20 years [4, 27, 28]. They are usually
paramagnetic substances that change the magnetic
properties of neighboring tissues, cells or molecules,
and are mostly delivered intravenously. Exogenous
CAs have been successfully employed in MR studies
of brain, liver, digestive system, lymphatic system,
mammary glands, kidneys and cardiovascular system.
Gadolinium-Diethylene triamine pentaacetic acid and
Gadolinium-1,4,7,10 tetraazacyclododecane 1,4,7,0
triacetic acid (Gd(DTPA) and Gd (DOTA), respecti-
vely) constitute the most commonly used exogenous
CA in clinical practices as biomolecular research and
applications [4, 27, 28]. Essentially, the use of exoge-
nous CA is the need to achieve a high enough concen-
tration in the interest area while keeping its lower con-
centration as possible in unrelated areas. Gd*" ligands
have usually been diffused quickly out of the blood
after intravenous administration due to their relatively
low molecular weight, improving image quality. The
ligands coordinated with a paramagnetic ion reduce
its toxicity and increase its half-life in blood, as a re-
sult significantly increase in contrast. The conjugation
of these ligands of relatively low molecular weight
to biocompatible polymers such as: polyamides, po-
lysaccharides, PLL and albumins often improves their
biophysical and pharmacological features. At the same
time, other molecules like: dendrimers, liposomes or
combinations have been used as CA carriers [27, 28].

The magnetization state of the CA and its nearby
can change depending on the physiological processes
taking place in biological structures. This property
has been used for the study of enzyme activity, gene-
tic expression, protein association, the activation of
cellular pH and Ca** and partial O, and CO, pressure
at the cell level [8, 10, 28]. The CA is designed so that
all coordination bonds of the Gd** ion must be occu-
pied e.g. with sugars not modifying miMR contrast
but blocking access to H,O. However, these sugars
are endowed with functional groups that can interact
with a specific enzyme such as -galactosidase. This
interaction produces a “slit” into the Gd*" envelope
that allows the introduction of water into the coordi-
nation sphere, immediately changing the intensity of
the pixels corresponding to the microregion where the
enzyme reaction takes place. This concept has been
successfully used for the in vivo monitoring of gene
expression in Xenopus laevis [28, 29]. Intracellular
Ca?" is important for signal transduction; therefore,
exploited for the design of another intracellular CA;
activated in the presence of micromolar Ca*" concen-
trations. Similar mechanisms have also been used to
study the presence of Zn** ions [28]. There are CAs
that allow the examination of extracellular pH in
healthy and cancer tissue, as stated by miMR [28].

A very promising approach of research is the use
of magnetization transfer from hyperpolarized agents,
particularly noble gases, which increase signal/noise
ratio and contrast; allowing the study of the respira-
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tory system (Figure 1D) and other structures with high
anatomical-functional complexities [30].

An AC of particular interest for the study of the
nervous system is the paramagnetic manganese ion,
Mn2, which -like Gd- produces significant reductions
in T1 and T2 for the protons of water molecules and
its nearby [31, 32]. Manganese is a heavy metal, well
known for being a cofactor of enzymes such as: supe-
roxide dismutase [31-33], pyruvate carboxylase [34]
and glutamine synthetase [31]. Mn?* can enter into ex-
cited nervous cells using some of the transport mecha-
nisms for Ca*, and its intracellular behavior has been
well studied [31]. Unlike Gd-based CAs, it can cross
the blood-brain barrier and penetrates into neurons.

Three of the most relevant applications of Mna+ as
CA in MRI of the Central Nervous System are [31]:

e The study of brain architecture: dissecting the
connectivity between different brain areas. Recent re-
search in rodents [35-39], primates and insects have
proved the usefulness of MR with Mn?" contrast for
unraveling the cytoarchitecture of the brain.

o The identification of neuronal tracts: as a conse-
quence of its defined movement inside the neurons,
making possible its follow up to define the architec-
ture of neuronal channels in the limited regions of in-
terest where Mn** was locally injected. The first neu-
ral tract studies were performed in mice, where they
allowed the identification of olfactory and visual
channels [31]. One of the most spectacular applica-
tions of miMR with Mn?* contrast has been studying
the changes in dimensions and connectivity of diffe-
rent regions of the brain in association with cognitive
processes and brain plasticity [40, 41].

o The determination of the neuronal excitation re-
gions: by penetrating into excited cells and allowing
the use of miMR for determining the active regions
independently from hemodynamic parameters, with
better spatial accuracy than classic fMRI.

Fluorophore _“'--..___‘

Therapeutic agent

Permeabilizer

However, one disadvantage of Mn?*', is its high
toxicity. Whether or not it becomes a mainstay CA for
miMR will depend on the development of techniques
for achieving an optimal distribution in the interest
region at the proper dosage, with minimal residence
times and proper experimental design.

Another exogenous contrast medium:
magnetic nanoparticles

Magnetic nanoparticles (mnp), also known as su-
perparamagnetic particles, will transform the current
diagnostic and therapeutic landscape for miMR [27,
42]. Their biocompatibility, bioavailability and biode-
gradability have extended their use to the detection,
diagnosis and treatment of a diverse array of disor-
ders such as: cerebrovascular disease, cancer and
cardiovascular disease (evaluation of ischemic risk,
myocardial lesions, atherosclerosis, detection and
characterization of atheroma plaques and other vascu-
lar dysfunctions) 3, 5, 23, 27, 43]. Mnp are classified
according to their dimensions: larger or smaller than
50 nm are defined as: SPIO and USPIO, respectively
[27]. Their potential are given by the possibility to
obtain them in a variety of shapes and chemical com-
positions, using a modular design to assume functions
simultaneously as a label, homing and tracking devi-
ce, and drug carrier and dispenser. Nanoparticles not
only increase the efficacy of a number of pharma-
ceuticals, but have been shown to increase contrast
notably during miMR, easing their microlocalization
through time [27, 42].

Adequate biocompatibility, biodistribution, stabi-
lity and pharmacokinetics (and hence, their versati-
lity) are achieved by coating the mnp with specific
biomolecules and biopolymers. This coating can be
modified to contain therapeutic agents, homing mo-
lecules, permeabilizers and fluorescent dyes [27, 42]
(Figure 2).

Biopolymer capsule

Nanoparticle core

Targeting agent

Figure 2. Diagram of a magnetic nanoparticle. The paramagnetic nucleus, as well as several ligands with therapeutic activities,

permeabilizers and targeting agents [45], are shown.
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One of the advantages of mnp, as drug carriers, is
their high surface to volume ratio, translated in a high
number of therapeutic molecules per particle (Figu-
re 2). Target ligands such as: proteins, peptides, apta-
mers and small molecules have been analyzed as an
additive to this coating to increase the local mnp con-
centration at the target site. Mnp are currently essen-
tial for expanding the possibilities of miMR for real
time monitoring of drug design and the use of combi-
ned therapy strategies.

The biggest limitation of most chemical therapeutic
agents is their relative non-specificity and potential
adverse effects on healthy tissues. Nevertheless, the
high penetrability of magnetic fields into biological
tissues and the development and maturity achieved by
technologies for the remote management of magnetic
fields in desired configurations have enabled resear-
chers and clinicians alike to precisely steer the mnp
into the desired therapeutic target, as well as to visua-
lize and differentiate the physiological states of cells
and tissues [44, 45].

The physicochemical properties of a carrier mnp
(dimensions, morphology, electrical charge, chemi-
cal surface), the intensities and geometry of magnetic
fields, the depth at which the diseased tissue is located,
the speed of blood flow and the local level of vascu-
larization are important parameters for this new drug
delivery and release technology [45, 46].

Mnp have also contributed to raise the efficiency
of antiseptic procedures and gene therapy through
their control via miMR. The use of mnp carrying oli-
godeoxynucleotides or gene vectors overcomes many
of the current limitations of gene therapy, which are
merely associated with the release of the therapeutic
agents [47, 48]. Mnp have also been used as carriers
for siRNA, one of the most promising therapeutic
platforms to emerge during the last years [49, 50].
Whole cells can also be labeled, tracked and guided
using miMR by ‘doping’. In fact, USPIO have been
successfully incorporated into stem cell populations.

Recent developments have allowed obtaining
multi-functional super-paramagnetic mnp doped with
fluorescent dyes that can be used for their simulta-
neous detection at the cellular level by MRI and opti-
cal fluorescence microscopy. In this case, MRI is used
during surgical planning, and the surgical procedure is
assisted and guided with both techniques to define and
remove tumoral areas [51] (Figure 3). Mnp-assisted
miMR have been also used to examine cellular mi-
gration and traffic, to detect apoptosis and to quantify
different enzyme activities [27, 42].

Studies of cancer and cerebral ische-
mia

miMR have allowed monitoring with high sensitivity
and specificity the behavior of important molecular
targets and cancer cells during the primary and early
stages of carcinogenesis [9, 10, 14, 20, 51-53].

The use of mnp for improving the detection, diag-
nosis and therapy of solid tumors has been extensi-
vely studied, associating it to a cytotoxic agent to turn
them into a magnetic target carrier, or MTC. Thus, the
intravenous injection of a colloidal suspension of the
mnp, joined to the use of an external magnetic field
gradient can be used to guide effectively the thera-
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Figure 3. Tumor in transgenic mouse visualized with the help of USPIO as contrasting agent: A)
Before inoculation of the CA; B) After inoculation of the CA. Notice how it emphasizes the area and
boundaries of the tumor [8].

peutic agent to the target area. The accuracy of MRI
to detect malignant lymphadenopathy has been im-
proved through the use of ferumoxtran-10 mnp [54-
56]. A normal lymph node absorbs the USPIO agent,
therefore is hypointense during MRI, being easily di-
fferentiated from a metastasized node. This phenome-
non has been used for breast, lung, brain and cervical
cancers, etc. On the other hand, USPIO particles have
allowed the effective identification of lymphoma no-
dules with 5 to 10 mm diameters [57]. Currently, it is
possible to distinguish tumoral lesions of 2 to 3 mm
in liver during clinical diagnosis with MRI associa-
ted to the use of SPIO mnp [58]. Many other works
are referred to angiogenesis, quantification of tumo-
ral volume and delimitation of its boundaries at the
cell level (Figure 3). Multiple mnp formulations are
being tested in clinical trials; one of the most advan-
ced along the clinical pipeline is Combidex, being at
the last trial stages for the lympho detection of metas-
tasis in prostate cancer [42].

Monoclonal antibodies (mAb) were the first target
ligands associated to mnp, and remain the most com-
monly used and monitored by miMR. Their large di-
mensions and inherent immunogenicity constitute the
biggest limitations for their use; and their conjugation
to mnp limits even more their diffusion through bio-
logical barriers.

Mnp have been evaluated as carriers for a wide array
of therapeutic agents. Traditional drugs as etoposide,
doxorubicin and methotrexate have been encapsula-
ted into mnp for the potential treatment of diseases
ranging from rheumatoid arthritis to malignant pros-
tate and breast tumors [59-62]. Their possibilities as
carriers for therapeutic proteins and peptides have
also been analyzed [62], as in the case of Herceptin™
into mnp-doped liposomes which effectiveness has
been demonstrated at inhibiting the proliferation of
tumor cells from breast cancer, specifically releasing
Herceptin™ into NIH3T.7 cells expressing HER2/neu
in vivo. Another example is the use of Chlorotoxin-
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doped mnp (Chlorotoxin is a peptide with a high af-
finity to a variety of tumors which can inhibit the in-
vasion of tumors such as gliomas [63]) increasing the
therapeutic effect comparing the free peptide [64].

A great amount of publications has been published
in the last years trying to analyze the involved me-
chanisms of post-ischemic cerebral damage or focus
on developing strategies to minimize its repercussions
[19, 22, 24, 65-76]. Many studies in rats have eviden-
ced the effectiveness of MRI for the detection and
follow-up of lesions arising from cerebrovascular ac-
cidents [72-78]. For example, it is possible to clearly
pinpoint the location of the infarction in Wistar rats
where ischemia has been induced by medial cerebral
artery occlusion (MCAO), measuring the volume of
the affected area and its evolution at 3, 7 and 24 weeks
after the accident.

The most recent research on animal models of ce-
rebral ischemia has brought about data on the role of
apoptosis and cellular necrosis in this disease, mo-
nitoring the phagocytic activity and microglia in the
infarcted tissue and homeostasis at the blood-brain
barrier.

The evolution of the infarction after different phar-
macological treatments and the inflammatory response
following a cerebrovascular accident have been suc-
cessfully followed and measured by MRI. A recent
study [19] induced infarction in 4 different groups of
animals, including a control group and three different
groups receiving the intravenous administration of
thrombolytic agents such as microplasmin and tissu-
lar plasminogen activator (tPA), respectively, at two
different dosages. The study used different MRI me-
thods (perfusion, diffusion, T2) to monitor after 1 and
24 hours the volume, cerebral blood volume (rCBV)
and cerebral blood flow (rCBF) of the ischemic lesions
in cortex and subcortex, evaluating the response of the
affected tissue to the selected therapies and comparing
the results to the histological evaluations [19] (Figu-
re 4). Methods of UMR continue to be compared, sear-
ching for higher specificity [71].

Control of MRI experiments in animal
models

It is essential to guarantee the continuous monitoring
and stabilization of the vital parameters to preserve and
examine the functional organic state of the animal and
assure the quality of the collected data. An adequate
synchronization of data acquisition with movements of
the subject (usually cardiac and respiratory synchrony)
could decrease and compensate artifacts induced by
biological movement into the image, as well as the
proper compensation of the introduced instruments.

Variables commonly measured during a study in-
clude the level of O, saturation in blood, body tempe-
rature, blood pressure, cardiac rhythm and respiratory
frequency. These variables are closely related to size,
weight, age and species of the animal, therefore it is
important a prior knowledge of the possible ranges
before the experiment [76-77]. Several authors have
examined the most effective methods to reduce the
undesirable effects of insufficient synchronization in
preclinical and clinical settings [79-87].

The anatomical and functional characteristics (size,
cardiac rhythm, respiratory frequency, etc.) of most
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animal models constitute an important experimental
challenge when trying to guarantee reproducibility,
proper evaluation and scalability of the studies to hu-
man subjects. These factors have a decisive influen-
ce in the qualities of images and records, since they
affect spatial and temporal resolution, therefore, can
hinder the detection of significant anatomical details
or distort the diagnosis of certain disorders [79].

Using sub-millimetric spatial resolutions over time
scales for image acquisition in the order of dozens of
minutes, the requirements established for animal posi-
tioning and restraining are highly demanding. In the-
se situations, the most common used are supporting
devices and general anesthesia in order to decrease
positioning and movement-induced errors [81, 82].

MRI can be combined with other techniques such
as EEG [80-90] and ECG [86-88]. However, simul-
taneous acquisition of data from all these techniques
brings about complications associated to interferences
caused by the additional monitoring equipment with
the MR machine. This equipment, in turn, will work
next to very intense magnetic fields, and must be spe-
cially designed following specific rules and require-
ments for trouble-free operation in this environment
while avoiding interference with MR data collection.
Another problem is the need for thermal regulation de-
vices when using newborn individuals prone to hypo-
thermia or instruments for measuring the reaction of
experimental subjects upon specific stimuli; although
these instruments are subjected to the same limitations
and requirements, they are very useful for follow-up
and control of the animal when it is subjected to the
injection of a CA, to avoid complications that might
jeopardize the health of the subject. All these data are
eventually very helpful when comparing the state of
the animal before, during and after the experiment.

Several manufacturers offer MR-compatible devi-
ces, and some research groups have developed their
own applications in this field, increasing the versatili-
ty of their facilities.

MR machines for experimentation
in animal models

The MR equipment used for animal experimentation
and clinical practices are different, although the latter
one has occasionally succeeded in some animal mo-
dels [91]. In spite of the differences between clinical
and animal experimentation settings, from the MR
technique point of view, a meaningful direct quantita-
tive comparison of the results is possible, moving and
homologating methodologies developed in machines
for either purpose [2, 11, 12, 91-93].

The most important manufacturers of MR machi-
nes for studying animal models are Varian and Bruker.
A commercial expression of the search for continuity
from preclinical studies to clinical trials is the creation
of a single software platform for parameter manipula-
tion in both types of equipment, recently announced
by Siemens and Bruker.

The machines for animal experimentations are cha-
racterized by high field intensities (2.0-21.1 Teslas)
and chamber bores of 7 to 30 cm to ease the manipu-
lation of the animals. Higher intensity fields provide
better signal/noise ratios and spatial resolution; howe-
ver, other technological problems that reduce image
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Figure 4. Study of the evolution of cerebral ischemia in 3 groups of rats at two different time points: a) Lesions visualized with
perfusion (PW), diffusion (DW and ADC) and T2W MRI, and corresponding histological sections stained with TTC; b) Findings
corresponding to the areas delimited by rectangles in the sections stained with TTC; c-f) Quantitative changes in lesion volume,
cerebral blood volume (rCBV) and cerebral blood flow (rCBF) in cortex (Cor) and subcortex (S) [19].
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quality become significant at these conditions. Record
resolutions are between 43 pum in less than 30 min and
21.5 pm in 2 h [76]. The temporal resolutions achie-
ved allow to study processes of up to 40 ms.

Since 2000, the National Institutes of Health, Na-
tional Center for Research Resources (NIH/NCRR)
created the Mouse Biomedical Informatics Research
Network (MBIRN) for the collection and organization
of the flow of data on this topic. Its publicly accessible
web site [93] provides tools and methods for the ca-
libration and collection of data in different equipment
and images of animal models [5].

The increased productivity and the possibilities of
MR facilities are being expanded due to:

e Devices for the simultaneous study under contro-
lled conditions of more than 8 animals.

e Use of conveyor belts that guarantee the conti-
nuous entry and exit of the experimental subjects into
the MR chamber at exact time intervals.

e New coils, including endoscopic variants, to bring
the sensor closer to the target zone.

e Multiparametric monitoring, continuous collec-
tion and set of physiological signals with the images.

e Use of CA, such as mnp, for enhancing contrast,
ferrying drugs and monitoring physiological proces-
ses at molecular and cellular levels.

e Development of bioluminescent mnp for multi-
modal MR-fluorescence studies [94].

Conclusions

Techniques such as miMR and uMR afford the possi-
bility of detecting, following, quantifying and visuali-
zing in vivo a number of dynamic molecular and cellu-
lar phenomena in a non-invasive way in all tissues and
organs from living beings, using a varying array of
complementary methods that can be implemented on
the same machine, at spatial resolutions in the order
of dozens of microns and temporal resolutions at the
level of milliseconds.

The number of publications dealing with these
techniques as well as their practical applications in
all fields of research, preclinical studies and clinical

trials has been increasing steadily. The shortened ex-
perimental times and reduced labor for histological
studies, smaller requirements concerning the number
of experimental animals and decreased costs together
with higher accuracy and precision for the structural
and functional information about processes at the
biomolecular, cellular, tissue and organ level that are
afforded by miMR and pMR require a special atten-
tion focused on these emergent methods. The intro-
duction, use and development of these imaging mo-
dalities in biotechnological and biomedical research
and applications are becoming necessary for staying
competitive worldwide. In a few years, the standard
requirements for the study, validation and approval of
new drugs will include the use of information from
novel imaging modalities.

However, researches using pMR and miMR, ne-
cessarily imply access to powerful MR facilities. Still,
the identification of scientifically important questions
and potential applications in biotechnology and the
biopharmaceutical industry, as well as prior training
and education of scientists and their staff with a mul-
tidisciplinary approach are also required, including
steps with previuos time and organizational capacity.

Obtaining new developments in MR hardware, its
devices, and contrast mechanisms is imminent in the
use of animal models, higher spatial and/or temporal
resolutions and diminished image acquisition times,
consequently in higher productivity, specificity, relia-
bility and impact on research. A particular effort must
be focused on the development of tools to carry out
for the effectiveness of the results from animal mo-
dels into the clinical setting.
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