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ABSTRACT: Manganese ion (Mn>") is an essential metal that participates as a cofactor in a number of critical biological
functions, such as electron transport, detoxification of free radicals and synthesis of neurotransmitters. Mn>" can enter
excitable cells using some of the same transport systems as Ca>* and it can bind to a number of intracellular sites because it
has high affinity for Ca”" and Mg>" binding sites on proteins and nucleic acids. Paramagnetic forms of manganese ions are
potent MRI relaxation agents. Indeed, Mn>" was the first contrast agent proposed for use in MRI. Recently, there has been
renewed interest in combining the strong MRI relaxation effects of Mn>* with its unique biology, in order to further expand
the already broad assortment of useful information that can be measured by MRI. Such an approach has been continuously
developed in the past several years to provide unique tissue contrast, to assess tissue viability, to act as a surrogate marker of
calcium influx into cells and to trace neuronal connections. This special issue of NMR in Biomedicine on manganese-
enhanced MRI (MEMRI) is aimed at providing the readers of this journal with an extensive review of some of the most
prominent applications of MEMRI in biological systems. Written by several of the leaders in the field, the reviews and
original research articles featured in this special issue are likely to offer an exciting and inspiring view of the broad range of
applications of MEMRI. Copyright © 2004 John Wiley & Sons, Ltd.
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BRIEF HISTORY OF MANGANESE
AND MAGNETIC RESONANCE

Divalent manganese ion (Mn”") has played an important
role in the history of magnetic resonance. In nearly every
case, the principles used in a range of early experiments
that relied on Mn”" still rule in present day biological
NMR and MRI. Very early after the first successful liquid
phase NMR experiments, it became clear that NMR
spectral properties were extremely sensitive to exchange
processes that could not be measured using other techni-
ques.' Elegant experiments that measured the rate of
water exchange from the first coordination sphere of
paramagnetic ions used Mn*" among other ions.” The
basis of these experiments was the modulation of the 7,
relaxation of water that occurred due to the unpaired
electrons on Mn?" by the exchange rate of water into and
out of the first coordination sphere of Mn”". These early
experiments laid much of the foundation for present
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thinking about the effects of water exchange that guides
the design more effective MRI contrast agents.’

As magnetic resonance moved from a major chemistry
tool to one that could begin to impact biological sciences,
once again Mn”" played a critical role. In some of the
earliest experiments that enabled quantitative structural
information to be obtained from biological molecules, the
paramagnetic relaxation enhancement effect of Mn”"
binding to nucleic acids or to proteins and their substrates
was used to begin to study macromolecular structure with
NMR.*? Such enhancement effect was induced by strong
dipole—dipole interactions between paramagnetic Mn>"
and the specific NMR detectable atom of interest in the
biomolecule. The use of dipole—dipole interactions to
gauge distances is one of the foundations for present day
determination of protein structure by NMR.°

The ability of Mn?" to alter water relaxation properties
and have exchange influence relaxation times was used to
make some of the most unambiguous and quantitative
measurements of water exchange through the membrane
of an intact cell, the erythrocyte.” Mn”*" was added to
the extracellular space to alter the 7, of water outside
cells with respect to water inside cells, enabling exchange
rates to be calculated from 7, measurements. Today, this
thinking is being used in MRI experiments designed to
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measure water exchange between different compartments
in tissues in vivo with MRI and a variety of relaxation
agents.® A final example is that binding of Mn*" to
particular biological molecules has enabled NMR detec-
tion of specific compartmentalization of molecules in
biological structures, allowing, for example, the study of
phospholipid asymmetry in membranes’ and the com-
partmentalization of phosphates in yeast.'® In all of these
cases, the indirect detection of the presence of Mn*" via
its relaxation effects on NMR signals yielded useful new
insights.

The impact of Mn”" as a contrast agent can be found at
the earliest stage of MRI. In 1973, Paul Lauterbur
published the seminal paper entitled, ‘Image formation
by induced local interactions: examples employing nu-
clear magnetic resonance’.'' This paper laid down the
basic strategy that has evolved into modern MRI. The
notion to image water distribution at first seemed to be
limited, because water density only varies by a small
degree in biological tissues. However, there was some
evidence already that the magnetic resonance relaxation
times of water were different in different tissues, and that
those might be altered by pathology.12 To demonstrate
that relaxation times could affect the intensity of his
zeugmatographs, Lauterbur used a paramagnetic ion to
alter the longitudinal relaxation time of water.'" Thus,
Lauterbur demonstrated not only the feasibility of MRI,
but also a strategy to alter contrast with exogenous
agents. The agent he chose was MnSO, thus, the
manganese ion was the first MRI contrast agent and
many of the issues associated with relaxation in complex
biological media were worked out, inspired by under-
standing relaxation effects of Mn®" in blood and
tissue.' >

Problems with toxicity slowed the development of
Mn? " as a useful MRI contrast agent.'> However, inter-
est in Mn*" in MRI has been sustained for three reasons.
First, because manganese exposure is toxic and causes
neurological deficits there is an active literature using
MRI to localize sites of accumulation of Mn®" in the
brain.'®!” The second reason for continued interest in
Mn*" in MRI is due to the development of an FDA
approved, chelated Mn®" contrast agent, manganese
dipyridoxaldiphosphate (MnDPDP) for application to
liver and other organs.'® The Mn”>" is released from
this chelate due to trans-metallation with zinc and some
of the contrast detected in liver, pancreas, and heart is
probably due to enhancement from the released Mn>"
opening up interesting possibilities for using MnDPDP as
a ‘slow release’ agent of Mn?". The third reason is the
renewed interest in using the biological properties of
Mn** to guide new types of MEMRI experiments. Indeed
it is this third area that is the major focus of this special
issue. Figure 1 plots the number of references that were
found on a PUBMED literature search using ‘manganese’
and ‘MRI as keywords. This search is not inclusive of all
publications, yet it clearly demonstrates a continuing and
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Figure 1. Cumulative number of published articles related
to Mn?* and MRI. The data was obtained by performing
a search on the PUBMED database using the keywords
‘manganese’ and ‘magnetic resonance imaging’. Search
performed on 6 October 2004

growing interest in the possibilities of MRI enhancement
with Mn*", indicating that this is a good time for a special
issue on MEMRI!

OVERVIEW OF THE SPECIAL ISSUE

This special issue of NMR in Biomedicine on manganese-
enhanced MRI (MEMRI) is due to a recent resurgence of
interest in the use of Mn>" as an MRI contrast agent. The
search for strategies to get more detailed physiological,
biochemical and molecular biological information from
MRI has helped motivate this interest. This along with the
rise in importance of animal imaging to enable the easy
exploration of the possibilities of a broad range of
contrast strategies is fueling the rise of molecular
imaging in the radiological imaging community. Mn*"
is an essential heavy metal playing a key role as cofactor
in a number of important enzymes such as manganese
superoxide dismutase and glutamine synthetase.19’20 A
rich biology has evolved to absorb and transport Mn?™,
much of which is just beginning to be understood at a
molecular level. To date three uses of MnCl, for MEMRI
have been developed. As a tissue contrast agent after
systemic administration, as a surrogate marker for cal-
cium influx and as a non-invasive neuronal track tracer.
The purpose of this special issue is to provide a broad
review of some of these most prominent applications of
MEMRI in biological systems. The issue is composed of
seven review papers, and two original research articles.
Written by several of the leaders in the field, these
reviews and original research were organized to present
a clear and systematic explanation of the development,
approaches, issues and applications associated with
MEMRI as a tool to characterize biological systems.
One of the first questions that come to mind when one
decides to learn and apply MEMRI in his/her own
research is ‘How to do it?” Silva et al. review a number
of issues associated with optimization of MEMRI. The
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ever increasing sensitivity and stability of MRI systems
has been of fundamental help in the detection of relaxa-
tion effects of Mn® " in organs. Significant attention needs
to be given to the route and dose of administration, which
vary with the major experimental goal of the study.

A major drawback to the use of Mn>" as a contrast
agent is its cellular toxicity, and thus a critical issue for
the development of MEMRI for use in humans is to use as
low a dose as possible. Mn>" is an essential heavy metal
and we require a daily intake. However, it is well known
that chronic exposure to manganese leads to a neurolo-
gical disorder resembling Parkinson’s disease. Indeed,
toxic effects in animals discouraged the early develop-
ment of Mn>" as an MRI contrast agent.15 Crossgrove
and Zhang write a timely essay on the toxicology of
Mn”" upon overexposure.

There have been three major classes of applications of
MEMRI reported in the past several years. One exciting
application of MEMRI is to use Mn?" as a contrast agent
to better define tissue architecture. Owing to the toxic
effects of manganese there have been many MRI studies
of brain that have used relaxation changes to monitor the
distribution of Mn*" in the animal and human brain after
acute and chronic administration.'®'” Such work has
demonstrated the potential of Mn®" to give detailed
views of brain structures. Rather than use MRI to follow
distribution of Mn*" after systemic administration, recent
work has demonstrated that detailed cytoarchitecture can
be obtained from the rodent brain, not only to identify
specific regions of the brain, such as amygdala, but also
contrast can be achieved that enables detection of neuro-
nal cell layers in olfactory bulb, hippocampus, cerebel-
lum and cortex.?' ™ Watanabe ef al. contribute a paper
reviewing their recent work in using MEMRI to visualize
neuronal architecture in the rodent brain, with particular
emphasis on the morphology and dynamics of Mn?**-
induced MRI signal enhancements, as well as on the
physiological mechanisms underlying cerebral Mn*"
uptake and distribution.

A second major class of applications of MEMRI takes
advantage of Mn®" as a biological calcium analog to
study increases in local brain or cardiac function. Func-
tional increases in calcium influx in either the brain or the
heart lead to a concomitant increase in the local concen-
tration of Mn®" that leads to specific MRI signal en-
hancement in the area of activation, thus providing a
functional MRI method able to map tissue activation
in vivo independently of the surrogate hemodynamic
changes. When the ability of Mn®" to accumulate in
active regions of the brain was first demonstrated it was
referred to as activity-induced manganese-enhanced MRI
(AIM-MRI).** Work in heart since the earliest days of
development of MEMRI indicates than changes in Mn? "
influx in cardiac tissue may be an excellent marker of cell
viability and ionotropic state of the heart.*>2° Aoki e al.
describe recent experiments to use AIM MRI to map
functional neuronal activity in the rodent brain and

Copyright © 2004 John Wiley & Sons, Ltd.

Michael Wendland reviews his group’s efforts to develop
MnCl, and MnDPDP as markers of cell viability during
ischemia, giving particular emphasis to the hypothesis
that Mn>" uptake can be interpreted in terms of cardiac
function.

A third class of experiments performed with MEMRI
exploits the fact that once inside cells in a specific brain
region, Mn>" will move along appropriate neuronal
pathways in an anterograde direction. This property of
Mn*" was used by Pautler er al. to develop an MRI
approach to trace neuronal projections.*® Such MEMRI
based tracing of neuronal tracts in vivo has constituted an
exciting application of Mn®" in MRI, and two contribu-
tions demonstrate the potential of this approach. One by
Robia Pautler details some of the current MEMRI tract-
tracing methodologies and major biological applications
of MEMRI tract-tracing. The other contribution, by Van
der Linden et al., describes the elegant MEMRI experi-
ments her group has performed to map the connections of
the song centers of songbirds, and to monitor and study
the seasonal plasticity of these regions.

Two original research articles close this special issue of
NMR in Biomedicine. The first of these articles, by
Wadghiri et al. presents data on the use of MEMRI to
study early brain development (postnatal days 2—15) of
genetically-modified mice, with emphasis on patterning
of the mouse cerebellum. The second research article, by
Hu et al., addresses the use of MEMRI as a tool to study
the myocardium in a mouse model of permanent occlu-
sion of the coronary artery.

CONCLUSION

Manganese has always played an important role in
magnetic resonance, with early applications in chemistry
that laid the foundation for extensions to biological
systems. Presently there are three major ways to produc-
tively use MEMRI with MnCl,. First, simple systemic
administration of Mn®" leads to interesting and useful
anatomical MRI contrast. The accumulation of Mn?" is
enabling analysis of anatomical structures by MRI that
would otherwise be difficult to detect. The biological
basis for the movement of Mn" into tissues and its final
distribution needs to be more fully determined and this
may lead to opportunities for new imaging strategies.
Second, one well established way for Mn”" to enter cells
is on voltage-gated calcium channels. This has enabled
work with AIM-MRI to probe activity in brain and heart
and the general strategy should be useful for a number of
other tissues. Further work needs to be performed to
clarify exactly which channels Mn*" can move through to
enable AIM-MRI to become a quantitative surrogate of
calcium influx. There are no widely used noninvasive
imaging techniques that monitor the influx of this
important second messenger and therefore, there are
many opportunities to study the quantitative control of
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Ca®>" influx in intact functioning tissues. Third is the
ability of MEMRI to trace neuronal connections, which
is opening up numerous possibilities for non-invasively
imaging of functionally specific neural networks. This
should enable changes in the brain of an individual animal
to be studied before and after a broad range of perturba-
tions such as learning, plasticity, injury and repair. The
combination of the ability to control the accumulation of
Mn?" in one region of the brain based on activity and then
image the connections from that area should open novel
strategies to study functional connectivity in the brain
with MEMRIL*!

A major challenge for the further development of
MEMRI is to increase detection sensitivity, so that lower
doses of Mn”" can be used. Presently the doses used in
animals are higher than what can be used in humans.
Most of the intensity changes being used in MEMRI
experiments are on the order of 50-100%. Functional
MRI experiments, so widely used to map activity in the
brain, routinely rely on 2-5% changes in MRI intensities.
Increasing sensitivity to Mn>" to this level will make the
broad range of information available from MEMRI in
animal models available to help diagnosis, stage, and
determine treatment efficacy for human disease. In the
meantime the articles presented here clearly demonstrate
the growing range of exciting biology that is now acces-
sible to MRI due to MEMRI.
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