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Abstract

There has been a growing interest in the use of manganese-enhanced MRI (MEMRI) for neuronal 

tract tracing in mammals, especially in rodents. For this MEMRI application, manganese solutions 

are usually directly injected into specific brain regions. Recently it was reported that manganese 

ions can diffuse through intact rat skull. Here the local manganese concentrations in the brain 

tissue after transcranial manganese application were quantified and the effectiveness of tracing 

from the area under the skull where delivery occurred was determined. It was established that 

transcranially applied manganese yields brain tissue enhancement dependent on the location of 

application on the skull and that manganese that enters the brain transcranially can trace to deeper 

brain areas.
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Introduction

Manganese is an essential element that has fundamental roles in cellular processes in living 

organisms, especially in brain function (Aschner et al., 2006). Mn2+ has similar ionic radius 

as Ca2+ and behaves as a Ca2+ analog (Merritt et al., 1989; Narita et al., 1990). Thus, Mn2+ 

can enter excitable cells such as neurons via L-type voltage-gated Ca2+ channels (Narita et 

al., 1990; Pautler, 2006) and can activate N-methyl-D-aspartate glutamate receptors (Gobbo 

et al., 2012). Once inside neurons, Mn2+ is transported along the axons in a microtubule 

dependent manner and gets released into the synaptic cleft, where it gets taken up by the 

next neuron in the neural circuit (Sloot and Gramsbergen, 1994; Pautler et al., 1998, 2003; 

Takeda et al., 1998; Pautler and Koretsky, 2002). Moreover, Mn2+ is a paramagnetic ion and 

acts as an excellent contrast agent in magnetic resonance imaging (MRI) (Mendonca-Dias et 

al., 1983; Geraldes et al., 1986; Cory et al., 1987). Accumulation of Mn2+ in a tissue leads to 

shortening of the spin-lattice relaxation time, T1, and the spin-spin relaxation time, T2, of 
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water molecules in that tissue. T1 relaxivity is typically more sensitive than T2 relaxivity for 

MRI at higher magnetic fields. Shortening of T1 of the tissue in which Mn2+ accumulates 

results in a positive contrast enhancement in T1-weighted MRI of that tissue. These 

combined properties of Mn2+ have led to use of manganese-enhanced MRI (MEMRI) in the 

past couple of decades in a large variety of studies. Presently, there are three major uses of 

MEMRI in the brain: for enhancement of brain cytoarchitecture in anatomical studies (Natt 

et al., 2002; Watanabe et al., 2002, 2004; Aoki et al., 2004b), for mapping neuronal activity 

(Lin and Koretsky, 1997; Aoki et al., 2002, 2004a; Hsu et al., 2007; Yu et al., 2008) and for 

in vivo tracing of neuronal connections (Pautler et al., 1998, 2003; Van der Linden et al., 

2002). The use of MEMRI for anatomy and function extends to other tissues as well, such as 

heart (Hu et al., 2001), pancreas (Gimi et al., 2006) and tumors (Banerjee et al., 2007; 

Hasegawa et al., 2011).

The first study to use MEMRI for neuronal tract tracing focused on tracing of olfactory and 

visual pathways in mouse brain (Pautler et al., 1998). Since then, many MEMRI tract tracing 

studies have been successfully performed on different neural pathways and species, such as 

the song control pathway in songbirds (Van der Linden et al., 2002, 2004), olfactory 

pathway in rats (Cross et al., 2004; Chuang and Koretsky, 2006), visual pathway in rats and 

nonhuman primates (Watanabe et al., 2001; Thuen et al., 2005; Murayama et al., 2006), 

somatosensory pathway in rats (Allegrini and Wiessner, 2003; Leergaard et al., 2003), basal 

ganglia pathway in macaques, mice and rats (Saleem et al., 2002; Pautler et al., 2003; Pelled 

et al., 2007), auditory pathway in guinea pigs (Lee et al., 2007) and corticospinal pathway in 

rats and marmosets (Bilgen et al., 2006; Demain et al., 2015). For neuronal tract tracing, 

Mn2+ solutions are usually directly injected into specific brain or peripheral areas, or 

delivered nasally when tracing olfactory pathways.

A recent study of traumatic brain injury (TBI) has shown that small molecular weight 

fluorescent molecules as well as dextrans of various sizes can diffuse through intact murine 

skull into the meningeal space (Roth et al., 2014). Meningeal concentrations of these 

molecules were found to be dependent on the size of the applied molecules and length of the 

application to the thinned skull. This method of substance delivery to the brain is called 

transcranial application. In addition to fluorescent probes, several purinergic receptors and 

manganese solutions were demonstrated to reach the brain with transcranial application. In 

the case of MnCl2, MRI enhancement was detected below the area of the brain where the 

MnCl2 was applied. In that study, the Mn2+ passage through the intact rat skull was 

demonstrated but not well characterized. The purpose of this study was to determine the 

factors that affect transcranially applied Mn2+ and determine whether the Mn2+ that enters 

the brain can be used to trace neural systems.

Materials and methods

Animal preparation

Adult male Sprague-Dawley rats (body weights 200–300 g), obtained from Harlan 

Laboratories, were used for this study. The animals were provided Open Formula Rat and 

Mouse Diet (NIH-07). All animal work was performed according to the guidelines of the 

Animal Care and Use Committee of National Institute of Neurological Disorders and Stroke, 
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National Institutes of Health (Bethesda, MD). The rats were initially anesthetized with 5% 

isoflurane, and then switched to 1–2% isoflurane for maintenance throughout the procedure. 

Body temperature was monitored and maintained by a heated water bath. As previously 

described (Roth et al., 2014), animals were placed in a stereotaxic apparatus and a single 

midline incision with a sterile scalpel was made through the skin above the skull. The skull 

bone was exposed by scraping away the periosteum and bleeding was stopped with a 

surgical cauterizer. Sterile saline (0.9% NaCl) solutions of MnCl2 (Sigma-Aldrich, St. Louis, 

MO), of concentrations ranging from 0 to 500 mM, were placed directly on the skull bone, 

in various locations, to investigate the efficiency of manganese passage through the different 

regions of the skull. Specific targeted areas are illustrated in the first figure. Pure saline was 

used as a control. Solutions of CaCl2, NaCl, MgCl2 and D-mannitol (Sigma-Aldrich, St. 

Louis, MO) in different concentrations were each separately added to some of the MnCl2 

solutions to study the possible effect of ionic strength and osmolarity on the delivery 

efficiency. The solutions were pipetted on the rat skull over a 2-h period in 5-µl aliquots and 

replenished as needed. The total volume of applied MnCl2 solutions did not exceed 50 µl. 

After 2 h the skin was sutured and the animal promptly placed in a MRI scanner to detect 

manganese diffusion into the brain. In some cases, MRI was also performed one day later to 

determine if there was tracing of the Mn2+ along appropriate neural pathways. A group of 

three rats was used for each set of experimental conditions.

MRI data acquisition

Images were acquired on an 11.7 T/31 cm horizontal magnet (Agilent, Oxford, UK) 

interfaced to a Bruker Avance III console (Bruker BioSpin, Billerica, MA) equipped with a 

12-cm gradient set (Resonance Research Inc., Billerica, MA). A 9-cm laboratory-built 

birdcage coil was used for signal transmission and a 2-cm surface coil placed on the rat head 

was used for signal reception. During imaging, anesthesia was maintained at 1.5% isoflurane 

and the animal body temperature was maintained at 37 °C via a temperature-controlled 

heated water bath. Animals were imaged immediately after manganese administration, as 

well as 24 h later for tracing experiments. Thirty, 1-mm-thick, axial MRI slices were 

acquired across the brain. A T1-weighted spin echo pulse sequence (TE=7.6 ms, TR=500 

ms, Nav=8, 100 µm in-plane resolution, 19 min total scan duration) was used to detect 

contrast enhancement by manganese. The T1 relaxation times were measured using a 

saturation recovery spin-echo sequence (TE=7.6 ms, TRs=0.4; 0.97; 1.77; 3.124 and 10 s, 

Nav=2, 200 µm in-plane resolution, 78 min total scan duration).

MRI image analysis

MRI data obtained from rats receiving transcranial manganese were analyzed using ImageJ 

(http://rsb.info.nih.gov/ij/) and MIPAV (http://mipav.cit.nih.gov/) software developed at NIH. 

T1 relaxation maps for brain slices were calculated using the MRI Analysis Calculator 

plugin in ImageJ software. Background tissue T1 values and standard deviations for every 

slice were obtained by placing a region of interest (ROI) over an area of the cortex away 

from the one of manganese administration. T1 relaxation maps were thresholded using the 

value of the background T1 minus two standard deviations to obtain ROIs in which 

manganese had significantly shortened the T1 of the cortex tissue for the calculations in 

Figs. 3 and 4. Total amounts of manganese in the whole volume have been calculated by 
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adding all the amounts in the relevant slices. For quantification of manganese tracing in Fig. 

6, ROIs were obtained by overlapping MR images obtained using saturation recovery spin-

echo sequence with registered rat brain atlas (adapted from Paxinos and Watson (2007), 6th 

edition) similarly as previously described (Yu et al., 2012; Yu and Koretsky, 2014). The 

same thalamus ROIs were used for all experiments investigating the same neuronal tract, 

thus two different thalamus ROIs were determined for the two different pathways studied in 

these experiments, somato-motor and visual. A single ROI was used for quantification of 

hippocampal signal. These ROIs were then placed on the calculated T1 relaxation maps for 

quantification. The average T1 relaxation times as well as the total number of voxels in all 

the ROIs were used to determine the local concentration and total amount of manganese in 

each slice, using the equation: 1/(T1)observed=1/(T1)background+r1× c, where c is the 

concentration of the contrast agent (typically expressed in mM) and r1 is it's relaxivity: an 

intrinsic ability of a contrast agent to change the longitudinal relaxation rate of a certain 

tissue (typically expressed in s−1 mM−1). The value of 4.7 s−1 mM−1 was used for cortical 

T1 relaxivity as previously reported (Chuang et al., 2009). All the calculated data points are 

averages of the calculations from three ROIs, each ROI uniquely corresponding to one of the 

three animals in the group for a particular set of experimental conditions. All the data are 

represented as mean ± standard deviation. Statistical t-tests were performed to investigate 

the significance of transcranial delivery effects: unpaired two-tailed t-test was used to 

compare the group of rats receiving 100 mM MnCl2 on the bregma vs. rats receiving 100 

mM MnCl2+400 mM CaCl2 on the bregma; while the paired one-tailed t-test was used to 

compare values of T1 in the thalamus ROIs between immediately after the manganese 

application and 24 h later for all the tracing experiments. One tailed paired t-test was used in 

the latter case since contrast agents are expected to only decrease relaxation times.

Results

Recently, it was reported that manganese ions can diffuse through intact rat skull (Roth et 

al., 2014). Here, the local manganese amounts in the brain tissue after transcranial 

manganese application were quantified and the effectiveness of tracing from different skull 

areas was determined.

The effectiveness of the manganese diffusion through different regions of intact rat skull is 

demonstrated by the images in Fig. 1, where hyperintense regions represent cortical areas 

with significant manganese concentrations. Manganese can diffuse readily to levels that 

produce detectable tissue enhancement by MRI through areas of the skull that contain or are 

near suture lines where the adjacent skull bone plates come together, such as bregma (Fig. 

1B) and lambda (Fig. 1C). Conversely, very limited manganese passage through the skull is 

detected when manganese is applied to skull areas away from the sutures (Fig. 1D and E).

When applied on bregma, the total amount of manganese in a MRI slice with most efficient 

delivery is proportional to the manganese concentration applied (Fig. 2). No detectable 

cortex manganese was observed for 100 mM applied manganese solution. To investigate a 

possible roll for total osmolarity in the manganese delivery, CaCl2 was added to various 

concentrations of MnCl2 in such a manner that the total salt concentration equaled 500 mM 

(Fig. 3E). The addition of calcium had a significant effect because applied manganese 
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concentrations that were previously undetectable in the cortex, such as 100 mM (Fig. 3A and 

B), became detectable (p=0.009 for comparison of rats receiving 100 mM manganese 

solution with or without calcium addition). Moreover, concentrations as low as 10 mM 

manganese became observable with MRI.

To examine if this enhancing effect is unique to calcium, other secondary salts as well as 

mannitol were added to 100 mM solution of MnCl2 (Fig. 4A). Substituting CaCl2 solution 

with NaCl solution of equal ionic strength or MgCl2 solution of the same concentration led 

to much less efficient delivery of manganese. Addition of mannitol, a substance commonly 

used to increase the osmolarity of a solution and often used to transiently open the blood 

brain barrier, to the MnCl2 solution did not significantly aid the transcranial manganese 

delivery. Therefore, it appears that augmentation of the efficiency of manganese delivery 

through the skull is specific to calcium. To further investigate this effect, the amount of 

added calcium to a solution of low manganese concentration was lowered, and the efficiency 

of manganese delivery at concentrations lower than 300 mM quickly diminished with lower 

calcium concentrations (Fig. 4B).

To determine if manganese delivered through the skull would trace neural connections 

similar to when MnCl2 is directly injected into the rodent brain, motor/somatosensory and 

visual cortex were loaded through the skull. Manganese was applied proximate to bregma to 

target the motor/somatosensory cortex and proximate to lambda to target the visual cortex. 

Significant shortenings of T1 in the motor/somatosensory (p=0.03, 0.001 and 0.02, 

respectively, for rats receiving for 500 mM MnCl2, 250 mM MnCl2, and 100 mM 

MnCl2+400 mM CaCl2 on the bregma) and visual thalamus areas (p=0.045 for rats receiving 

250 mM MnCl2+250 mM CaCl2 on the lambda) were observed 24 h later (Figs. 5 and 6). 

This is consistent with previous work where enhancement of MRI signal in the thalamus was 

observed 10 h after focal injection of manganese in the rat somatosensory cortex (Leergaard 

et al., 2003), as well as 24 h after manganese was injected in the rat eye (Watanabe et al., 

2001). The total amount of manganese in the thalamus and hippocampus ROIs was 

quantified for both neuronal pathways (Fig. 6). Measurements in the hippocampus ROI were 

used as a control for systemic delivery of manganese, since hippocampus signal enhances 

through systemic delivery of manganese through cerebrospinal fluid (CSF) and possibly 

blood. A signal enhancement in the pituitary gland, indicative of systemic manganese 

delivery through the blood, was observed both in the MR images taken right after the 

application as well as 24 h later (images not shown). In the present work, of all the 

manganese that reached the cortex following application of a 500 mM solution of MnCl2 to 

bregma, approximately 6% ended up in the thalamus ROI and 1.3% in the hippocampus ROI 

the following day. This suggests that the major part of thalamus signal enhancement was due 

to tract tracing of manganese from the cortex, and minor part due to the systemic delivery 

through the vasculature and CSF. When manganese solution was applied on the lambda, the 

amounts in hippocampus and thalamus appear close but direct comparison with bregma 

application is not possible as different experimental conditions (type and concentration of 

applied solutions) were used. If it is desired to account for the non-specific signal 

enhancement in the tract tracing experiments, normalization by the pituitary signal can be 

employed as previously reported (Chuang and Koretsky, 2009). Tract tracing is most 

efficient at highest manganese concentrations applied to the skull, but lower manganese 
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concentrations can be successfully used for tracing if appropriate calcium amounts are 

added.

Discussion

The findings demonstrate that manganese ions can pass through intact rat skull and thus be 

delivered to the brain by simple application on the skull. This is a much less invasive method 

of manganese delivery to the brain than traditional methods such as intracerebral injection. 

Once in the brain tissue, this contrast agent behaves in a similar manner as when introduced 

via the common invasive delivery methods and can therefore be used for neuronal tract 

tracing.

Manganese ions can pass most efficiently through areas of the skull that contain suture lines 

such as bregma, whereas normal skull bone is much less permeable to manganese ions under 

conditions used in this study. Because these fissure lines may contain space where the bones 

come together and are typically rich with blood vessels, diffusion around the blood vessels 

in these regions may be a possible contributor to the mechanism of the manganese passage 

through intact rat skull. Once through the skull, manganese penetrates the meninges to enter 

cortical tissue. The mechanism whereby manganese penetrates the meninges is not clear and 

it could be passing through the vessels that enter and exit meninges or via transcellular 

pathways. Indeed, it is well known that liver will uptake Mn2+ and transport it into bile and 

choroid plexus will uptake manganese and transport it into CSF via transcellular pathways.

Concentrated solutions of MnCl2, such as 500 mM and 250 mM used in this study, are of 

high osmolarity and can pass through the intact rat skull. Solutions of lower manganese 

concentration were able to successfully diffuse through the skull bone only upon the 

addition of calcium salts. This suggests that the rate limiting step of the transcranial 

manganese delivery is passage through the skull and the meninges. This effect could not be 

mimicked either by addition of salts of other divalent (magnesium) and monovalent 

(sodium) cations or by addition of chemicals that increase osmolarity (mannitol). These 

findings, in conjunction with the observation that the total amount of delivered manganese 

saturates when the applied salt concentrations are high, suggest that this delivery process is 

saturable and likely not due to passive diffusion alone. Of the substances we tried, only 

calcium can enhance the efficiency of manganese delivery through the intact rat skull into 

the brain, though it is unclear how exactly calcium aids manganese in its passage through the 

skull and into the brain. It could be that divalent Ca2+ saturates Mn2+ binding sites in bones 

which are of high phosphate content, or causes cell volume changes or disrupts cellular 

structure in either the bone or meninges.

The skull area covered by the pipetted drops of manganese solution was typically of an 

elliptical shape, with approximately a 3 mm major axis and a 2 mm minor axis. It was not 

possible to control the drop spread very rigorously and thus there is variability between 

animals in the same group represented by larger standard deviations. While a small number 

of animals were used in each group (three), the effects were large which makes statistical 

comparison between different treatments still possible. A comparison between rats receiving 

100 mM MnCl2 on the bregma vs. rats receiving 100 mM MnCl2+400 mM CaCl2 on the 
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bregma showed that the difference in amount of delivered manganese is significant 

(p=0.009), confirming that addition of calcium significantly improves efficiency of 

transcranial manganese delivery. There was a group of three animals receiving 50 mM 

MnCl2+100 mM CaCl2 (Fig. 4B) where no animals had voxels above the threshold. In 

general, the number of voxels above the threshold for animals receiving low concentrations 

of manganese was fairly small and relatively difficult to precisely determine due to the 

surgical artifacts on the top of the skull. Nevertheless, this error is fairly small, as control 

animals that had no manganese but display surgical artifacts had no voxels above the 

threshold, indicating surgical artifacts were not a large error.

It is worthwhile noting that in the MRI slices with the most efficient manganese delivery, 

darkening was observed in the areas of the brain right under the skull when higher 

concentrations of manganese (500 mM) were applied. This was likely due to T2 shortening 

effects from high local manganese concentrations. This effect was not observed when lower 

manganese concentrations (100 mM) were applied directly through the skull. Some relevant 

voxels may have been omitted in the data analysis due to this artifact. However, the number 

of such voxels is very low compared to the total volume and a much smaller source of error 

than variability of delivery efficiency under the same experimental conditions. If the effects 

of high concentration of Mn2+ at the delivery site are of concern in quantitative tracing 

experiments, then lower manganese concentrations can be used for the tracing experiments 

with the addition of the appropriate amounts of calcium to enhance the delivery efficiency. 

Generally, it was noted that there is a large distribution of T1 values in the ROIs in the brain, 

which was correlated to the distance from the skull area where manganese was applied. 

Therefore, more sophisticated calculation methods to determine local manganese 

concentrations than the average T1 in the ROI used here may be needed in tracing studies 

where very precise quantification is required.

Manganese can act as a neurotoxin at high enough concentrations (Aschner and Aschner, 

1991). It has been demonstrated that injections of high manganese concentrations (800 mM) 

directly into to the cortex of a monkey can lead to neuronal loss in the areas directly adjacent 

to the injection site, whereas injection of lower manganese concentrations (120 mM) into the 

cortex allowed for neuronal tract tracing with little or no toxicity or adverse changes in 

animal behavior (Simmons et al., 2008). Still, no adverse gross behavioral changes were 

observed in our rat studies even with the highest transcranially applied manganese 

concentration of 500 mM. The animals were monitored for up to three weeks after the 

contrast agent application. This is consistent with our estimation that less than 0.01% of 

transcranially applied manganese reaches the brain, and that the average local concentrations 

of manganese in the ROIs in the brain rarely exceed 200 µM for the highest transcranially 

applied manganese concentration of 500 mM. Cellular studies indicate toxicity begins above 

the 200 µM manganese concentration in neural tissue (Daoust et al., 2015).

Transcranial manganese delivery can be used as an alternative, much less invasive method to 

deliver manganese to the brain for neuronal tract tracing studies. Presently, this is limited to 

only certain areas of the brain, and the precision of the application is not very good. Since 

manganese is most efficiently delivered through the sutures, cortical areas directly 

underlying the sutures or very proximate to them are the most amenable to tract tracing 

Atanasijevic et al. Page 7

Neuroimage. Author manuscript; available in PMC 2017 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



studies using transcranial manganese delivery. These areas include motor, somatosensory 

and visual cortex, which were transcranially loaded in the current study, as well as other 

cortical areas, such as cingulate and retrospleniar dysgranulate cortex. Our method of 

placing manganese on the skull is relatively crude as it involves pipetting a small drop of the 

solution on a desired location on the skull, the spread of which cannot be controlled well. 

We are currently working on designing bottomless cups of small radii that could temporary 

be fixed on a desired spot a rat skull so that the manganese solution can be contained on the 

precise location on the skull by the cup throughout the delivery and its interaction with 

nearby skin minimized. This would constitute a more controlled approach to the delivery 

then simple direct pipetting. Thus, the precision of application and access to any skull area 

may be improved by building more sophisticated delivery cups as opposed to simply placing 

Mn2+ onto the exposed skull. Indeed, in some of the experiments in the original description 

of the transcranial delivery of dextrans and fluorescent compounds, the mouse skull was 

thinned (Roth et al., 2014) and thus thinning of the rat skull could also significantly increase 

the efficiency of transcranial delivery. In that study, fluorescent dextrans of MW up to 

40,000 were successfully detected in mouse meninges. Thus, we are currently investigating 

the possibility of transcranial delivery through the rat skull of substances with larger MW 

then Mn2+ ion, such as Gd chelates as well as some drugs that do not generate MR contrast. 

The transcranial delivery method may also be very useful in tracing studies where adverse 

effects from direct manganese injection interfere with the process investigated. Other 

compounds, such as various drugs for treatment of brain cancer or neurodegenerative 

diseases, may be possible to deliver to the brain in this manner as well.

In conclusion, intact rat skull is permeable to manganese ions. This may open a whole new 

and less invasive path for brain delivery of various contrast agents and drugs as well as 

provide much less invasive manganese delivery method for MEMRI-based tract tracing in 

the brain.
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Fig. 1. Location dependence of transcranial manganese delivery efficiency
CT image of a rat skull (A) and T1 - weighted MR images of rats receiving 500 mM solution 

of MnCl2 on the bregma (B), on the lambda (C), left side close to S1 (D), approximately 

−1.4 mm posterior from bregma and lateral −2 mm, and right side away from the bregma 

(E), approximately −5 mm posterior from bregma and lateral +3 mm. Scale bar, 2 mm. 

Images are representative of three rats per group.
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Fig. 2. Concentration dependence of transcranial manganese delivery efficiency
T1 - weighted MR images of rats receiving - (A) control solution (slice shown is 

approximately −2.5 mm posterior from bregma), (B) 100 mM MnCl2 (slice shown is 

approximately 1.5 mm anterior from bregma), (C) 250 mM MnCl2 (slice shown is 

approximately −0.5 mm posterior from bregma), and (D) 500 mM MnCl2 (slice shown is 

approximately −0.5 mm posterior from bregma) on the bregma. Scale bar, 2 mm. Images are 

representative of three rats per group.
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Fig. 3. Concentration dependence and the calcium addition effect on transcranial manganese 
delivery efficiency
R1-maps calculated from saturation recovery MR images of rats receiving - (A) 100 mM 

MnCl2 (slice shown is approximately 1.5 mm anterior from bregma), (B) 100 mM 

MnCl2+400 mM CaCl2 (slice is approximately −0.6 mm posterior from bregma), (C) 250 

mM MnCl2 (slice shown is approximately −0.5 mm posterior from bregma) and (D) 300 

mM MnCl2+200 mM CaCl2 (slice shown is approximately −0.6 mm posterior from bregma) 

on the bregma and dependence of total amount of manganese delivered to the brain on the 

concentration of manganese solution applied on the bregma, when only MnCl2 was applied 
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(red diamonds) and when CaCl2 was added to the total concentration of 500 mM (blue 

squares) (E). Scale bar, 2 mm. R1 intensity scaling, 0.125–1 s−1. ROIs where T1 

measurements were made are shown on the top of the R1 maps in red or blue, whereas the 

green ROIs represent the background. Ca2+ increases the efficiency of Mn2+ delivery 

through the skull. Each data point represents the average of three animals.
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Fig. 4. Influence of type and concentration of substances added to a manganese solution on 
transcranial manganese delivery efficiency
(A) Dependence of the total amount of manganese delivered to the brain when 100 mM 

MnCl2 was applied on the bregma on the type and concentration of various compounds 

added to the manganese solution. Ca2+ significantly increased the efficiency, whereas Na+, 

Mg2+ and mannitol had a small effect on the efficiency of Mn2+ delivery. (B) Dependence of 

total amount of manganese delivered to the brain when 50 mM MnCl2 was applied on the 

bregma on the amount of calcium salt added to the manganese solution. As the calcium 
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amount was lowered so was the efficiency of transcranial Mn2+ delivery. Each data point 

represents the average of three animals.
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Fig. 5. Neuronal tract tracing with transcranially delivered manganese
T1 - weighted MR images of rats receiving: 500 mM solution of MnCl2 on the bregma 

immediately after solution application (A), as well as of 24 h after administration (B), 

solution of 250 mM MnCl2 and 250 mM CaCl2 on the lambda immediately after solution 

application (C), (E) ((C) and (E) represent two different slices) as well as of 24 h after 

administration (D), (F). Scale bar, 2 mm. The white arrows indicate the location of thalamic 

nuclei to which manganese has traced 24 h after application. Images are representative of 

three rats per group.
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Fig. 6. Quantification of tract tracing with transcranially delivered manganese
ROI determination by overlaying of registered rat brain atlas (Paxinos and Watson (2007), 

6th addition) with saturation recovery MR images of rats obtained 24 h after receiving 500 

mM solution of MnCl2 on the bregma (A,E) or 250 mM MnCl2 and 250 mM CaCl2 on the 

lambda (C) and subsequent ROI overlay on corresponding R1 maps calculated from those 

images (B,D,F); and calculated difference per voxel of manganese amounts (Δn/N) in the 

thalamus and hippocampus ROIs between 24 h after manganese application and immediately 

after the application (G). Red and orange colors correspond to thalamus ROIs for bregma 
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and lambda manganese application, respectively, while green color corresponds to 

hippocampus ROIs in both cases. Scale bar, 2 mm. R1 intensity scaling, 0.125–1 s−1. Each 

data point represents the average of three animals.
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