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The metal manganese is a potent magnetic resonance im-
aging (MRI) contrast agent that is essential in cell biology.
Manganese-enhancedmagnetic resonance imaging(MEMRI)
is providing unique information in an ever-growing number
of applications aimed at understanding the anatomy, the inte-
gration, and the functionof neural circuits both innormalbrain
physiology as well as in translational models of brain disease.
A major drawback to the use of manganese as a contrast
agent, however, is its cellular toxicity. Therefore, paramount
to the successful applicationofMEMRI is the ability todeliver
Mn21 to the site of interest using as low a dose as possible
while preserving detectability by MRI. In the present work,
the different approaches to MEMRI in translational neuroi-
maging are reviewed and challenges for future identified
from a practical standpoint.
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Introduction

The ability of magnetic resonance imaging (MRI) to pro-
vide high spatial resolution images with exquisite soft tis-
sue contrast noninvasively has led to great efforts in the
development of contrast agents that add physiological,
biochemical, and molecular information to the detailed
anatomical information provided already available.1 A
particularly useful contrast agent for imaging the brain
is the metal manganese, in the form of its divalent ion,

Mn2þ, which is paramagnetic and causes strong reduc-
tion of both T1 and T2 relaxation time constants of
tissue water. Manganese is an essential heavy metal
that is an important cofactor in a number of key
enzymes, including manganese superoxide dismutase,2,3

pyruvate carboxylase,4 and glutamine synthetase.5

Indeed, complex mechanisms of nutritional absorption,
transport in blood, and brain uptake are in place to
maintain levels of manganese at physiologically stable
levels,6–8 and many of those mechanisms are just
beginning to be understood at a molecular level.6,8,9 In
the central nervous system (CNS), Mn2þ can enter
excitable cells via some of the transport mechanisms
for calcium (Ca2þ),6 including voltage-gated Ca2þ

channels, the sodium (Naþ)/Ca2þ exchanger, the Naþ/
magnesium (Mg2þ) antiporter, and the active Ca2þ

uniporter in mitochondria.10 In addition, Mn2þ can
bind intracellularly due to its affinity for Ca2þ and
Mg2þ binding sites on proteins and nucleic acids.
Once inside cells, some Mn2þ is transported anterog-
radely in axonal tracts.11,12 Upon reaching the presyn-
aptic membrane, it is released into the synaptic cleft
along with the neurotransmitter glutamate,13 suggesting
that Mn2þ may influence synaptic transmission in the
brain.14

Taken together, the above mentioned properties of
manganese make it a particularly attractive contrast
agent for MRI of the brain, and 3 major classes of appli-
cations of manganese-enhanced magnetic resonance im-
aging (MEMRI) have materialized:15–18 First, systemic
administration of Mn2þ has opened up new MRI-based
strategies for enhancement of the cerebral neuroarchitec-
ture, leading to unique MRI enhancement in specific
areas of the brain.19–26 Second, Mn2þ will move along
appropriate neuronal pathways in an anterograde fash-
ion when injected to specific brain regions, allowing
MEMRI to map neuronal tracts in the living brain.27–38

Third, due to the ability of Mn2þ to enter excitable
cells through voltage-gated calcium channels, MEMRI
can be used to demarcate active regions of the brain,
providing an attractive means to probe cerebral func-
tion with a hemodynamic-independent contrast.39–47

Work in these 3 areas has lead to an emergence of
MEMRI to study translational models of cerebral disease
based on the unique properties of Mn2þ as a contrast
agent.
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Administration of MnCl2 for MEMRI: How Much is Too
Much?

Key to the successful application ofMEMRI for the ma-
jor classes of experiments mentioned above is the ability
to deliver Mn2þ to the site of interest at an appropriate
dose and in a timely manner. However, while Mn2þ in
trace amounts is an essential ion for normal develop-
ment and cellular function, overexposure to the metal
leads to a progressive and permanent neurodegenerative
disorder in humans and nonhuman primates called
manganism, which resembles Parkinsonism in its symp-
toms.48,49 Patients develop signs that include general-
ized bradykinesia, widespread rigidity, and occasional
resting tremor that are related to damage to the basal
ganglia caused by substantial regional accumulation
of manganese.48 In addition to the deleterious effects
of chronic overexposure, acute overexposure to Mn2þ

(as when a systemic dose of the contrast agent is admin-
istered) can also lead to hepatic failure50 and cardiac
toxicity.51 Nevertheless, because magnetic resonance re-
laxation rates are proportional to the effective concen-
tration of Mn2þ in tissue, significant amounts of Mn2þ

are required to produce robust and detectable MRI con-
trast. This means that a compromise exists between
avoiding toxicity and delivering adequate amounts of
manganese for MEMRI.

For systemic injections targeting the whole brain, the
simplest way to deliver Mn2þ is to inject a solution of the
salt MnCl2 intravenously, intraperitoneally, or subcuta-
neously. The solution can be made in distilled water but
should be buffered to a biological pH and corrected for
osmolarity.52 There has been little work studying whether
different salts of Mn2þ significantly alter the detected
contrast, although any salt that readily produces free
Mn2þ in biologically compatible solutions should be ad-
equate. One study investigated the relativeMRI enhance-
ment obtained with different routes of administration
and concluded that both the temporal and regional
changes in cerebral T1 following MnCl2 infusion are rel-
atively independent of the route of administration.53 The
material safety data sheet for MnCl2 shows that doses as
low as 93 mg/kg for rats or 38 mg/kg for mice have sig-
nificant adverse effects and mortality rates.52 However,
currentMEMRI experiments have been safely performed
at similar doses, or even higher, with good results and
manageable adverse effects. When using systemic admin-
istration, we have been able to reliably infuse as much as
175 mg/kg intravenously in healthy rats up to 250 g body
weight,22 and in mice up to 25 g body weight.54 On the
other hand, it is unlikely that animal models of brain dis-
eases will tolerate such a dose. In addition, such high
doses are not advisable for longitudinal studies in which
repeated injections and imaging sessions are required.
Furthermore, it is unlikely that the above doses scale
across different species. Therefore, optimization of the

dose of manganese to be administered needs to be care-
fully performed prior to carrying out fully fledged stud-
ies.
Recently, we devised a methodology that consists of

administering small fractionated injections of manga-
nese over time to build detectable doses in the brain
while lessening the effects of acute exposure to other
organs.24 Our methodology is based on the long half-
life of manganese in the brain (51–74 days)55 relative
to its short half-life in visceral organs like the heart
and the liver. Based on a toxicology study that reported
a good tolerance in rats to daily systemic injections of 30
mg/kg MnCl2,

56 we demonstrated significant enhance-
ment followed by saturation of the MEMRI signal in
most regions of the brain, except the cortex, after 6 frac-
tionated doses of 30 mg/kg administered every 48 h
(figure 1).24 This fractionation method was well toler-
ated by the rats even after 12 injections.24 We also
showed that signal enhancement increased with the
dose of the individual fractions and concluded that
the amount of manganese that ultimately accumulates
in the brain parenchyma depends on the concentration
gradient of manganese between the blood and the brain
tissue.24 Higher fractional doses deliver more manga-
nese to tissue at each application, but the accumulation
of manganese in the parenchyma with each dose reduces
the driving gradient, causing eventual saturation of sig-
nal enhancement. Because systemic toxic effects become
worse at higher fraction doses of manganese, researchers
planning MEMRI studies should first find the highest
fraction dose that the animals will tolerate health-wise
and then determine the number of fractionated injec-
tions needed to fully enhance the signal.
The issue of toxicity is less severe in MEMRI experi-

ments that use local injections of MnCl2 in the brain be-
cause there is little exposure to Mn2þ outside of the
injection site and immediately adjacent areas. A range
of studies have used direct injections of small volumes
(10–1000 nl) of MnCl2 in different concentrations (5
mM–2.48 M) to trace neuronal connections in the brain
of rodents,27–29 birds,30 monkeys,31,36 and the minipig.57

However, the local toxicity of the injections may still need
to be considered, depending on the application. A recent
study tracing sensorimotor connections in the rat brain
reported that acute injections of 100 mM MnCl2 solu-
tions in brain parenchyma cause glial reaction for man-
ganese loads above 8 nmol and neuronal cell death for
loads at or above 16 nmol.38 Notwithstanding, the
same study demonstrated that much larger amounts of
Mn2þ could be delivered into brain tissue with negligible
toxic effects by continuous infusion of low concentra-
tions of MnCl2, suggesting that under such conditions
Mn2þ is continuously transported away from the injec-
tion site by neurons and detoxified by glial cells, both fac-
tors contributing to prevent the tissue concentration to
reach the toxic threshold.38
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MEMRI of the Neuroarchitecture

Unlike chelated gadolinium contrast agents, which re-
main in the cerebral vasculature, the MRI contrast
obtained after a systemic administration of MnCl2 comes
from the brain tissue itself. Since Mn2þ enhances brain
regions according to their propensity to uptake the metal,
it has been very useful for visualizing the brain architec-
ture. Indeed, recent works in rodents,19–23,25,54, 58 non-
human primates,26 and insects59 have demonstrated the
usefulness of manganese to provide cytoarchitetonic
contrast of the brain. For example, figure 2A showsahor-
izontal viewof a rat brain 24hafter a systemic intravenous
injectionof 180mg/kgMnCl2.A superb contrast enhance-
ment of the brain cytoarchitecturewas obtaineddue to the
increased presence of Mn2þ in regions such as hippocam-
pus (Hip), habenula (Hab), colliculi (Col), cerebellum
(CEB), and olfactory bulb (OB). This pattern of contrast
enhancement can be obtained over a wide range of sys-
temic doses,54 with regions of the brain which lack
a blood-brain barrier (BBB), such as the pituitary gland
(Pit) and the pineal gland (Pi) showing strong enhance-
ment at doses as small as 9 mg/kg, and regions of intact
BBB, such as the Hip, CEB, and cortex showing a dose-

dependent increase in contrast enhancement. Indeed,
there is even MEMRI contrast variation in the cortical
laminae, the highest signal intensity coinciding with the
histological locations of mid-layer II and the transition
zone from mid-layers IV to V.25 Such detailed contrast
canevenbeused tocharacterizemutantmice; laminarcon-
trast is not present in the reeler mutant mouse,25 which is
known to have a disorganized cortical structure, but is en-
hanced in the bassoonmutantmouse,60 which is known to
have increased cortical volume and thickness. However,
these finer details of the neuroarchitecture, as shown in
figure 2A (arrows), can only be detected with high-resolu-
tion MRI at higher doses such as 90 or 180 mg/kg.22,25,54

Thepattern of signal enhancement in the brain following
administration of manganese originates in the ventricles
and moves to periventricular regions prior to reaching
more distant regions of the brain parenchyma,22,26,54 sug-
gesting that, at thedosesused inMEMRI,Mn2þ crosses the
blood-CSF barrier via the choroid plexus. This is in close
agreement with observations of a faster transport system
for Mn2þ into brain via the choroid plexus, which is
100 times faster than via the blood-brain barrier.61,62 In
addition, the pattern of regional enhancement is also re-
lated to the developmental age of the CNS.63,64

Fig. 1. Effect of increasing numbers of fractions of MnCl2 on the signal intensity in MEMRI of the rat brain. The top row shows typical
horizontal slices from 3D T1-weighted images of a rat at increasing cumulative doses of 30 mg/kg MnCl2 delivered systemically at 48-h
intervals between doses. The bottom graph shows the signal magnitude from each brain region normalized to the signal intensity in the
temporalismuscle (errorbars561SD,n54).Progressive signal enhancement isobserved inmost regionsof thebrain, except thecortex,with
the number of fractions, up to 6 fractions, after which saturation of the MEMRI signal intensity is reached. Open data points denote
significantly higher signal intensity in manganese-injected rats compared with controls (P < .05).
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Not all species will show the same pattern of regional
brain enhancement due to manganese. We recently deter-
mined that the pattern of enhancement in the brain of
a new-world nonhuman primate, the marmoset (Calli-
thrix jacchus), is significantly different than the rodent
pattern of enhancement.26 Figure 2B shows a typical hor-
izontal view of the marmoset brain after 4 intravenous
injections of 30 mg/kg MnCl2. Not only is there greater
signal enhancement in the marmoset brain compared
with enhancement in the rat brain after the same manga-
nese administration regimen (see Figs. 1–3 and Table 1 in
Bock et al.),26 but also the pattern of enhancement is sig-
nificantly different from the rat. This is in spite of both
species showing the same longitudinal relaxivity for man-
ganese in the brain, which suggests marmosets have
a higher brain uptake of manganese from the blood-
stream or that the hepatobiliary clearance of manganese
from the bloodstream is slower in marmosets so that
more manganese is ultimately available for uptake. In ad-
dition to showing contrast enhancement in the same
brain regions that showed significant enhancement in
the rat, the marmoset presents additional enhancement
in the basal ganglia, such as the striatum (Str), and
also in the thalamus and the visual cortex (V1)—regions
that do not enhance significantly in the rat with the same
fractionation regimen. Interestingly, 3 of the marmoset

brain regions that showed significantly greater manga-
nese enhancement relative to the rat are located next
to large volumes of CSF. The primate visual cortex is ad-
jacent to the posterior horn of the lateral ventricle. In the
rat, the posterior horn does not extend to this structure.
As well, the caudate of the striatum in the marmoset
forms the lateral wall of the anterior horn and body of
the lateral ventricle, while the thalamus is bathed anteri-
orly by the third ventricle. While the same is true in the
rat, the CSF space is much smaller than in the marmoset,
suggesting that the stronger manganese uptake in the
marmoset brain is because of the geometry of the lateral
ventricles and third ventricle.
The finding that the marmoset shows significant en-

hancement of the basal ganglia is consistent with similar
patterns of T1-weighted MRI enhancement in human
patients suffering of chronic overexposure to manga-
nese.65 The marmoset also presented strong enhancement
in the DG and CA3 subregions of the hippocampus and
in the visual cortex, which are regions that could also be
involved in manganese-induced neurotoxicity, because
not all the neurological symptoms of manganism in
humans are explained by damage to the basal ganglia.9

MEMRI of Neuronal Tracts

The fact that Mn2þ moves along established neuronal
pathways is a very useful property for MEMRI applica-
tions. The first MEMRI neuronal tracing studies were in
the mouse olfactory and visual pathway.27 In the olfac-
tory pathway, MRI enhancement is seen following top-
ical injection ofMnCl2 in the nostrils that moves from the
turbinates to the olfactory bulb and out of the bulb to the
primary olfactory cortex, indicating that Mn2þ crosses
synapses in addition to being transported along neurons.
In the eye, after intravitreal injections of the manganese
solution, MRI enhancement moves down the optic nerve
and then into the brain, where enhancement of the optical
tract and superior colliculus can be detected.27 Similar
results have been obtained in the rat28,66,67 and in mac-
aques.36 While the earlier studies did not provide evi-
dence of transsynaptic transport in the visual
system,27,28 the more recent results indicate that the
transport of Mn2þ in the visual pathway is able to cross
synapses and reach the contralateral visual cortex.36,66,67

As well, MEMRI following direct injections of MnCl2 in
several regions of the brain has been unanimously suc-
cessful in detecting transport over multiple synapses in
neuronal pathways in several species.30–33,38,68,69

One of the most exciting applications of MEMRI of
neuronal tracts has been in the study of the changes in
size and connectivity of different brain regions due to
complex brain processes associated with learning and
plasticity. For example, in songbirds, manganese can
be used to trace the neuronal tracts connecting the differ-
ent song control nuclei.30,70 Figure 3 shows a schematic

Fig. 2. Typical horizontal T1-weighted MEMRI of a rat (A) and
a marmoset (B) obtained 48 h after systemic administration of
MnCl2. The rat received a single 180 mg/kg MnCl2 injection, while
the marmoset received 4 fractionated injections of 30mg/kgMnCl2
in 48-h intervals. Excellent cytoarchitectonic contrast due to the
presence of Mn2þ in regions such as the hippocampus (Hip),
habenula (Hab), colliculus (Col), cerebellum (CEB), and olfactory
bulb (OB).Thehighdoseof administration in the rat allowsMn2þ to
reveal layers in theOBand in the cortex of the rat (panelA, arrows).
In the marmoset (panel B), strong enhancement is observed in the
striatum (Str), which is consistent with similar patterns of T1-
weighted MRI enhancement in human patients after chronic
overexposure to manganese. Strong enhancement occurs in the
primate visual cortex (panel B, V1) that is not observed in the rat.
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overview of the adult songbird brain showing the song
control nuclei and their connections in the telencephalon.
Two major neuronal pathways exist, originating from
distinct cell populations within the high vocal center
(HVC), that project to area X or to the nucleus robustus
archistriatalis (RA). MEMRI obtained 6 h following in-
jection of 200 nl of an 80-mM solution of MnCl2 into the
HVC clearly shows theHVC, areaX, and areaRA (figure
3).30 Using MEMRI, significant seasonal differences in
the volume, amount of Mn2þ uptake, and rate of trans-
port in the song control nuclei betweenmales and females
were observed.30 In addition, changes in the song control
nuclei in response to exposure to conspecific songs (figure
3),33 to steroid treatment,34 or to seasonal changes in
song output71 shows that both functional and morpho-
logical changes in the brain associated with behavior
can be followed longitudinally with MEMRI.

MEMRI of Cerebral Function

A promising use of MEMRI is to map functional brain
activity. This is possible because one of the major means
of entry of Mn2þ into cells is through voltage-gated cal-

cium channels,72–74 meaning it can accumulate in excit-
able cells such as neurons and astrocytes in an activity-
dependent manner. Indeed, brain activity in rodents
has been successfully probed withMEMRI.39–42,45,46,75,76

In these studies,MnCl2 was infused into the bloodstream,
while the brain was stimulated pharmacologically or
with a sensory stimulation paradigm. Local increased
brain activity led to an increased Mn2þ influx and thus
to increased contrast on T1-weighted MRI. Functional
maps produced with MEMRI have the advantage of
being based on calcium influx, rather than on cerebral
hemodynamics. Therefore, they show better spatial
localization than functional maps produced by conven-
tional fMRI methods.40 However, a significant problem
for detection of functional activation with MEMRI is
the fact that brain electrical activity is strongly dependent
on the anesthetic depth. Deep anesthesia significantly
suppresses activity, making it difficult to detect signal
changes. Light anesthesia, on the other hand, may
induce stimulus unrelated or spatially unspecific activa-
tion. In order to control for the anesthetic depth, a dy-
namic MEMRI technique was proposed to reduce
nonspecific signals associated with light anesthesia.41

Fig. 3. Schematic overviewof the adult songbird brain showing the song control nuclei (SCN) and their connections in the telencephalon (top
row, left panel). The black arrows represent the anterior forebrain pathway, which originates from the high vocal center (HVC) to area X,
while the gray arrows represent the motor pathway, which originates in distinct cell populations within the HVC that project to the nucleus
robustus archistriatalis (RA). Sagittal in vivo MEMRI of a male starling brain obtained 6 h after MnCl2 injection into the HVC (top row,
middlepanel).The injectionarea is indicatedby the grayarrow in the left panel andby the enhanced superficial areaon theMEMRI.The lines
indicate the different planesof imaging labeled (1), (2), and (3),whichare displayedon the right panel in the top rowandon the left andmiddle
panels of thebottomrow, respectively.Theareas enhancedbyMn2þare indicated in theMEMRI images.AdaptedwithpermissionofA.Van
derLinden et al.30 Bottom row, right panel: Changes in theMEMRI relative signal intensitywithin the 2 song control nuclei (RAand areaX)
are plotted as a functionof time and fitted bynonlinear regression to a sigmoid curve todescribe the kinetics ofMn2þ accumulation in theRA
(topgraph) and inareaX (bottomgraph) and reflects the activityof the respectiveHVCneuron type.A faster uptakeofMn2þwasobserved in
both areas when the canary was allowed to listen to conspecific canary songs (COSþ) while in the magnet relative to the control situation,
without song stimulation (COS�). Adapted with permission of Tindemans et al.33
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This technique relies on acquisition of a baseline ‘‘rest-
ing’’ activity signal during infusion of Mn2þ, but before
presentation of the stimulus, to probe for quiescent rates
of Mn2þ enhancement unrelated to the intended stimulus
paradigm.41

In order to get sufficient accumulation of Mn2þ in the
active regions of the cerebral cortex, it is necessary to
open the BBB. This is because the cortex is located re-
motely from the major ventricular bodies in the brain,
where transport of manganese is highest, as mentioned
above. Disruption of the BBB is usually done with
a highly concentrated (;25%) solution of D-mannitol,
a hypertonic agent that causes temporary and reversible
breakage77 (for example, see figure 4). After BBB disrup-
tion and upon brain stimulation, Mn2þ accumulates in
active regions on a short time scale (minutes), but like
in the case of systemic administration, once accumulated
it does not leave the regions for several hours. The differ-
ence in Mn2þ influx and efflux rates offers the advantage
of allowing Mn2þ to be delivered outside the MRI, while
the animal is being stimulated or behaving in complex
environments.39 A disadvantage, however, is that rapid
changes in activity, and in particular, deactivation, can-
not readily be followed with MEMRI. While the BBB
imposes a significant limitation to the delivery of
Mn2þ to the cortex, regions of the brain situated adjacent
to the main ventricles can be studied without the need to
disrupt the BBB. This is the case of the hypothalamus, an
endocrine organ in the CNS that is responsible, along
with the Pit, for regulation of several aspects of the energy
homeostasis system, such as appetite and maintenance of
stable osmotic pressure in blood vessels and other extra-
cellular compartments.43 Recently, a few functional stud-
ies in the hypothalamus have been successfully performed

in the rodent brain without the need to disrupt the
BBB.43,78–80 Finally, our studies in the marmoset have
shown that large accumulations of manganese can be
achieved in the nonhuman primate visual cortex, which
offers another opportunity for functional MEMRI with-
out breaking the BBB.26

MEMRI in Translational Models of Brain Disease

Because of the dependence of the rate of uptake of Mn2þ

on rates of intracellular calcium influx, Mn2þ serves as
a reliable marker of normal tissue function. Abnormal
brain function associated with pathological conditions
entail abnormal rates of Mn2þ uptake, which are amena-
ble to detection by MEMRI. Therefore, MEMRI is
increasingly utilized in translational models of brain dis-
ease. For example, MEMRI has been used to detect epi-
sodes of anoxic depolarization associated with stroke75,81

and cortical spreading depression.82 More recently,
MEMRI has been used to study the functional reorgani-
zation of the rodent cortex following unilateral occlusion
of the middle cerebral artery,83,84 providing significant
insights into the mechanisms underlying functional loss
and recovery after stroke. Other translational models
of brain disease, including Parkinson’s disease,85

Alzheimer’s disease,37,86 and epilepsy,87–90 are being in-
creasingly investigated with MEMRI. These studies are
largely based on quantification of the rate of Mn2þ up-
take as well as the relative intensity of MEMRI signal
enhancement as markers of the functional activity of
the specific brain regions involved in the disease model.
Manganese also has extensive applications in the study of
brain tumors,91,92 where the strong uptake of Mn2þ by

Fig. 4. (A)MEMRIofacute cocaine-inducedbrainactivation.Activationmapsare superimposedontoT2-weightedMRIwithcorresponding
ratbrainatlas sectionsshownontheright.Activatedvoxelsareclustered in thehemispherewiththeBBBdisruptedbyhyperosmolarmannitol.
The contralateral hemisphere had an intact BBB and did not show activation. Activated structures include olfactory cortex; medial, ventral,
and lateral orbital cortex; pre-limbic cortex; cingulate cortex; nucleus accumbens (NAc), caudate putamen; ventral pallidus; external globus
pallidus; agranular insular cortex; thalamus; hypothalamus; retrosplenial dysgranular cortex; hippocampus; and primary and secondary
somatosensory andmotor cortex. (B)AveragedMEMRIresponse time course in theNAc fromanimals receiving saline (n56) and0.5mg/kg
(n5 5) and 2.0mg/kg (n5 6) cocaine.All time courses were normalized to the baseline signal after bolus injection ofmannitol, but before the
injection of cocaine or saline. Adapted with permission of Lu et al.46
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the tumor is used to define tumor volume and aid in the
evaluation of therapeutic efforts.
Other applications of MEMRI in translational re-

search include its use to study spinal cord injury,93–95

in which the tract-tracing properties of manganese com-
bine well with its functional properties to allow assess-
ment of connectivity, direction and rate of transport,
as well as the functional improvement associated with
healing and therapy strategies.96–98 The same applies
to the study of translational models of cerebral
palsy,99–101 in which a hypoxic-ischemic lesion of the cor-
tex is created either in the pre- or the postnatal period.
Finally, translational functional models of chemical de-
pendency exist in which the functional brain response
to administration of cocaine46 (figure 4) or methamphet-
amine,102 and MEMRI detects changes in the functional
brain regions and in the neuronal pathways associated
with the psychostimulants.
All the above examples of the use of MEMRI in trans-

lational brain research point out to the usefulness and
versatility of the technique in probing the anatomical,
functional, and structural features of the most diverse
models of brain pathology, which can be used to define
and evaluate therapeutic strategies thatmay have a prom-
ising impact in the improvement of human health care.

Challenges for MEMRI

A few challenges stand ahead of taking full advantage of
all the benefits MEMRI has to offer. First and foremost,
in order for manganese to become a useful contrast agent
in radiology, neurology, and psychiatry, a method of
minimizing its neurotoxicity in humans must be discov-
ered. This requires using as low a dose as possible, which
limits the detectability by MRI, an inherently insensitive
imaging modality. In addition, further development of
manganese-based MRI contrast agents should be pur-
sued. There is currently one agent, Mn-dipyridoxyl-di-
phosphate (MnDPDP, or TeslascanTM, Mangafodipir,
manufactured by GE Healthcare), which is currently
used in human clinical imaging of the liver.103 Associated
with the use of as small amounts of Mn2þ as possible is
the need to develop and further refine MRI pulse sequen-
ces that are sensitive to very small changes in the water
relaxation rates.104 While the doses of Mn2þ presently
used in animals are too high for use in humans, subtle
features of the brain neuroarchitecture, such as cortical
layers, need even higher doses to produce adequate image
contrast for detection. Concomitant to improvements in
the sensitivity of MEMRI techniques, it is equally impor-
tant to develop new ways to administer MnCl2 directly to
the target organ of interest without having to go to other
vital organs, such as the heart, the liver, and the kidneys
during a systemic administration. For example, the use of
direct, intrathechal,105 or intraventricular106 administra-
tion ofMnCl2 is a feasible way to deliver large amounts of

MnCl2 to the brain without the complications of a large
systemic dose. As well, the use of a continuous infusion
via a cannula implanted directly in the region of interest
accomplishes efficient delivery of Mn2þ for tract-tracing
purposes.38

Second, further work is necessary to understand the bi-
ology and the dynamics of Mn2þ at all levels of the body.
It is essential to better understand the transport and life-
time of manganese in the bloodstream to maximize its
availability for uptake by the brain. The transport of
Mn2þ across the BBB and across the choroid plexus
needs further investigation, as this determines the final
contrast in the brain. It is equally important to under-
stand exactly how Mn2þ enters the cells to turn MEMRI
into a quantitative index of calcium influx.
Finally, as disruption in manganese homeostasis may

be itself related to a few specific brain disorders, such as
Parkinson’s disease107 or schizophrenia,108–111 careful
planning of the experiments to use MEMRI in transla-
tional models of such disorders are necessary to avoid
possible confounds that may complicate interpretation
of the results and misguide future research.
There is no doubt that the combination of the rich bi-

ology of Mn2þ and its properties as an MRI contrast
agent allowMEMRI to be a uniquely useful and versatile
technique in modern neuroimaging. Indeed, there are
presently 3 major ways to use MEMRI. First, simple sys-
temic administration of Mn2þ leads to detection of ana-
tomical structures that would otherwise be difficult to
reveal. Second, Mn2þ is stored and transported in axonal
tracts and is released in the synaptic clefts, becoming
available for uptake by the next neuron in a way that ena-
bles trans-synaptic tracing of neuronal pathways. Third,
the dynamics of Mn2þ entry into excitable cells in the
CNS is intrinsically linked to activity of voltage-gated
calcium channels, allowing MEMRI to map functional
brain regions. The combination of all the above proper-
ties leads to ample opportunities to use MEMRI for
studying translational models of brain disease. It is dif-
ficult to think of another neuroimaging technique with
such a broad range of applications and versatility.
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