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Abstract In order to optimize manganese ion-enhanced

MRI in thalamic and hypothalamic nuclei, we analyzed

the diffusion of manganese in the brain followed by the

intra-cerebroventricular application of manganese-bicine

(Mn-bicine). T1-weighted MRI intensities, with 9-pixel

ROIs in the hypothalamus perpendicular to the third

ventricle, were measured during continuous infusion of

Mn-bicine solution in the lateral cerebroventricle. Using a

relationship between the image intensity of T1-weighted

MRI and T1 relaxation time, the image intensity was

converted into the concentration of manganese. Assuming

a simple diffusion process, the apparent diffusion coeffi-

cient (Dap) of manganese (4.2 9 10-5 mm2 s-1) is much

lower than that of water (6 9 10-4 mm2 s-1), and the Dap

tended to decrease when the distance from the third ven-

tricle increased. These results suggest (1) the Mn2? ion is

trapped by neural cells during diffusion and (2) the man-

ganese efflux is discharged from the brain via veins.

Keywords Manganese � Brain � MnEMRI �
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Introduction

Manganese ion-enhanced MRI (MnEMRI) [1] takes

advantage of the higher sensitivity to detect neuronal

activities in small regions or nuclei in the brain, such as the

supraoptic nucleus of the rat [2, 3]. However, the cellular

toxicity of Mn2? is a major drawback to MnEMRI when it

is administrated intravenously or intraperitoneally [4].

Therefore, focal injections of Mn2? have been proposed to

minimize the dosage of Mn2?, such as intracerebroven-

tricular injections or direct injections to the target region

[5]. We are interested in the thalamic and hypothalamic

functions, and intend to analyze the response of the

supraoptic and paraventricular nuclei, etc. Since these

nuclei are positioned near the third ventricle and the sub-

arachnoidal space, the intracerebroventricular application

of Mn2? might be useful to detect these nuclei without any

effect on other vital organs, such as the heart, liver, and

kidneys. In addition, a low affinity chelate, Mn-bicine, has

been used to minimize the toxic effects of Mn2? [6]. When

Mn-bicine is infused in the cerebrospinal fluid (CSF),

manganese can transfer into the interstitial space of the
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brain through the ependymal layer that covers the surface

of the ventricle. In order to optimize this entry process, we

have analyzed the diffusion process of manganese into the

hypothalamus from the direction perpendicular to the third

ventricle. Admittedly, the experimental conditions were

complicated. Judging from the conditional association

constant of Mn-bicine (Ka0 = 102.9 M-1 at pH 7.4) [6],

when 2 mM of the Mn-bicine solution was infused from

the lateral ventricle of the rat brain, half of the manganese

dissociated into free Mn2?, and the remaining part bound

with bicine. Since Mn-bicine and Mn2? can pass the

ependymal layer of the ventricles [7], and part of the Mn2?

may bind with citrate and bicarbonate in the interstitial

fluid [8, 9], we have to consider the sum of diffusion of

more than four types of manganese. In this text, ‘‘manga-

nese’’ refers to all of these types. In addition, brain

parenchyma is not a homogeneous fluid, but rather consists

of several types of neural cells and tissue structures. Some

amount of Mn2? may enter into neural cells, and some

amount of manganese efflux may be discharged via the

veins. Therefore, the observed diffusional behavior

and diffusion constant of the manganese should reflect

these conditions and thus provide an approximation of

the diffusion of manganese in the brain. Even considering

the limitations of the study, this is the first attempt to

analyze the diffusion of manganese inside the brain

quantitatively.

Methods

Preparation of the rat for the MRI experiments

Male Wistar-Hamamatsu rats (b.w. 260–340 g) were ini-

tially anesthetized by enflurane inhalation. After a tracheal

cannulation, anesthesia was changed to 1% enflurane in a

gas mixture of 36% O2/2% CO2/62% N2O delivered

through a tracheal cannula by an artificial ventilator. An

intraventricular cannula was inserted in the left lateral

ventricle (1.5 mm left of the midline and 0.8 mm caudal to

the bregma), and polyethylene tubing was connected with a

syringe pump for injection of Mn-bicine saline solution.

Then, anesthesia was switched from enflurane to a-chlo-

ralose (70 mg/kg b.w. i.p.), and ventilation was continued

with O2/CO2 and N2O. After the experiments, rats were

euthanized by an overdose of anesthesia (pentobarbital,

500 mg/kg body weight i.v.). All of the animal experiments

conducted in this study were carried out under the rules and

regulations of the ‘Guiding Principles for the Care and Use

of Animals’ stipulated by the Physiological Society of

Japan. The experiments were approved by the Institutional

Animal Care and Use Committee of the National Institute

for Natural Sciences.

Acquisition of MR images

Rats were placed in the prone position on a custom-built

Plexiglas sledge, and the position of the head was fixed

with a pair of earplugs and a bite bar. A home-built 1H RF

surface coil (24 mm in diameter) was placed on the surface

of the head. 1H MR images were obtained by a 4.7-T

animal imaging system (ABX-4.7/40, Bruker, Karlsruhe)

with ParaVison operating software (version 2.1.1), and the

system was equipped with an active shielded gradient

(BGA-120, Bruker, Karlsruhe).

Six pairs of measurements of the four sets of

T1-weighted images and a set of T1 relaxation times of the

CSF and the brain were repeated before and during

Mn-bicine infusion (0.1 lmol/h). Then, 36 sets of

T1-weighted images were obtained every 61 s. The typical

imaging parameters used for the T1-weighted gradient-

echo imaging were as follows: 25 9 25 mm field of view

(FOV), 128 9 128 data matrix, 1 mm slice thickness,

50.3 ms relaxation delay (TR), 4.2 ms echo-time (TE), 5

slices, 8 accumulations, and the 61-s image acquisition

interval. A sinc-shaped pulse (duration 2 ms, with a

bandwidth 2.5 kHz) was used for excitation. The RF power

was adjusted as a 180� pulse in the center of the coil, which

roughly corresponded to a 90� pulse at the depth of the

lateral ventricles of the rats.

T1 relaxation time was measured using an inversion-

recovery fast-imaging sequence employing a single 180�
pulse prior to the acquisition of a series of low flip-angle

detection pulses (FLASH). The parameters used were as

follows: 25 9 25 mm FOV, 128 9 128 data matrix, 1 mm

slice thickness, 1 slice, and 2 accumulations. An adiabatic

pulse (4 ms duration, 2.5 kHz bandwidth) was used for

inversion. The RF power was adjusted as a 180� pulse in

the depth of the lateral ventricles of the rats. A series of

eight sinc-shaped RF pulses (20� flip angle ca., 2 ms

duration, and 2.5 kHz bandwidth) was used for detection.

Five inversion recovery delays (TI, 45–5000 ms) were

used for the T1 measurements [10].

In separate experiments, the ventricular system was

visualized by 3D gradient-echo imaging with the following

parameters: 25 9 25 9 25 mm FOV, 128 9 128 9 64

data matrix, 100 ms TR, 3.2 ms TE, and 2 accumulations.

A block pulse (duration 0.2 ms) was used for excitation,

and intraventricular infusion of Gd-DTPA was continued

(0.25 lmol/h) during the measurements. 3D reconstruction

was performed after the data matrix was interpolated to

256 9 256 9 256. The diffusion coefficient of water in the

hypothalamus was measured by spin-echo pulse-field gra-

dient imaging with the following parameters: 25 9 25 mm

FOV, 128 9 128 data matrix, 1 mm slice thickness, 9

slices, and 2 accumulations. The time interval between the

gradient pair (D) and duration of the gradient pulse (d)
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were 26 ms and 6 ms, respectively. The direction of the

diffusion pulse was set so it was perpendicular to the third

ventricle. The diffusion coefficient was calculated from

b values ranged from 20 to 1400 mm-2 s obtained from

four images.

Model and data analysis of diffusion of manganese

The third ventricle (3V) in the rat has a unique structure.

As shown in Fig. 1, the lateral ventricles are connected to

the 3V by the interventricular foramina. The upper part of

3V continues caudally to the aqueduct. The lower part of

the 3V goes down the anterior side of the thalamus, then

makes a thin slit between the hypothalamus, and finally

climbs up the posterior side of the thalamus to join the

aqueduct to the fourth ventricle (4V). As reported previ-

ously [11], CSF may flow from the lateral ventricles to

the 3V, then continue on to the aqueduct and the 4V. We

may expect a caudal flow of the CSF in the thin part of

the 3V, so the Mn-bicine concentration in the 3V was

kept at a constant level. Because the thin part of the 3V

is more than 3 mm in length and 1.5 mm in height,

it is large enough, compared with the voxel size

(195 9 195 9 1000 lm), positioned parallel to the 3V

(Fig. 1a–c). Therefore, we treated the manganese diffu-

sion as a one-dimensional simple diffusion perpendicular

to the 3V. A series of ROIs (9 pixels) was set from the

thin part of the 3V to the area perpendicular to the 3V, as

shown in Fig. 1d.

The inner surface of the ventricle is covered with a

single layer of ependymal cells. The ependymal epithelium

is considered to be leaky, with a permeability higher than

that of the capillaries of the choroid plexus [7]. When Mn-

bicine was injected intravenously, it quickly appeared in

the CSF (unpublished result). Therefore, not only Mn-cit-

rate (245 Da), but also Mn-bicine (216 Da) may pass the

capillary endothelium of the choroid plexus. Therefore, it

might be true that Mn-bicine also passes through the

ependymal epithelium from the CSF to the interstitial space

of the brain.

Fig. 1 The three-dimensional structure of the rat ventricular system

and the ROI used for the measurement of manganese diffusion. a, b,

c show dorsal (a), frontal (b), and lateral (c) views of the right half of

the ventricular system. Ventricles are depicted by 3D gradient-echo

images obtained during the ventricular infusion of Gd-DTPA. The

three boxes indicate the position and size of the ROI shown in d. d A

T1-weighted coronal gradient-echo image of a rat brain at 1 mm

caudal to the bregma. The artifact (black round shape) in the image,

in the left ventricle, is the tip of the injection cannula. Since

Mn-bicine had already been injected, the CSF in the ventricle was

depicted as a high intensity. The black horizontal bar represents the

ROI, 9 pixels (195 9 1758 lm), perpendicular to the 3rd ventricle,

used to measure Mn2? diffusion. The abbreviations used are as

follows: LV left side of the lateral ventricle, 3V the third ventricle,

Aq the ventricular aqueduct, and 4V the fourth ventricle
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The simple diffusion equation is given by

oC=ot � Dap � o2C=ox2 ¼ 0; ð1Þ

where C is the total manganese concentration, including

Mn2?, Mn-bicine, and Mn-citrate, etc. Dap is the apparent

diffusion coefficient of manganese, and x is the distance

from the 3V. Based on the assumption of the initial

conditions: C(x,0) = 0, and boundary conditions: C(0,t) =

Co and C(?,t) = 0, the manganese concentration is given

by

Cðx; tÞ ¼ Co � erfc[x=ð2ðDap � tÞ0:5Þ�: ð2Þ

In the T1-weighted imaging with a 90� excitation pulse

and a short echo time, the observed signal intensity of the

image (M(x,t)) reaches a steady value

Mðx; tÞ ¼ MO½1� expð�TR � R1ðx; tÞÞ�; ð3Þ

where R1(x,t) is T1 relaxation rate (1/T1) of the brain, Mo is

the equilibrium image intensity, and TR is the repetition

time of the excitation pulse. The R1(x,t) is the sum of the

intrinsic relaxation rate of brain (R0) and the relaxation rate

of the manganese (RMn), which is proportional to the

manganese concentration (C(x,t)), and the relaxivity value

of the manganese (K1). Because of the relaxivity of Mn2?,

Mn-bicine and Mn-citrate were similar in saline solution

(around 5 mM-1 s-1); a single and constant K1 value was

supposed in this calculation. R1(x,t) is given by

R1ðx; tÞ ¼ R0 þ RMn ¼ R0 þ K1 � Cðx; tÞ: ð4Þ

Since the increase in the relaxation rate (DR1(x,t) = R1(x,t) -

R0) is proportional to the manganese concentration, Eq. 2 can

be written

DR1ðx; tÞ ¼ DR10 � erfc[x=ð2ðDap � tÞ0:5Þ�; ð5Þ

where DR10 is K1�Co - R0. Therefore, using Eqs. 2 and 5,

we can obtain Dap from the time-dependent changes of

T1-weighted image intensity (M(x,t)).

In Eq. 3, we assumed a uniform excitation pulse with

a flip angle of 90� and an infinitely short TE. Since we

used a surface coil for the imaging and finite length

of TE (3.2 ms), these assumptions were not satisfied

by the actual measurements. However, the measurement

of T1 relaxation time is time-consuming even using the

inversion-recovery fast-imaging sequence, and we could

not follow the initial part of the diffusion. As a practical

method to overcome this difficulty, we measured the

T1 relaxation rates during the Mn-bicine infusion, and

then, the values of the observed relaxation rate (R1ob)

and the image intensity (Mob) were used in Eq. 3. Using

this ‘‘calibration curve,’’ R1(x,t) was estimated from

M(x,t).

Statistics and fitting

All numerical values were expressed as the mean and

standard error of the mean (mean ± SE). One-way analysis

of variance or Student’s t test was employed for the

statistical significance tests, and it was considered that

p values less than 0.05 indicated significance. Linear and

non-linear fittings were conducted using IGOR Pro

(v4.0.9A, WaveMetrics, Oregon).

Results

Estimation of T1-relaxation rate from image intensity

of T1-weighted GE image

The intensity of 9 pixels of the brain was measured during

a continuous injection of 2 mM Mn-bicine at 50 ll/h. A

typical result is shown in Fig. 2a. The image intensity of

the 3V increased quickly and reached the peak at 5 min,

then decreased gradually because of accumulation of Mn-

bicine in the CSF. The image intensity of pixels near the

3V increased faster than those far from the 3V. In order to

convert image intensity to T1 relaxation rate, we applied a

non-linear fitting of the T1 relaxation rate (R1ob) and

T1-weighted image intensity (Mob) to an equation:

Mob ¼ M�O½1� expð�TR� � R1obÞ�:

As shown in Fig. 2b, we found good fitting results for

R1ob up to 8 s-1 with a pair of Mo* and TR*. Using this

relationship, T1-weighted image intensities were converted

into the T1 relaxation rates, as shown in Fig. 2c.

Estimation of simple diffusion of manganese

in the brain

Based on the assumption of a simple diffusion of manganese

in the brain, the increase in the T1-relaxation rate (DR1(x,t))

was fitted to Eq. 5 with an offset of the diffusion axis (xoff).

DR1ðx; tÞ ¼ DR10 � erfc[(x� xoffÞ=ð2ðDap � tÞ0:5Þ� ð6Þ

This technical offset was introduced to eliminate the

uncertainty of the position of the 3V, since the thickness of

the 3V is thinner than the pixel size (195 lm). The results

shown from fitting 7 pixels from 195 to 1367 lm with a

single diffusion coefficient (Dap) are shown in Fig. 2d.

Results obtained from 4 different rats showed good repro-

ducibility: mean and SE of Dap and xoff were 4.18 ±

0.32 9 10-5 mm2 s-1 and 4.6 ± 3.5 lm, respectively.

This Dap value is much smaller than the water diffusion in

the hypothalamus (6.1 ± 0.23 9 10-4 mm2 s-1, n = 4).

In addition, as shown in Fig. 2d, regression lines

262 J Physiol Sci (2011) 61:259–266

123



represented a systemic bias: regression lines moved to a

value higher than the actual value when the distance from

the 3V increased. Nonlinear fitting was applied to each of

the pixels using the simple one-dimensional diffusion

equation, Eq. (6). The results of the fitting are shown in

Fig. 3a. Compared with Fig. 2d, the regression lines were

overlapped exactly on the actual data. Means and SE of Dap

of 4 rats are shown in Fig. 3b. A significant difference

(p \ 0.05) was detected between the regression lines by

one-way analysis of variance with distance from the 3V as a

factor. Therefore, the diffusion of manganese in the 8 pixels

was not a single simple diffusion process.

Discussion

Since manganese is an essential trace element for the brain

and an excess of manganese is a neurotoxicant, many studies

have been conducted on manganese uptake and efflux in the

brain [9, 12, 13]. The transportation of manganese was

usually estimated from the tissue concentration of manga-

nese or by comparison of the concentration ratio in the brain

to that in plasma. These studies focused on manganese

transporters in the blood-brain barrier (BBB) and the blood-

CSF barrier, and considered the brain parenchyma as a

uniform single compartment. When we first began to employ

manganese ion-enhanced MRI, we had to wait for a while for

the interstitial diffusion of manganese. This interstitial dif-

fusion seemed to be much slower than what we expected

from the diffusion of the small Mn2? ion, suggesting that not

only the blood endothelium, but also brain parenchyma may

hinder the lateral diffusion of manganese. As far as I can

determine, no other reports concerning the interstitial

transport of manganese in the brain have been published.

We measured the lateral diffusion of manganese from

the 3V to the hypothalamus. The concentration of

Fig. 2 Diffusion of Mn2? in the rat brain from the 3rd ventricle.

a Changes in image intensity of 9 pixels after the intraventricular

infusion of 2 mM Mn-bicine (50 ll/h). The distance from the center

of the pixel to the 3rd ventricle is shown in the legend for each of the

pixels. b The relationship between the T1 relaxation rate (R1ob) and

image intensity (Mob). The bold and dotted lines represent, respec-

tively, the regression line of the non-linear fitting and its 95%

confidence range of image intensity to an equation: Mob = Mo*[1 -

exp(-TR*�R1ob)], where Mo* and TR* are apparent values of the

equilibrium image intensity and the repetition time of the excitation

pulse. Please refer to the text for the details. c Changes in the T1

relaxation rate of 9 pixels after the intraventricular infusion of Mn-

bicine. T1 relaxation rates were calculated from the image intensity

shown in b and the relationship obtained in c. d Fitting data for

7 pixels (195–1367 lm from the 3rd ventricle) to a simple one-

dimensional diffusion equation with a single diffusion coefficient. The

bold lines show results of fitting to DR1(x,t) = DR10�erfc[(x - xoff)/

(2(D�t)0.5)], where DR10 = 10.9 ± 0.12 s-1, D = 4.7 9 10-5 ±

7.3 9 10-7 mm2 s-1, xoff = -1.26 9 10-2 ± 5.8 9 10-4 mm

(coefficient ± SD)
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Fig. 3 Fitting the data for each pixel to a simple one-dimensional

diffusion equation. a The bold lines show the results of the fitting. In

regard to the pixel at 195 lm, fitting was performed using the data

obtained in the initial 35 min. For the rest of the pixels, all data were

used for the fittings. b Apparent diffusion coefficients for each pixel.

Means and SE of 4 rats are shown. A significant difference (p \ 0.05)

between the coefficients was detected by one-way analysis of variance

with distance from the 3rd ventricle as a factor
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manganese was estimated from the T1 relaxation rate

estimated from the intensity of the T1-weighted MR image.

The observed apparent diffusion constant (Dap) of man-

ganese (4.2 9 10-5 mm2 s-1) was much smaller than

that of water in the hypothalamus (ca. 6 9 10-4 mm2 s-1).

From the Stokes-Einstein equation, the diffusion coeffi-

cient may scale as the inverse of the radius of molecule (r),

i.e., the cube root of the molecular weight (m),

D ¼ kT � ð6pgqÞ�1 / r�1 / mð�1=3Þ;

where g is viscosity. This relationship was confirmed in

a wide range of molecules from 170 to 10 kDa in the

cytoplasm [14]. The Dap value of manganese, 4.2 9

10-5 mm2 s-1, is comparable to that of 3–4 kDa molecular

weight, which is much larger than the molecular weight of

Mn2? (55 Da), Mn-bicine (216 Da), Mn-citrate (245 Da),

and Mn(HCO3)? (116 Da). Serum albumin (66 kDa) does

not cross the intact BBB, and the concentration of Mn

transferrin (77 kDa) in brain extracellular fluid is less than

0.25 lM [9]. The contribution of these macromolecules can

thus be ignored. Therefore, the slow diffusion of manganese

could not be explained by molecular size. This is one reason

why we did not focus on the different Mn species, but rather

dealt with diffusion as single component.

The very slow diffusion of manganese might be

explained by the intracellular deposition of Mn2?. In nor-

mal conditions, the brain takes up Mn2? by carrier-medi-

ated processes, and most Mn2? ions are chelated by citrate

in the extracellular space of the brain [8, 9]. Based on their

molecular size, Mn-citrate and Mn-bicine may not enter the

cells themselves. From the literature, the conditional

association constants of Mn-citrate (3.9 M-1) and Mn-

bicine (2.9 M-1) are low [9, 15], and the association

constant of Mn(HCO3)? (1.2 M-1) [16] is very low, and

some fractions of Mn complexes dissociate free Mn2? ions.

The Mn2? ion can enter neuronal cells through Ca2? entry

pathways, such as voltage-dependent Ca2? channels. On

the other hand, Mn2? efflux might be a slow diffusion-

mediated pathway [9, 13]. Therefore, Mn2? ions tend to

accumulate in the cells, so the Dap of Mn2? will become

much slower than that expected from the molecular weight.

It might also be true that there is some amount of man-

ganese efflux from the brain via the veins. Indeed, as

shown in Fig. 1d, a small vein crossed the pixel around

1000 lm from the 3V. That pixel position was close to the

one that showed the lowest Dap (Fig. 3b).

In regard to MnEMRI, we obtained useful experimental

information employing the intraventricular application of

Mn2?. As shown in Fig. 2b, a range of 1/T1 from 1 to 5 s-1

is a suitable range of T1 for MnEMRI. As shown in Fig. 2c,

manganese can diffuse within 30 min in the regions

0–400 lm apart from the ventricles. Therefore, we can

use a lower concentration of Mn2? (e.g., 0.5 mM) for

MnEMRI. On the other hand, in the regions around

1000 lm apart from the ventricles, we may have to wait

for 1 h for the entry of Mn2?, and we thus recommend a

higher concentration of Mn2? (e.g., 2–5 mM). It might be

appropriate to mention the systemic application of Mn2? in

this regard. When Mn2? is applied intravenously or intra-

peritoneally, the cerebral capillary and the choroid plexus

are known to be the two main pathways for Mn2? entry

into the brain parenchyma. The uptake into the brain

parenchyma via the choroid plexus becomes the predomi-

nant form [12]. Mn-bicine is also small enough to pass

through the choroid plexus into the CSF, where it can

then diffuse into the brain through the ependymal layer.

Therefore, manganese diffusion from the cerebroventricles

is an important route for Mn2? entry even when employing

the systemic administration of manganese. When manga-

nese was infused intravenously for 1 h at a rate of

8.3 lmol kg-1 min-1, the final plasma concentration of

Mn2? reached a value of about 0.5 mM [1, 6]. Then, the

manganese passed through the choroid plexus into the CSF.

The concentration of Mn2? in the CSF might also increase

to about 0.5 mM, which would be sufficient for the

detection of the neural activities of the periventricular

nuclei without breaking the BBB.
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