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Abstract

We investigated the use of manganese-enhanced magnetic resonance imaging (MEMRI) with
fractionated doses as a way to retain the unique properties of manganese as a neuronal contrast
agent while lessening its toxic effects in animals. First, we followed the signal enhancement on
T4-weighted images of the brains of rats receiving 30 mg/kg fractions of MnCl,-4H,0 every 48
hours and found that the signal increased in regions with consecutive fractionated doses up to
about six injections, then saturated. Second, we used T1 mapping to test whether the amount of
MRI-visible manganese that accumulated depended on the driving concentration of manganese in
the fractions. For a fixed cumulative dose of 180 mg/kg MnCl,-4H,0, increasing fraction doses of
6 x 30 mg/kg, 3 x 60 mg/kg, 2 x 90 mg/kg and 1 x 180 mg/kg produced progressively shorter Ty
values. The adverse health effects, however, also rose with the fraction dose. Thus, fractionated
MEMRI can be used to balance the properties of manganese as a contrast agent in animals against
its toxic effects.

Introduction

MRI excels in animal neuroimaging because of its intrinsic soft tissue contrast, high
resolution, and ability to follow in vivo processes longitudinally; however, it lacks the
breadth of reporters that are available to optical imaging techniques and positron emission
tomography. Thus, there is great interest in MRI research to develop contrast agents that
report on the cellular, molecular, and functional properties of tissue (1).

The metal manganese (atomic number 25) was one of the first contrast agents proposed for
MRI (2) and is now widely used as a contrast agent for animal neuroimaging (3). The
divalent ion (Mn2*) has a similar ionic radius to calcium (Ca%*) and mimics it in many
biological systems. It is highly paramagnetic and is an excellent T1-shortening agent. In the
central nervous system, manganese is taken up by cells through voltage-gated calcium
channels (4) where it accumulates with a half-life of 51-74 days in regions of the brain (5).
Since its clearance rate is slow, its distribution can be investigated using lengthy, three
dimensional, high resolution T1-weighted pulse sequences. Manganese is especially useful
at high fields, where the T, values in the brain become longer and less distinct between
tissue types, reducing intrinsic contrast.
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So far, three major applications of manganese-enhanced MRI (MEMRI) in animal
neuroimaging have been described: 1 fiber tracking, 2 contrast enhancement in diverse brain
regions, and 3 functional imaging. For applications besides fiber tracking, manganese is
injected systemically either into the bloodstream (6), where it reaches the cerebral-spinal-
fluid (CSF) via the choroid plexus, or directly into the CSF (7). The subsequent uptake in
the brain leads to different manganese accumulations in regions (8) based on their neuronal
density, function, and possibly the presence of divalent metal transporters (9). The resulting
signal enhancement greatly improves contrast in T1-weighted images and also the overall
image signal-to-noise ratio (SNR), since manganese is taken up to some extent by all regions
of the brain. This makes MEMRI ideal for high resolution studies of the whole brain where
as many structures as possible must be delineated — for example, phenotyping genetically
altered mice (10). It can also be used to generate contrast between healthy and pathological
tissue (11-13).

As with any other contrast agent, the dose of manganese in the brain needs to be sufficiently
high to generate contrast. Manganese, however, is toxic and produces both systemic and
neurological effects at high doses. In humans and non-human primates, poisoning with the
metal leads to a form of parkinsonism called manganism (14), likely caused by an
accumulation in the structures of the basal ganglia (15). The neurological effects in rodents,
however, are much less severe (16) and the danger is primarily from acute damage to the
heart and the liver (17) — especially in models of disease like cancer or stroke where the
animals’ health is already compromised. A previous study in healthy mice has shown
injections as high as 175 mg/kg (dry drug weight/body weight) of the hydrated salt,
MnCl,-4H,0 produce excellent contrast in the brain (18). However, it is unlikely that sick or
fragile transgenic animals will tolerate such a high dose. As well, high doses are not
advisable for longitudinal studies requiring repeated imaging sessions.

The adverse effects of manganese can possibly be lessened by using a lower dose of
manganese in combination with a pulse sequence that is sensitive to small changes in Ty
(19). It is more desirable, however, to improve manganese delivery to the brain for the best
possible contrast while avoiding its systemic toxic effects. In the present work, we
investigate the use of small fractionated injections of manganese as a way to build detectable
doses in the brain while lessening the effects of acute exposure to other organs.

Materials and Methods

Experimental Design

It is known from toxicology studies that rats will tolerate daily injections of 30 mg/kg
MnClI,-4H,0 for up to six weeks (20). We used this as our starting dose for fractionated
experiments, but lengthened the period between injections to 48 hours to allow the
manganese to clear from the heart (21) and further limit toxicity.

Two separate experiments were carried out. First, in a group of four rats, we followed the

contrast enhancement in 3D Tq-weighted images of the whole brain for a series of 12 x 30
mg/kg injections to a total cumulative dose of 360 mg/kg. Then, to study the effects of the
dose of the fractions on detectable manganese accumulation, we performed whole-brain
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quantitative T1-mapping in four groups of four rats at a cumulative dose of 180 mg/kg,
delivered either in a single dose or in fractions of 6 x 30, 3 x 60, or 2 x 90 mg/kg. We also
acquired T1-weighted images in these rats for qualitative analysis.

Animal Preparation

All animal experiments were approved by the NINDS/NIDCD Animal Care and Use
Committee. Experiments were carried out in 21 adult male Sprague-Dawley rats weighing
250-350 grams. A solution of MnCl, (Sigma Aldrich, St. Louis, MO, USA) was prepared at
a concentration of 100 mM Mn?* in distilled water and buffered to pH 7.4 using bicine
(Sigma Aldrich, St. Louis, MO, USA) (22), since Mn2* in solution is a weak acid. To reduce
stress to the heart, higher dose fractions of 90 and 180 mg/kg were injected intravenously in
the tail vein at a rate of 1.25 mi/hour (18) with the rats anaesthetized on 2% isoflurane. For
low dose fractions of 30 and 60 mg/kg, the solution was diluted in saline to 25 mM Mn2*
and injected intraperitoneally. Animals were returned to their cages after dosing with free
access to food and water.

During imaging, the rats were placed on an MRI-compatible cradle and anesthetized through
a nose cone with 2% isofluorane in a 2:2:1 mixture of medical air, nitrogen, and oxygen.
The rectal temperature was monitored and the animal was heated to 37°C using a resistive
heating pad. All imaging was performed 48 hours after the last manganese injection.

T1-Weighted MRI

T1 Mapping

Whole-brain T1-weighted MRI was performed on a 7T MRI scanner (Bruker Biospin,
Ettlingen, Germany) equipped with an 15 cm gradient set of 450 mT/m strength (Resonance
Research Inc., Billerica, MA). A custom-built 16-rung high pass birdcage coil with a 12 cm
inner diameter was used for transmission, and a four-element phased-array receive coil
(Bruker Biospin, Ettlingen, Germany) for reception. The T-weighted sequence was a 3D
fast spin-echo with two echoes, and an isotropic resolution of 167 um (TE =12 ms, TR =
150 ms, FOV =42.8 x 32.0 x 32.0 mm, Matrix = 256 x 128 x 128, Number of averages =
2). By inhomogeneities were corrected using the following reference coil method (23). The
B, field of the large birdcage coil was considered homogenous over the rat brain. A low
resolution image (64 x 32 x 32) was made using the birdcage coil for reception with the
same parameters as the high resolution image using the phased-array coil. The corrected
image, lcorrected, Was given by:

I o I phased
corrected ( Iphased,smaothed ) (1)

Lpirdcage, smoothed

where Iphaseq Was the image from the phased array coil, and Ipnased,smoothed and
Iirdcage, smoothed Were B-spline smoothed images from the phased array and birdcage coils
respectively.

Whole-brain T1 mapping was performed using a quadrature surface coil (RAPID
Biomedical GmbH, Rimpar, Germany) and a 2D inversion-recovery EPI sequence with an
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in-plane resolution of 267 pm and a slice thickness of 750 um (TE = 38 ms, TR = 9400 ms,
FOV = 25.6 x 25.6 mm, Matrix = 96 x 96, Number of slices = 5, Number of inversion times
= 30, Inversion time increment = 300 ms, Number of averages = 4). The data was fitto a
three parameter, single-exponential T4 recovery function in Matlab (MathWorks, Natick,
MI, USA).

Data Analysis and Statistics

Results

All 3D images were registered into a common space using an affine registration and
analyzed in Amira (Mercury Computer Systems, Houston, TX, USA). Region-of-interest
(ROI) analysis was performed on the T1-weighted images and the 2D T4 maps in Amira.
ROls as shown in Figure 1 were drawn in structures identified by an atlas (24) that could be
clearly delineated in both the T1-weighted images and the lower-resolution T, maps, from
which mean signal intensities and T1s were measured, respectively. For each ROl in each
rat, the mean signal intensity from the T-weighted image was normalized to the mean
signal intensity in muscle surrounding the skull. Significant differences across the different
doses were computed using a non-parametric analysis of variance (Kruskal-Wallis),
performed in Excel (Microsoft, Redmond, WA, USA) using Analyze-It (Analyse-It
Software Ltd., Leeds, England), followed by a Bonferonni multiple-comparison test.
Significance levels were set at p < 0.05.

Figure 2 shows representative slices from the images of the rats receiving 30 mg/kg
fractionated injections of MnCl,-4H,0. Compared to the control images, a robust signal
enhancement of major areas of the brain, such as the olfactory bulbs, hippocampus,
hypothalamus, thalamus, striatum, inferior colliculus and cortex is observed with the first
fraction of 30 mg/kg (data not shown). A progressive signal enhancement occurs up to a
cumulative dose of 6 x 30 mg/kg, above which there is no visible improvement in overall
brain enhancement. The dose course of T1-weighted signal enhancement shows that, in all
tested regions, the signal enhancement in the brain increases with the number of injected
fractions and the MRI signal is significantly higher than in the control animals at doses of 3
x 30 mg/kg and above (p<0.05). There were no significant differences in signal
enhancement at doses of 6 x 30 mg/kg and higher, indicating saturation of the accumulation
of manganese in all regions.

To test if the dose of the individual manganese fractions affected the total manganese
accumulation, we injected four groups of four rats each to a cumulative injected dose of 180
mg/kg using fractionated doses of 3 x 60, 2 x 90, and 1 x 180 mg/kg MnCl,-4H,0. Figure 3
shows coronal and horizontal slices from a whole-brain T1-weighted image of a control rat
and a representative rat for each fractionation schedule. Not only does the image
enhancement increase with the dose of the fractions, but the contrast between fine structures
becomes better. This can be readily seen as improved definition between layers of the
cortex. This indicates that an increase in the driving gradient of manganese between the
blood and the brain tissue leads to an increase in manganese uptake for a fixed cumulative
dose. Figure 3 also shows the T; values we measured in regions of the brain for each
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fractionation schedule. In all regions of all groups injected with manganese, the T is
significantly smaller than in the corresponding region of the control group (p < 0.05),
indicating an effective accumulation of manganese in the brain. There is a clear trend
towards shorter T1s with increasing fraction doses. However, no statistically significant
differences are seen between the different injected groups We were not able to test whether
the relaxation rate (1/T1) in regions of the brain saturated with the dose of the fractions,
because individual doses higher than 180 mg/kg would have been toxic to the animals.

To investigate the mitigating effects of fractionation on the toxicity of manganese, we
monitored and scored the rats daily over the course of injections for changes in weight,
attitude and activity, appetite and hydration, gait and posture, appearance, and complications
at the injection site. For some fractionation schedules, we injected more animals than we
imaged. Table 1 summarizes our findings across the groups. In all groups, the rats lost
weight after the first injections but not below 10% of their initial weight. In the 30 mg/kg
rats injected to 6 doses, the rats began regaining weight and ended the study heavier overall
(mean net weight gain of 10% + 2% (U £ o), n = 6). None of the other groups showed weight
gain, although there might not have been enough time in the injection course for the early
weight loss to reverse. The manganese at doses of 60 mg/kg and above produced toxic
effects at the injection site. In the intraperitoneally-injected rats, some animals (n = 2/6)
developed an induration that eventually led to substantial bleeding inside the abdominal
wall. This seemed to occur because the intraperitoneal injection was not deep enough,
allowing some manganese to deposit subcutaneously. In the intravenously-injected animals
that received 90 mg/kg fractions, severe necrosis sometimes was seen below the injection
site on the tail (n = 2/6). This symptom was present in every rat injected with the single 180
mg/kg fraction. Although the manganese solution was isotonic and buffered to a
physiological pH, it appeared that the metal itself had a toxic effect on contact with tissue;
therefore, the safest route of application was a low concentration solution of MnCl, injected
into the large volume of the intraperitoneal cavity. As well, one of the five rats being
injected with a single 180 mg/kg fraction died of apparent heart failure and all were hunched
and lethargic 48 hours following the injection and were sacrificed immediately after imaging
at the recommendation of a veterinarian.

Discussion and Conclusions

We found that the MRI-visible concentration of Mn2* in the brain increases as the number
of consecutive fractionated doses increases, although the signal enhancement obtained on
T1-weighted images eventually saturates. Moreover, the T4-shortening at a fixed cumulative
dose increases with the dose of the individual fractions. Taken together, both findings
indicate that the amount of manganese that ultimately accumulates in the parenchyma
depends on the concentration gradient of manganese between blood and brain tissue. Higher
fractional doses deliver more manganese to tissue at each application. On the other hand, the
accumulation of manganese in the parenchyma with each dose reduces the driving gradient,
causing the eventual saturation of signal enhancement shown in Fig. 2. The systemic toxic
effects of the manganese, however, become worse at higher fraction doses. Therefore, the
best approach for researchers planning a fractionated MEMRI study in novel animal models
is to empirically find the highest fraction dose the animals will tolerate health-wise, and then
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determine the number of fractionated injections needed to fully enhance the signal. We
found that for 30 mg/kg fractions, the animals’ health appeared normal, even after twelve
injections, and the dose produced satisfactory image enhancement; thus, it should be
possible to obtain image enhancement with manganese even in fragile animals or those with
compromised health.

As well as enhancing contrast for single anatomical images of animals, fractionated MEMRI
could be used for other applications. For longitudinal studies, it could be useful for
maintaining image enhancement in multiple imaging sessions over the duration of a study —
especially if the manganese helped to identify the margins of disease. Fractionated MEMRI
could also be used in tract tracing studies. A current problem with manganese as a tract
tracer is that it does not always reveal the entire neuronal pathway. For instance, manganese
injected in the vitreous of the eye in the rat does not reach the primary visual cortex and is
only detected as far as the superior colliculus (8). Axonal transport distance can be increased
by electrically stimulating nuclei in a pathway (25), but it is also possible that repeated
fractions of manganese could be used to maintain a supply of manganese for transport along
an entire tract. Finally, fractionated MEMRI may also be useful for functional studies. The
ability of manganese to act as surrogate marker for calcium influx provides functional
information in the brain (4, 26). The manganese injection and functional stimulation can be
administered outside the magnet and the uptake imaged later, which avoids the
complications of performing functional stimulations inside the magnet (27). Fractionated
MEMRI could be useful here for two reasons. First, the multiple injection periods allow for
multiple stimulations to be performed in animals, increasing the total time each animal is
stimulated with manganese in its system. Second, if imaging is performed throughout the
dose course, the information in the signal enhancement or T1 curves may be used to identify
regions of activity. For instance, the slope of the signal enhancement curve may be steeper
in active areas of the brain. One interesting inference stemming from the saturation of the
signal enhancement with cumulative doses of manganese is that, in applications where a
constant slope is desired, progressively higher doses need to be administered in order to
maintain the driving gradient constant. It should be possible to model the uptake curve of
manganese in order to predict the dosage scheme necessary to achieve a constant rate of
signal enhancement, a subject of future studies.

Overall, fractionated MEMRI will allow the unique properties of manganese as a contrast
agent to be used in a wider variety of neuroscience models.
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Inferior Colliculus

Figure 1.
Region-of-interest (ROI) definitions for different brain structures. Representative coronal

(Top) and horizontal (Bottom) slices from a 3D Tq-weighted image of a control rat and a rat
following a 180 mg/kg injection of MnCl,-4H,0 showing regions analyzed in the study.
Each region extends through multiple slices and corresponding ROIs were also defined in
the coronal T, maps.

NMR Biomed. Author manuscript; available in PMC 2016 February 10.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Bock et al. Page 10

MnCl,*4H,0 (mg/kg)
0 __3x30 6 x 30 9 x 30

12 x 30 _

Signal vs. Cumulative Manganese Dose

2.50 * *
e {‘ e
2.30 P
/
< 210 sl I B0 —e—CA3
=3 T ——— —e— Hypothalamus
® 1.90 kit S —e— Inferior Colliculus
g —e—Thalamus
T 1.70 =i + == sl —e— Striatum
g —e—CA1
Z 150 + N % __3 —e— Cortex
[
1.30 ¢
1.10

0 3x30 6x30 9x30 12x30
MnCl,-4H,0 (mg/kg)

Figure 2.
The effect of increasing numbers of fractions of MnCl, -4H50 on the magnitude signal

intensity in T1-weighted images. (Top) Representative coronal and horizontal slices from
3D T1-weighted images of a rat at each cumulative dose. (Bottom) A graph showing the
magnitude signal from each brain region normalized to its value in the muscle surrounding
the skull (error bars are standard deviations, n=4). The asterix denotes the manganese-
injected groups of rats were significantly different from the control group (p<0.05) — there
were no significant differences between the injected groups.
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Figure 3.

The effect of increasing the dose of fractions of MnCl, -4H,0 on T4 and magnitude signal
intensity in T1-weighted images. (Top) Representative coronal and horizontal slices from
3D T1-weighted images of rat at each dose fraction. (Bottom) The Ty in regions of the brain
for control rats and rats from each dose fraction group at a total cumulative dose of 180
mg/kg MnCl,-4H,0 (error bars are standard deviations, n = 4). The asterix denotes the
manganese-injected groups of rats were significantly different from the control group
(p=0.05) - there were no significant differences between the injected groups.
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Health assessment of rats for each of the different fraction dose cases. (iv denotes an intravenous injection in
the tail, ip denotes an intraperitoneally injection.)

Fraction Course (mg/kg 6 % 30 3x60 2x90 1x180
MnCl,-4H,0)
Observation Period (days) 12 6 4 2
Number of Rats Injected 6 6 4 5
Injection Route iv iv ip ip
Weight Early loss. Early loss. Early loss. Early loss.
Later gain.
Deaths 0 0 0 1
Injection site complications. None. Occasional abdominal induration. | Occasional tail necrosis. | Consistent tail necrosis.
Appearance. Normal. Normal. Normal. Rumpled and hunched.
Activity Normal. Normal. Normal. Lethargic.
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