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Experimental Protocol for Activation-Induced Manganese-
Enhanced MRI (AIM-MRI) Based on Quantitative
Determination of Mn Content in Rat Brain by Fast T,

Mapping

S. Tambalo,! A. Daducci,! S. Fiorini,! F. Boschi,' M. Mariani,2 M. Marinone,3

A. Sbarbati,! and P. Marzola'™

In activation-induced manganese-enhanced MRI (AIM-MRI) ex-
periments, differential accumulation of Mn in activated and
silent brain areas is generally assessed using T;-weighted im-
ages and quantified by the enhancement of signal intensity (Sl),
calculated with reference to Sl before Mn administration or to SI
of brain regions unaffected by the specific stimulus. However,
S| enhancement can be unreliable when animals are removed
from and reinserted into the magnet. We have developed an
experimental protocol based on repeated intraperitoneal (i.p.)
injections of Mn, quantitative determination of T, and coregis-
tration of images to a rat brain atlas that allows absolute quan-
tification of Mn concentration in selected brain areas. Results
showed that interanimal variability of postcontrast T; values
was very low (compared to the experimental error in T; deter-
minations) allowing detection of differential regional Mn uptake
in stimulated and unstimulated animals. In addition we have
determined in vivo relaxivity of Mn in brain tissue and its fre-
quency dependence. Magn Reson Med 62:1080-1084, 2009.
© 2009 Wiley-Liss, Inc.
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Manganese-enhanced MRI (MEMRI) is a relatively new
method for investigation of neuronal pathways, enhance-
ment of brain neuroarchitecture and functional MRI (fMRI)
in laboratory animals (1,2). On the basis of Mn ions’ ca-
pacity to enter excitable cells via voltage-gated calcium
channels, MRI protocols have been devised that enable
accumulation of Mn in active areas of the brain; this ap-
plication has been termed activation-induced MEMRI
(AIM-MRI) (1). Accumulation of Mn in specific brain areas
can easily be monitored by MRI thanks to its effect on
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longitudinal relaxation time. Compared to standard blood
oxygenation level dependent (BOLD) fMRI techniques,
AIM-MRI has several advantages: 1) higher sensitivity and
signal-to-noise ratio, which allows fMRI at high spatial
resolution and/or with mild sensory stimulation (2); 2)
unlike BOLD, AIM-MRI depends not on blood hemody-
namics but directly on neuron activity; 3) Mn accumula-
tion is visible in standard T,-weighted images that are
superior in terms of anatomical detail to T3-weighted im-
ages used in BOLD acquisitions.

AIM-MRI experiments encompass three steps: 1) a certain
amount of Mn ions needs to be delivered to the brain paren-
chyma; 2) the stimulus has to be applied; 3) differential
accumulation of Mn in activated brain regions needs to be
detected by T;-weighted MRI. The first step has been per-
formed using different modalities: intravenous (i.v.) injection
(with or without artificial opening of the blood-brain barrier
[BBB]), intracerebral, intraperitoneal (i.p.), or subcutaneous
injection. Most of the AIM-MRI experiments reported in the
literature have been performed after i.v. infusion of MnCl,
and artificial opening of the BBB (2,3). However, some recent
works have reported functional experiments performed after
i.v. administration without BBB opening, or i.p. administra-
tion (4,5). Kuo et al. (4) reported detection of hypothalamic
neuronal activity in vivo after i.v. administration of MnCl,
without compromise of the BBB. Yu et al. (5) demonstrated
that AIM-MRI can detect sound-evoked activity in awake
mice behaving normally after i.p. administration of MnCl,.
Lp. infusion appears particularly interesting because it can
be used to study functional response in awake animals, if
MRI is performed after the presumed activity has occurred
and is preceded by an i.p. injection of Mn (6).

Differential accumulation of Mn in activated and silent
brain areas is generally assessed using standard T;-
weighted images and quantified by the enhancement of the
signal intensity (SI), which is calculated with reference to
the SI before Mn administration or to the SI of brain
regions that are known to be unaffected by the specific
stimulus. However, SI enhancement can be unreliable
when animals are removed from and reinserted into the
magnet, as protocols on awake animals require, or when
nonactivated areas are not known a priori. Absolute deter-
mination of Mn concentration in specific brain areas ap-
pears to be a good alternative. Mn concentration can be
absolutely quantified by measuring the tissue longitudinal
relaxation time through the well-known correlation be-
tween the enhancement in the relaxation rate (AR;) and
Mn concentration (c): AR, = r;*c, r; being the longitudinal
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relaxation of Mn in the brain. In this study we imple-
mented an MRI protocol based on fast T, mapping and
coregistration to rat brain atlas, which made possible ab-
solute quantification of Mn concentration in different
brain regions. The aim of the study was to implement an
MRI protocol based on quantitative Mn determination, to
be used in AIM-MRI experiments.

MATERIALS AND METHODS

Animals and MRI Experiments

Manganese solutions were prepared by dissolving 5.34 g of
MnCl, (tetra hydrate; Sigma-Aldrich, Italy) in 100 ml of
bicine buffer (Sigma-Aldrich) to obtain a final Mn concen-
tration of 270 mM. These Mn solutions were administered
i.p. to animals at a dose of 0.2 mmol/kg body weight.
Twenty-eight male Sprague-Dawley rats (215 * 23 g; Har-
lan, Italy) were used, subdivided into two groups: the first
group of animals (N = 8) received three Mn injections at a
dose of 0.2 mmol/kg over a period of 7 days (day 1, day 4,
and day 7) and images were acquired on day 8; the second
group of animals (N = 10) received two Mn injections at a
dose of 0.2 mmol/kg over a 24-h period (day 1 and day 2)
and images were acquired on day 3. Eight animals were
used for the measurement of in vivo relaxivity. Two addi-
tional animals were used for determination of the fre-
quency dependence of relaxation rate enhancement. All
procedures were carried out following Italian regulations
governing animal welfare and protection.

MRI experiments were carried out using a Biospec Sys-
tem (Bruker, Germany) equipped with a 4.7T, 33-cm bore
horizontal magnet (Oxford, Ltd., UK), a 20-G/cm gradient
insert, and an HP Linux RHE3 computer. A 72-mm bird-
cage volume coil and the Bruker quadrature “rat brain”
coil were used for transmission and signal detection, re-
spectively. After induction of anesthesia, in a preanesthe-
sia box with a mixture of air and O, containing 5% of
isoflurane (Forane; Abbott spa, Italy), rats were placed
supine into the magnet and maintained with a mixture of
air and oxygen containing 2% to 2.5% of isoflurane. T;-
weighted three-dimensional (3D) gradient-recalled echo
(GRE) images were acquired to localize the olfactory bulb/
anterior cortex endpoint, which was later used as a refer-
ence to set transversal acquisitions. Transversal multislice
fast spin-echo T,-weighted images (rapid acquisition with
relaxation enhancement [RARE], TEq = 70 ms) were ac-
quired and used to coregister images to the rat brain atlas
(see Image Analysis section and Ref. 7). For T; measure-
ment of the brain, a segmented inversion-recovery fast
low-angle shot (IR-FLASH) sequence (8) was used, with
TR = 10 ms, TE = 3.6 ms, matrix size = 128 X 128,
field-of-view (FOV) = 3.5 X 3.5 cm?, slice thickness =
1 mm, o« = 5°, inversion pulse = 5 ms hyperbolic secant
(sech). The acquisition was divided into eight segments in
the k-space in order to acquire at least three images before
nulling of the signal (acquisition time = 160 ms per frame).
Starting from the olfactory bulb/anterior cortex endpoint,
25 transversal slices were acquired. Ex vivo measurements
of brain T; were performed at 37°C by using a Spinmaster
(Stelar, Pavia, Italy) and an Apollo Spectrometer (Tecmag,
Houston, TX, USA). The longitudinal spin-lattice relax-
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ation time T; was measured through a standard saturation-
recovery sequence.

Calibration of the T; Mapping Sequence and
Determination of In Vitro and In Vivo Relaxivities

The T, mapping sequence was calibrated by correlating T,
values obtained by imaging with values obtained by a
standard spectroscopic sequence. Agarose gels (2%) con-
taining different amounts of MnCl, (0.015, 0.03, 0.06,
0.125, 0.25, 0.5, and 1 mM) were prepared. For spectro-
scopic T; measurements, single gel phantoms were in-
serted into a 3.5-cm inner diameter (i.d.) birdcage coil; an
IR sequence with two squared pulses (42 and 84 ps) was
used; the inversion times ranged between 1/100 and five
times the expected T, value. After the spectroscopic mea-
surement, all the phantoms were inserted into a 7.2-cm i.d.
birdcage coil for T; mapping using the IR-FLASH se-
quence. Images were acquired with the same parameters
used in in vivo experiments. The relaxivity of Mn in aga-
rose gel was obtained by least-squares linear fitting of the
relaxation rate values of the gels as a function of Mn
concentration. In vivo relaxivity was measured using N =
8 animals; T; maps of the whole brain were acquired
before and 24 h after injection of 0.4 mmol/kg (N = 2),
0.3 mmol/kg (N = 2), or 0.2 mmol/kg (N = 4) of MnCl,. The
T, value was averaged over the whole brain. After the last
acquisition the animals were sacrificed, the brains were
removed, and Mn content was measured using atomic
absorption spectroscopy (AAS). The frequency depen-
dence of the relaxation rate enhancement was measured
using two additional animals: one animal received
0.2 mmol/kg of Mn 24 h prior to sacrifice and the other
received a similar volume of vehicle. Measurement of T,
was performed on the excised brains in the frequency
range between 1 and 55 MHz.

Image Analysis

Images were analyzed using Matlab R2007a (The Math-
Works, Inc., Natick, MA, USA) and FSL 4.0 (FMRIB Group,
University of Oxford, Oxford, UK). Parametric T; maps
were calculated pixel-by-pixel by least-squares fitting ac-
cording to Ref. 8. After denoising, in each pixel the theo-
retical expression of the SI:

SI(t) = A — B-exp(— t/T?) [1]

was fitted to experimental data. The true T, value was then
calculated from the effective T;* by

T,=T3-(B/A - 1). [2]

Pixels in which T; values were longer than 3000 ms or
shorter than 100 ms were excluded from the analysis.
Coregistration of T; maps to the Paxinos and Watson brain
atlas (9) was performed as described by Schwarz et al. (7),
with some modifications. Briefly, acquired images were
exported in the NIFTI-1 file-format; i.e., the standard file
format adopted by FSL, which makes it possible to specify
in the file header the orientation of images in the reference
frame of the gradients. For each animal, T,-weighted RARE

35U017 SUOLULUOD BAIEB.D |t jdde aU Ag pauLIBAOB afe S3o 1L VO 88N J0 S3|NJ 10} AfeiqiaU1iUO AB|1M UO (SUORIPUOD-PUR-SWLBI WD A8 | 1M Afelq U1 |UO//SdNY) SUOIPLOD PUe SLWLB | 341 835 *[G202/70/60] Uo AReiqiaujuo A8|im ‘ol L I erseAIUN Ad G60Z2 WILU/Z00T OT/10p/wod A8 | im Areiq1jputiuo//sdny wouy papeojumod ‘v ‘600¢ ‘¥65¢22ST



1082

y =5.155x + 0.7253
R? = 0.9504

209

0 0.02 0.04 0.06 0.08
- | [Mn] (mM)

1.20 - ‘
1.00 =
0.80 -
0.60 s | i
0.40 LT - ;
0.20 W T j P
0.00 T T i
1.0 10.0 100.0 1000.0
b Proton Larmor Frequency (MHz)

ARi (sT)

Figure 1. a: Average longitudinal relaxation rate of brain tissue as a
function of Mn concentration; the slope of the best fitting line
represents in vivo relaxivity of Mn ion (b) frequency dependence of
the enhancement of brain relaxation rate, 24 h after administration
of 0.2 mmol/kg of MnCl,. Data in the range 1 to 55 MHz were
measured ex vivo, while the value at 200 MHz was measured in vivo
by imaging.

images were used for coregistration to the T,-weighted
template of the rat brain developed (7). For the alignment
procedure, we used FSL FLIRT (10) software and a rigid 9
degrees of freedom (DOF) affine transformation. The nor-
malized correlation was adopted as the cost function. The
transformation matrix determined for the T,-weighted
scan was used to reorient all other acquisitions of the same
subject. The T, template provided by Schwartz et al. (7) is
coregistered to the Paxinos and Watson brain atlas (9) and
consequently, after coregistration of scans to the template,
we could extract regions of interest by querying structures
from this brain atlas. Brain structures of interest were
extracted from the atlas and superimposed over the T
maps of each subject. Average T; value in these regions, as
well as in the whole brain, were calculated. Statistically
significant differences were assessed by two-way analysis
of variance (ANOVA) test for repeated measurements.

RESULTS
Mn Relaxivity In Vitro and In Vivo

The segmented IR-FLASH sequence was preliminarily
tested by comparing the T, values obtained by imaging to
those obtained by classical spectroscopic IR sequence in
2% agarose gels containing different amounts of MnClL,. T
values determined by imaging were linearly correlated
with those obtained by spectroscopy: Ty =
0.9775*Tysp + 0.0358, R? = 0.997. The relaxivity of Mn?*
in gel amounted to r; = 3.74 = 0.60 mM~'s~! as measured
by imaging, which was not different from the value ob-
tained using spectroscopy, 3.54 * 0.59 mM™'s™'. For in
vivo relaxivity, the average brain T, relaxation times of
animals before and 24 h after receiving MnCl,, as well as
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the total Mn content, were determined. Results are shown
in Fig. 1a, where Mn content is expressed in mM concen-
tration, taking 1.041 mg/ml to be the average density of
brain tissue (11). Mn relaxivity in the brain amounted to
5.15 = 0.78 mM™'s™!, which was higher than in gels, pos-
sibly due to binding with proteins or other cellular com-
ponents, but was substantially lower than data reported in
the literature (2,12). The low value of relaxivity observed
in the present study is attributable to the high frequency
(200 MHz), since relaxivity data reported in the literature
are generally acquired at 20 MHz (2,12). Figure 1b reports
the frequency dependence of the relaxation rate enhance-
ment in the rat brain 24 h after administration of Mn
(0.2 mmol/kg), measured ex vivo in the range 1 to 55 MHz;
the value at 200 MHz was obtained in vivo by imaging. A
clear peak is observed at about 10 MHz and then the
relaxation rate enhancement rapidly decreases: at
200 MHz, the relaxation rate is about 10 times lower than
its maximum value.

Quantification of Mn in Different Brain Areas After
Repeated Injections

Figure 2 shows representative 3D acquisitions of rat brain
before and at different time points after i.p. administration
of 0.2 mmol/kg MnCl,. The animal was removed and re-
inserted into the magnet twice (for the 12-h and 24-h
acquisitions) but coregistration of images allowed perfect
spatial reproducibility of the slices. Figure 2 shows that
within the first hour after administration, MnCl, enhanced
brain regions without BBB, such as the choroid plexus and
pituitary gland, in line with previously reported findings
(13). At later time points, MnCl, started to diffuse into
brain parenchyma and 24 h after administration, enhance-
ment of the choroid plexus had almost disappeared, indi-
cating diffusion from the ventricular space into brain tis-
sue. Figure 3a reports T; values measured in different
brain regions using two administration protocols; data are
reported as mean * SD over the experimental group. It is
clearly apparent that interanimal variability of postcon-
trast T, values is very low (the SD in all the brain regions
considered was between 3% and 8% of the T, value, i.e., of
the order of experimental error in T; determinations). I.p.

Before 1h 2h 3h 12h 24h

Figure 2. Transversal, coronal, and sagittal slices from 3D images
acquired before and at different time points after administration of
0.2 mmol/kg of MnCl,. The animal was removed and reinserted into
the magnet for the 12 h and 24 h acquisition. Images were coreg-
istered as described in the text.
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administration of a certain dosage of Mn delivers repro-
ducible amounts of Mn to the brain. This finding is impor-
tant for potential applications of this protocol in fMRI:
interanimal reproducibility of Mn uptake should make it
possible to detect differential regional uptake of Mn in
stimulated and unstimulated animals. Postcontrast T,
value averaged over the whole brain amounted to 968 *
36 ms in the group receiving two Mn injections, which was
not different from the average value in the group receiving
three injections (966 * 43 ms). Figure 3b shows the ana-
tomical regions used for quantitative evaluations. The two
administration protocols delivered similar amounts of Mn
to different brain regions; postcontrast T; values were not
statistically different (except in the hippocampus). Figure
3b reports quantitative concentration data obtained from
measured 7T, brain values and Mn relaxivity. Mn concen-
tration in the brain areas considered ranged between 0.04
and 0.06 mM.

DISCUSSION

There is rapidly increasing interest in MEMRI as a tech-
nique for functional and morphological imaging (14,15). In
this work we propose an experimental algorithm based on
fast T; mapping and coregistration of brain images to a rat
brain atlas that allows absolute quantification of Mn con-
centration in selected brain areas, which in principle
would allow experimental protocols in which a stimulus
is applied to awake animals behaving normally. Compared
to standard BOLD fMRI, MEMRI has several advantages.
The most important are that it does not measure signals of
vascular origin, but events directly related to cellular de-
polarization, and that thanks to its high in vivo longitudi-
nal relaxivity, it allows detection of activation with high
sensitivity. Relevant toxic effects have been reported for
cumulative Mn dosages comparable to those used in the
present investigation, although such effects were de-
creased by administration of fractionated dosages (16). Mn
toxicity is indeed a big disadvantage of MEMRI techniques

Thalamus Striatum  Hypothalamus

that is likely to limit their transferability to human studies.
Development of Mn-based contrast agents, with slow re-
lease of Mn?", as well as of acquisition techniques sensi-
tive to very small changes in water T, represent possible
ways to develop MEMRI protocols suitable for human
studies (17).

Here we measured in vivo Mn relaxivity in rat brain,
obtaining a value substantially lower than those reported
in the literature (2,12). The frequency dependence of brain
relaxation rate enhancement induced by the presence of
Mn clarifies the origin of this low value: relaxation rate
enhancement shows a maximum at low fields, around
10 MHz, and then a typical decreasing trend, as observed
when Mn ions are bound to proteins (18,19) or other cel-
lular components. The above- mentioned value for in vivo
relaxivity was used to estimate Mn concentration in dif-
ferent brain areas. With our experimental protocol, typical
values for Mn concentrations were in the range 0.04 to
0.06 mM. It is worthwhile to mention that the above con-
centration values were calculated by using the mean re-
laxivity of Mn in brain, while the true Mn relaxivity could
be dependent on its location and binding status. This
approach may result with a not easily quantifiable degree
of inaccuracy in calculated concentration values.

In this study we used a fast T; mapping technique to
quantitatively determine the content of Mn in different
brain areas using two administration protocols: three in-
jections over a 7-day period and two injections over a 24-h
period. In our experimental conditions we injected cumu-
lative dosages of 0.6 and 0.4 mmol/kg of Mn, correspond-
ing to about 120 and 80 mg/kg of MnCl,-4H,0. Surpris-
ingly, our results show that the amount of Mn delivered to
the whole brain or to different brain regions (except the
hippocampus) did not change significantly with the two
administration regimens.

Bock et al. (16) reported saturation in SI enhancement
starting from a cumulative dose of 180 mg/kg, adminis-
tered in six injections of 30 mg/kg each (separated by 48 h).
Apparently, we observed saturation in T, values at lower
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cumulative dosages. However, clearance of Mn from the
brain during the 7-day time interval may have played a
role. Two animals belonging to the three-injection group
were repeatedly imaged from day 8 to day 30. The half-
time of Mn concentration was about 8 days, indicating that
a substantial fraction of the Mn injected on day 1 would
have cleared by the imaging time (day 8).

In conclusion, we have established a protocol based on
fast T; mapping and coregistration of images to a rat brain
atlas that allows absolute quantification of Mn concentra-
tion in brain regions. This protocol in principle could be
used in functional experiments performed in awake ani-
mals.
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