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HE ENTRY OF MANGANESE IONS INTO THE BRAIN IS
CCELERATED BY THE ACTIVATION OF N-METHYL-D-ASPARTATE
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bstract—Manganese-enhanced magnetic resonance imag-
ng (MEMRI) is receiving increased interest as a valuable tool
or monitoring the physiological functions in the animal brain
ased on the ability of manganese ions to mimic calcium ions
ntering to excitable cells. Here the possibility that in vivo
EMRI can detect the entry of manganese ions (Mn2�) in the
rain of rats behaving without intended stimulation is tested.
his hypothesis was a result of the unexpected observation
hat Mn2�-dependent signal enhancement was dramatically
uppressed in ketamine-anesthetized rats compared with
ther anesthetics, such as urethane, pentobarbital and isoflu-
ane. The effects of noncompetitive N-methyl-D-aspartate re-
eptor (NMDAR) antagonists, ketamine and MK-801, on MEMRI
or MnCl2 injected rats were examined. Treatment with MK-
01 suppressed the signal enhancement more effectively
han with ketamine. NMDAR agonists, glutamate (100 mg/kg)
nd N-methyl-D-aspartate (NMDA) (35 mg/kg), enhanced the
ignal intensities on MEMRI, and this signal enhancement
as completely antagonized by MK-801. The systemic admin-

stration of the competitive NMDAR antagonist, D-2-amino-5-
hosphono-pentanoate (D-AP5), which does not cross the
lood–brain barrier (BBB), showed no effects on the signal
nhancement induced by NMDA and glutamate. A selective
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bbreviations: AMPAR, AMPA receptors; BBB, blood–brain barrier;
CSFB, blood–cerebrospinal fluid barrier; BLA, basolateral amygdala;
R, cortex; D-AP5, D-2-amino-5-phosphono-pentanoate; DHP, dorsal
ippocampus; D3rdV, dorsal 3rd ventricle; fMRI, functional magnetic
esonance imaging; LFC, longitudinal fissure of cerebrum; LV, lateral
entricles; MEMRI, manganese-enhanced magnetic resonance imag-
ng; Mg2�, magnesium ions; MK-801, (�)-5-methyl-10,11-dihydro-5H-
ibenzo-[a,d] cycloheptene-5,10-imine maleate; MRI, magnetic reso-
ance imaging; MS, multi-slice; NBQX, 1,2,3,4-tetrahydro-6-nitro-2,3-
ioxo-benzo[f]quinoxaline-7-sulfonamide; NEX, number of excitations;
MDA, N-methyl-D-aspartate; NMDAR, N-methyl-D-aspartate recep-

or; NSI, normalized signal intensities; PCP, phencyclidine; PTZ, pen-
c
ylenetetrazole; PVA, periventricular areas; ROI, regions of interest;
E, spin-echo; 3rdV, 3rd ventricle; 4thV, 4th ventricle.
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MPA receptor (AMPAR) antagonist, 1,2,3,4-tetrahydro-6-ni-
ro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide (NBQX), did
ot block the signal enhancement.

These data indicated that the Mn2�-dependent signal en-
ancement took place as a result of the activation of gluta-
atergic neurons through NMDAR, but not through AMPAR

n the brain. © 2008 IBRO. Published by Elsevier Ltd. All
ights reserved.

ey words: MEMRI, ketamine, NMDA receptors, AMPA recep-
ors, blood CSF barrier, pharmacological MRI.

mong many non-invasive diagnostic methods, magnetic
esonance imaging (MRI) has been recognized as an im-
ortant tool for studying the brain anatomy and its func-
ions. The application of MRI to problems in neuroscience
lossomed in the early 1990s with the development of
unctional magnetic resonance imaging (fMRI) methods to
ap spatiotemporal patterns of brain activity in human

ubjects (Kwong et al., 1992; Menon et al., 1992; Ogawa et
l., 1993). Manganese-enhanced magnetic resonance im-
ging (MEMRI) has been developed as another new MRI
ethod to image biological functions. Manganese ions

Mn2�) are used as a magnetic resonance-detectable con-
rast agent to monitor neuronal activity-dependent changes,
ut its effectiveness does not depend on hemodynamic
hanges like fMRI. Paramagnetic Mn2� reduces the regional
ater proton relaxation time (T1), which can be detected via
T1-wighted MRI (Lin and Koretsky 1997; Pautler et al.,

998; Duong et al., 2000).
Manganese (Mn) is an essential trace metal required

or development and function of the brain. This metal is
equired for many enzymes (tyrosine hydroxylase, glu-
amine synthesis and superoxide dismutase, etc) in the
NS (Bonilla, 1980; Radenovic et al., 2005) and approxi-
ately 80% of the total Mn in brain is associated with
lutamine synthesis in astrocytes (Wedler and Denman,
984). Mn deficiency is known to be associated with epi-

epsy (Papavasilious et al., 1979; Carl et al., 1986, 1993).
n the other hand, long exposure of excess manganese

auses Parkinson-like symptoms related to damage of the
opaminergic neurons in the basal ganglia (Aschner et al.,
007). Mn2� is known to behave like calcium ions (Ca2�) in
iological systems, which is allowed to enter cells through
alcium pathways such as voltage-gated calcium channels
Meiri and Rahamimoff, 1972; Drapeau and Nachshen,
984) and N-methyl-D-aspartate receptor (NMDAR) (Takeda,
003). Based on these interesting characteristics, the appli-

ation of Mn2� as a contrast agent in MRI is not only valuable

ved.

mailto:itoh@kph.bunri-u.ac.jp
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or enhancing the MR image contrast, but also very important
or studying the biological functions of manganese in the
rain. From a large number of MEMRI studies on imaging
nterograde connections in the olfactory, optic and so-
atosensory tracts of the rodent brain, the utility of this
ethod has now been recognized in the neuroscience field

Allegrini and Wiessner, 2003; Lin et al., 2001; Pautler et
l., 1998).

The use of MRI in animal research has been restricted,
ue to the major technical problem associated with the
ovement of the animal during the MRI measurement.
ead and body movement distorts the images and creates
change in signal intensities that are miscalculated. Con-

equently, general anesthetics are commonly required to
mmobilize animals for in vivo animal MRI experiments.
owever anesthetics act primarily on neurons, thus de-
ressing the brain metabolic activity and reducing the
asal cerebral blood flow (Ueki et al., 1992), so it is impor-

ant to choose suitable anesthetics to minimize their effects
n MEMRI studies. Although the Mn2�-dependent MRI
ignal intensity has been reported to be more enhanced in
ither awake or lightly anesthetized animals (Aoki et al.,
002; Lin and Koretsky, 1997), the Mn2�-induced signal
nhancements have thus been analyzed in anesthetized
odents in most of MEMRI studies. However, no com-
arison studies have been performed using different
nesthetics.

In the present study, the enhancement of Mn2�-depen-
ent MRI signal intensity of rat anesthetized with urethane,
entobarbital, ketamine and isoflurane was first compared.
urprisingly, among these anesthetics, only ketamine re-
arkably suppressed the signal enhancement. Since ket-
mine is known to be noncompetitive NMDAR antagonist,
MDAR as Ca2� channel coupled receptors might affect

he entry of Mn2� into the brain. Therefore, in order to
xamine the relationship between the activation of
MDAR and the entry of Mn2� into the brain, the effects of
gonists and antagonists both of NMDAR and AMPA re-
eptors (AMPAR) on Mn2�-dependent signal enhance-
ent in rat brains were carefully examined.

EXPERIMENTAL PROCEDURES

nimal preparation

he protocol for all animal experiments were approved by To-
ushima Bunri University Animal Care Committee according to the
ational Institutes of Health Animal Care and Use Protocol (NIH,
ethesda, MD, USA). All efforts were made to minimize the num-
er of animals used and their suffering. Male Wister rats housed
hree animals per cage (150�250 g, Japan SLC Inc. Hamamatsu-
hi, Sizuoka, Japan) were maintained on laboratory chow and
ater ad libitum on a 12-h light/dark cycle. The rats were anes-

hetized with urethane (1.0 g/kg, Sigma Chemical Co., St. Louis,
O, USA), Ketalal/Celactal (ketamine: 50 and 100 mg/kg/xyla-

ine: 10 mg/kg, Sankyo-Yell, Chiyoda-ku, Tokyo, Japan/Bayer,
saka-shi, Osaka, Japan), Nembutal (pentobarbital Na: 45 mg/kg,
bbott Pharmaceutical, USA) or 1.0�1.5% Escain (isoflurane,
60 mL/min: Merck, Meguro-ku, Tokyo, Japan) –oxygen mixture.
ll drugs were administered through the i.p. at an injection volume

f 1 mL/kg 20 min before anesthesia of examined animals, except s
etamine and isoflurane. Ketamine was administered through i.m.
r isoflurane was inhaled with oxygen. During the MRI measure-
ents, the body temperature was measured using a rectal ther-
ocouple and it was kept constant at 37 °C with a feedback-

ontrolled warm-air blanket. The anesthetized rats were thereafter
illed using saturated KCl.

aramagnetic Mn2� administration

he rats were i.p. injected with paramagnetic Mn2� ions, which
ere derived from either MnCl2 or Mn citrate. The rats were

njected with MnCl2 or Mn citrate via different routes (i.p., s.c., i.m.
nd i.v. administrations). The data of MEMR images did not differ
etween each injection route. In the present studies, i.p. injection
oute therefore was mainly utilized. One hundred millimolar MnCl2
Sigma-Chemical Co.) was prepared in saline. One hundred mil-
imolar Mn citrate was prepared according to a previously de-
cribed method (Korch and Drabkin, 1999). Briefly, Mn citrate was
ade in saline by mixing equal volume of manganese chloride
ith trisodium citric acid (Wako Pure Chemical Industries, Ltd.,
saka-shi, Osaka, Japan), and stored at �80 °C until use. Unless
therwise indicated, all administrations of Mn2� to rats were car-
ied out under anesthesia. In this study, at 20 min after following
reatment with anesthetic, MnCl2 (12.5 and 50 mg/kg) was in-
ected into anesthetized rats after confirming that the anesthetic
as effective for examined rats.

dministration of NMDA and AMPAR antagonists

MDA, MK-801, 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]qui-
oxaline-7-sulfonamide (NBQX) and D-2-amino-5-phosphono-
entanoate (D-AP5) were obtained from Tocris Pure Chemicals
Ellosville, MI, USA). MK-801, NBQX and D-AP5 were dissolved in
queous buffer solutions. Timing of drug administration was
hown in Fig. 1. These antagonists were administered i.p. 30 min
efore treatment with MnCl2. The doses of MK-801, NBQX, D-AP5
nd NMDA used in this study were 4, 10, 10 and 35 mg/kg,
espectively. Pentylenetetrazole (PTZ) was obtained from Sigma
hemical Co., Inc. After the anesthetized animals were injected
ith MnCl2, they were injected i.p. with dose of PTZ (80 mg/kg) in
aline.

n vivo MRI acquisitions

he MRI data were acquired using MRmini (DS Pharma Biomed-
cal Co., Ltd, Suita-shi, Osaka, Japan), consisting of a 1.5-tesla (T)
ermanent magnet made of Nd-Fe-B material, a compact com-
uter-controlled console, and a solenoid MRI coil with a 30-mm

nner diameter. The entire system was installed in a space of 1�1
, without magnetic shielding. The head of an anesthetized rat
as fixed firmly on a polycarbonate holder. After appropriate
ositioning was confirmed on localizer (coronal) images, coronal,
orizontal, and sagittal MR images were then obtained using a two
imensional (D) spin-echo (SE) multi-slice (MS) T1-weighted se-
uence. Typical imaging parameters for a 2D SE MS was TR
repetition time, ms)/TE (echo time, ms)/FA (flip angle)�500/9/
0°, FOV (field of view)�60�30 mm, matrix�256�128, voxel
ize�0.246�0.246�0.246 mm, number of excitations (NEX)�4.
1-weighted MR images for the control rats were obtained using

he same parameters before the administration of MnCl2, and then
equential scanning was started after the administration of MnCl2.

maging analysis and statistics

he signal intensities of the longitudinal fissure of cerebrum (LFC),
orsal 3rd ventricle (D3rdV), cortex (CR), dorsal hippocampus
DHP), 3rd ventricle (3rdV), 4th ventricle (4thV), basolateral amyg-
ala (BLA), lateral ventricles (LV), periventricular areas (PVA) and
phantom (saline) were measured by using image processing
oftware (ImageJ, NIH, Bethesda, MD, USA and INTAGE Realia
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rofessional, KGT Inc, Shinzuku-ku, Tokyo, Japan). The normal-
zed signal intensities (NSI) in selected region of interest (ROI)
ere obtained and a time course of the signal intensity changes in
arious brain regions was determined as average of NSI from two
ats (Fig. 3). All data were presented as the mean�standard error
S.E.) normalized to the background noise (Fig. 7) from each
nimal. For statistical comparison, ROI were defined in the im-
ges, and at least 16 pixels were sampled from each of the ROI.
he data were statistically analyzed using the Kruskal-Wallis and
unnett tests.

RESULTS

cute effects of MnCl2 and Mn citrate injection in

1-weighted MR images

1-weighted MR images taken after MnCl2 injection pro-
uced a clear signal enhancement in all examined rat
rains. Fig. 2 showed a typical T1-weighted MR coronal,
orizontal and sagittal images from a rat administered with

ig. 1. Timing of drug administration for pharmacological Mn2�-enhanc
00 mg/kg, pentobarbital Na: 45 mg/kg, or 1.0�1.5% isoflurane, 160 m
ith ketamine (50 mg/kg) at 30 min after first injection (Exp. 1) to kee
nCl2 injection ( ) in Exp. 1�4. Rats were treated with glutamate rece
0 min before urethane anesthesia in Exp. 2 and 3. In Exp. 3, NMDA

reatment with MnCl2. Rats were injected with dose of PTZ ( ) (80 mg
n Exp. 4. T1-weighted MEMRI ( ) were scanned at 15 min before an

ig. 2. Typical Mn2�-enhanced T1-weighted MRI in the rat brain. Typi
ith urethane. (A, D) Coronal imaging planes. (B, E) Horizontal imag

EMR imaging planes (60 min after injection of 50 mg/kg MnCl2) in the rat brai
hich are indicated by gray arrows (A–C). Slice thickness�1.5 mm, NEX�4, a
nCl2. Before MnCl2 injection, specific contrast enhance-
ent in MR images was not detected between different
rain tissues, but upon MnCl2 injection, the contrast en-
ancement due to the increased signal intensity by Mn2�

as observed in the brain. A remarkable signal enhance-
ent in T1-weighted MR images was found in the LV and
VA (Fig. 2, white arrows). The intensities of the MR
ignals by MnCl2 (50 mg/kg) injection increased approxi-
ately threefold in comparison to the finding observed at
2.5 mg/kg (data not shown).

Since the brain entry rate of Mn2� after the systemic
dministration of Mn citrate has been reported to be ap-
roximately three times faster than that by MnCl2 (Yokel,
002), the signal intensity enhancement by Mn citrate was
ompared with that by MnCl2. In MEMRI experiments fol-
owing Mn citrate i.p. injection, the Mn signal intensities in

R images of ventricles were not significantly different

tudies. The rats were anesthetized with urethane (1.0 g/kg), ketamine:
xygen mixture. Ketamine-anesthetized rats were additionally injected
esia level. Anesthetics ( ) were administered at least 20 min before
gonists ( ) (MK-801: 4 mg/kg, NBQX: 10 mg/kg and D-AP5: 10 mg/kg)
kg) and glutamate (100 mg/kg) ( ) were administered 10 min before
min after the urethane-anesthetized animals were injected with MnCl2
0, 15, 30, 60, 120, 180, 240, 300 min after MnCl2 injection.

al, horizontal and sagittal MEMR images in rat brains of anesthetized
s. (C, F) Sagittal imaging planes. (A–C) MR imaging planes. (D–F)

2�
ed MRI s
L/min, o

p anesth
ptor anta
(35 mg/

/kg) at 5
cal coron
ing plane
n. White arrows (D–F) show Mn -enhanced signals at the ventricles
nd 2D SEMS.
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etween MnCl2 and Mn citrate (data not shown). These
bservations suggest that Mn2� ions are transported into

he brain. In addition, these entry rates of Mn2� into the
entricles are fast enough to yield temporal resolution of
EMRI using this 1.5-T MRI system with either MnCl2 or
n citrate. Therefore, MnCl2 was used in all other exper-

ments.

inetics of Mn2�-enhanced T1-weighted MR images

he kinetics of the Mn2�-dependent signal enhancement
n the rat brain appeared to be region specific, as shown in
he coronal MR images (Fig. 3). The signal intensity rapidly
nhanced at LFC and D3rdV after MnCl2 injection, and it
eached a plateau about 30�60 min and then rapidly
ecreased. The signal intensities in 3rdV and PVA gradu-
lly increased and thereafter the signal enhancement
pread out to other regions (Fig. 3A, B). The changes in
he signal intensities in CR, DHP and BLA did not occur
uring the 3 h period after MnCl2 injection (Fig. 3C). The
aximum signal enhancement observed in coronal MR

mages cleared over the following 24 h (data not shown).

ffects of various anesthetics on Mn2�-enhanced

1-weighted MR images

he effect of different types of anesthetics is of great
mportance when performing in vivo animal experiments.
n order to examine the effects of various anesthetics on
EMRI, rats were anesthetized with urethane, ketamine,

ig. 3. Kinetics of Mn2�-enhanced T1-weighted MR images in the rat
00 min after MnCl2 (50 mg/kg) i.p. injection in the rats anesthetized w
top: 0 min, middle: 5 min and bottom:120 min) 1: LFC, 2: D3rdV, 3: C
epresented the signal intensities in the target areas normalized by di
ime point were averaged from two rats. Slice thickness�1.5 mm, NE
entobarbital or isoflurane. When the rats were anesthe- a
ized with urethane, pentobarbital or isoflurane, the signal
ntensities clearly increased in the presence of Mn2� at the
rd V and PVA at 5 min after injection with MnCl2 (12.5 mg/
g), but not with ketamine in three different directions
coronal, horizontal and sagittal sections) (Fig. 4). To ex-
mine the effect of ketamine on MEMRI in more detail,
oronal MR images were taken for rats anesthetized with
etamine and pentobarbital before (0 min) and 5 min and
0 min after MnCl2 injection, respectively. In the serial
ections of three different directions in ketamine-anesthe-
ized rat brain, the signal enhancement was remarkably
uppressed at 30 min after MnCl2 (12.5 mg/kg) injection,
s shown in Fig. 5. In contrast, for pentobarbital-anesthe-
ia, the signal intensities significantly increased in the ol-
actory bulb and D3rdV, 4thV, LV and PVA (Figs. 4 and 5).
hese results strongly suggest the involvement of NMDAR

n Mn2�-dependent signal enhancement, because ket-
mine is known to act as a noncompetitive antagonist for
he NMDAR (Hunt et al., 2005).

ffects of NMDAR agonists and antagonists on
n2�-dependent signal enhancement

n order to clarify the effects of NMDAR antagonists on
EMRI, pharmacological-MRI studies were performed us-

ng various agonists and antagonists against NMDAR.
irst of all, to confirm the involvement of NMDAR, the
ffect of MK-801 (4 mg/kg, i.p.), that is a much stronger
MDAR antagonist than ketamine, was studied in rats

Typical coronal MEMR images at 0, 5, 15 30, 60, 120, 180, 240 and
ane. (B) The ROIs used for signal intensity measurement are shown
, 5: 3rdV, 6: BLA, 7: LV, 8: PVA, 9: phantom (saline). (C) The values
the values for saline phantom from each image. The values at each

d 2D SEMS.
brain. (A)
ith ureth

R, 4: DHP
nesthetized with urethane (Herberg and Rose, 1989).
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n2�-dependent signal enhancement was remarkably
uppressed by the treatment of rats with MK-801 before
n2� administration (Figs. 6B and 7). These results sug-
est that the lower Mn2� signal enhancement observed in
he rats pretreated with MK-801 is caused by the inhibition
f Mn2� entry into the ventricles through NMDAR.

Next, to test whether or not Mn2�-dependent signal

ig. 4. Influence of different type of anesthetic on Mn2�-enhanced T1-w
nd sagittal MEMR images in the brain of rats anesthetized with ureth
r isoflurane (1.0%) before (0 min) and 5 and 60 min after MnCl2 (12.5
t ventricles which are indicated by black arrows (0=). Slice thickness
nhancement is induced through the activation of glutama- a
ergic neurons, NMDAR agonists, glutamate (100 mg/kg)
nd NMDA (35 mg/kg), were administered to the rats
nesthetized with urethane. In this experiment, a lower
ose of MnCl2 (12.5 mg/kg) was chosen, because a large
umber of Mn2� could be already introduced within the
rain without any NMDAR agonist when the higher dose of
nCl2 (50 mg/kg) is used (data not shown). The systemic

coronal, horizontal and sagittal MR images. Typical coronal, horizontal
g/kg, i.p.), ketamine (100 mg/kg, i.m.), pentobarbital (45 mg/kg, i.p.)

.) injection. White arrows (5 and 60 min) show Mn2�-enhanced signals
, NEX�4, and 2D SEMS.
eighted
ane (1.0

mg/kg i.p
dministration of NMDA and glutamate led to an increase
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n signal intensity to approximately 150% and 135%, re-
pectively, of that with MnCl2 alone as shown in Figs. 6C
nd 7. The administration of MK-801 completely antago-
ized the effects of NMDA (Figs. 6D and 7) and glutamate
data not shown). In contrast, systemic administration of
he competitive NMDAR antagonist, D-AP5, did not affect
he Mn2� signal enhancement induced by NMDA (Figs. 6E
nd 7) and glutamate (data not shown). These results

ndicated that NMDA and glutamate on MEMRI act within
he brain, but not in either the periphery tissues or blood
essels, because i.p. injection of D-AP5 cannot cross the

ig. 5. Influence of anesthesia in different brain regions on Mn2�-enh
he brain of rats anesthetized with ketamine (100 mg/kg, i.m.) and pe
.p.) injection. The serial coronal sections were from the olfactory bulb
rom the temporal CR (temporal) to the 3rdV (central). The serial horizo
lice thickness�1.5 mm, NEX�4, and 2D SEMS.
lood–brain barrier (BBB) (Boast, 1988). t
Next, the glutamatergic neurons were indirectly acti-
ated to examine the involvement of these neurons on
n2�-dependent signal enhancement. A GABA receptor an-

agonist, PTZ (80 mg/kg) was administered to rats that had
een injected with 12.5 mg/kg MnCl2 under the anesthesia.
TZ activates glutamatergic neurons via the blockade of

nhibitory GABA synaptic transmission (Ramanjaneyulu and
icku, 1984). With PTZ injection, signal intensities increased
emarkably, and the signal intensities when MnCl2
12.5 mg/kg) was used were the same as those for rats
njected with MnCl (50 mg/kg) without PTZ. Therefore,

-weighted serial MR images. Typical serial coronal MEMR images in
l (45 mg/kg, i.p.) before (0 min) and 30 min after MnCl2 (12.5 mg/kg
o the cerebellum and pons (caudal). The serial sagittal sections were
ions were from the parietal CR (dorsal) to the pituitary gland (ventral).
anced T1

ntobarbita
(rostral) t
ntal sect
2

hese data indicate that Mn2�-dependent signal enhance-
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ent takes place through the activation of glutamatergic
eurons, within the blood–cerebrospinal fluid barrier
BCSFB).

ffects of AMPAR antagonists on MEMRI

MPAR plays an important role for the activation of gluta-
atergic neurons. Therefore, the effects of AMPAR antag-
nists on Mn2�-dependent signal enhancement were ex-
mined to elucidate the contribution of AMPAR. The rats

ig. 6. Effects of NMDAR agonists and antagonists in Mn2�-enhance
ogical coronal, horizontal and sagittal MEMR images in the brain of r
g)�MK-801 (4 mg/kg). (C) MnCl2 (12.5 mg/kg)�NMDA (35 mg/kg)
12.5 mg/kg)�NMDA (35 mg/kg)�D-AP5 (5 mg/kg). (F) MnCl2 (12.5 m

and 4 in Fig. 1. Slice thickness�1.5 mm, NEX�4, and 2D SEMS.

ig. 7. Pharmacological studies on the changes in the signal intensity
rom Mn2�-enhanced T1-weighted MRI. The values represented the
eans�S.E. normalized by dividing by the values for the background
oise from four rats (N�4). Light gray bar: MnCl2 (12.5 mg/kg), black
ars (left to right): MnCl2 (12.5 mg/kg)�ketamine (100 mg/kg), MnCl2
12.5 mg/kg)�MK-801 (4 mg/kg). Dark gray bars (left to right): MnCl2
12.5 mg/kg)�NMDA (35 mg/kg)�MK-801 (4 mg/kg), MnCl2 (12.5 mg/
g)�NMDA (35 mg/kg)�D-AP5 (5 mg/kg), MnCl2 (12.5 mg/kg)�NMDA
35 mg/kg). White bars (left to right): MnCl2 (12.5 mg/kg)�glutamate
100 mg/kg), MnCl2 (12.5 mg/kg)�NBQX (10 mg/kg). Timing of drug
dministration was according to Exp. 2, 3 and 4 in Fig. 1. For statistical
omparison, ROI were defined in the images, and at least 16 pixels were
ampled from each of the ROI. The data were statistically analyzed using
m
he multiple comparison Dunnett test. Statistical significant was set at
P�0.05 and ** P�0.01 compared with MnCl2 (12.5 mg/kg) alone.
ere pretreated with the well-known AMPAR antagonist,
BQX. NBQX (10 mg/kg) failed to suppress the Mn2�-
ependent signal enhancement (Fig. 7), which indicated

hat the AMPAR does not contribute to the entry of Mn2�

nto the brain, thus suggesting that Mn2�-dependent signal
nhancement is not regulated by AMPAR in the brain.

DISCUSSION

he present study carefully examined the Mn2�-depen-
ent signal enhancement in the brain of rats anesthetized
ith different anesthetics, including urethane, pentobarbi-

al, ketamine, or isoflurane. The comparison clearly showed
hat ketamine, a noncompetitive NMDAR antagonist, remark-
bly suppressed the Mn2�-enhanced signal intensities in
he ventricles of rats, but not urethane, pentobarbital, or
soflurane.

EMRI and anesthesia

nesthesia is generally required for most in vivo animal
xperiments. This may intrinsically affect the physiological
unctions in animals to an unknown degree, but most in
ivo magnetic resonance studies, including nuclear mag-
etic resonance and electron paramagnetic resonance,
end to usually be carried out without paying any special
ttention to the effects anesthetics (Baudelet and Gallez,
004). In previous reports, the influences in the depth of
nesthesia on the enhancement of MR signal intensities
as reported; the MRI signal in the brain is more strongly
nhanced in awake or lightly anesthetized animals (Aoki et
l., 2002; Lin and Koretsky, 1997). It has been speculated
hat such a signal elevation comes from the accumulation
f Mn2� in the brain regions, which is driven by the acti-
ated neurons. In fact, the signal enhancement in MEMRI
as more pronounced when Mn2� is administered into the
onscious rats rather than anesthetized ones (data not
hown). These studies suggest that Mn2�-dependent sig-
al enhancement is controlled by neuronal activities in
rains. Urethane, ketamine, pentobarbital, and isoflurane
re commonly used anesthetics in physiological and phar-

ghted coronal, horizontal and sagittal MR images. Typical pharmaco-
thetized with urethane. (A) MnCl2 (12.5 mg/kg). (B) MnCl2 (12.5 mg/
l2 (12.5 mg/kg)�NMDA (35 mg/kg)�MK-801 (4 mg/kg). (E) MnCl2
Z (80 mg/kg). Timing of drug administration was according to Exp. 2,
d T1-wei
ats anes
. (D) MnC
g/kg)�PT
acological studies of the CNS in animals. Anesthetics act
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n several parts of the brain to produce unconsciousness
hrough the activation of inhibitory synaptic neurotransmis-
ion (i.e. GABAergic neurons) and/or inhibition of excita-
ory neurotransmission (i.e. glutamatergic neurons). Ure-
hane induces small changes in multiple receptor systems
uch as GABAA receptors, acetylcholine receptors, glycine
eceptors, NMDAR and AMPAR (Hara and Harris, 2002).
entobarbital binds on GABAA receptors, and directly ac-

ivates GABAA receptors. Isoflurane as an inhalant has
een shown to depress neuronal activity, but not entirely.
etamine, however, specifically inhibits NMDAR, although

t does not substantially alter the function of GABA. From
uch differences in their actions on the NMDAR, ketamine
eems to specifically act on NMDAR, thus resulting in the
nhibition of the entry of Mn2� into the ventricles.

oes the blockade of NMDAR suppress
n2�-dependent signal enhancement?

etamine, like phencyclidine (PCP), is primarily a non-
ompetitive antagonist of the NMDAR (Harrison and Sim-
onds, 1985), and is known to bind to the PCP site of the
DMAR. In order to see if the blockade of NMDAR can
uppress the enhancement of MRI signals, all animals
ere pretreated with MK-801, another noncompetitive an-

agonist of the NMDAR with smaller IC50, before MnCl2
njection. As shown in Fig. 7, the stronger antagonist,

K-801, showed a stronger inhibition of the enhancement
f MRI signal intensities than ketamine, thereby indicating
he involvement of NMDAR in Mn2�-dependent enhance-
ent of MRI signals. In contrast, NBQX, an antagonist of
MPAR, did not show inhibitory effects on Mn2�-depen-
ent signal enhancement in MEMRI, which indicates that
he entry of Mn2� is regulated by the activation of NMDAR,
ut not AMPAR.

As shown in Figs. 3 and 4, Mn2�-induced contrast
nhancement appeared first at the LFC, and it moved to
rdV and LV, and spread into other brain regions time-
ependently. In a similar experiment, ketamine or MK-801
locked the first step of Mn2�-induced contrast enhance-
ent, thus suggesting that the entry of Mn2� from the

essel into the LFC is already blocked by ketamine and
K-801.

ctivation of NMDAR is involved in entry of
n2� via BCSFB into brain

lutamate which is released by the low-frequency activa-
ion of glutamatergic neurons binds to both NMDAR and
MPAR on postsynaptic neurons (Rao and Finkbeiner,
007). Under this neuronal condition, the activation of
MDAR is blocked by magnesium ions (Mg2�) into the
ore of the receptor. AMPAR is opened and it is permeable
o Na� or Ca2� ions. On the other hands, high-frequency
ctivation of glutamatergic neurons causes removal of
g2� from NMDAR and entry of Ca2� to the postsynaptic
eurons. To mimic the activation of glutamatergic neurons,
lutamate, NMDA and PTZ were injected by systemic
dministrations. These treatments significantly enhanced
he signal intensities on MEMRI and MK-801 as NMDAR

ntagonists inhibited NMDA-induced MEMRI as shown in
igs. 6 and 7. Therefore, such evidence indicates that the
ctivation of glutamatergic neurons might be involved in
he entry of Mn2� ions into the ventricles. To confirm
hether or not the activation of NMDAR in peripheral

issues and blood vessels or CNS neurons is involved in
he entry of Mn2� into the ventricles, D-AP5, a competitive
ntagonist of the NMDAR, was tested. It is known that
-AP5, which cannot cross the BBB, has a high affinity for
MDAR but not for AMPAR (Boast, 1988). As shown in
igs. 6 and 7, the i.p. injection of D-AP5 did not demon-
trate any inhibitory effects on Mn2�-dependent signal
nhancement. Considering that rat cerebral endothelial
ells do not express NMDAR (Boast, 1988; Morley et al.,
998), it is likely that NMDAR, being the glutamatergic
athway in the brain, is involved into entry of Mn2� into the
entricles.

The entry of Mn2� to brain occurs through BBB,
CSFB and the olfactory nerve from the nasal cavity di-

ectly to the brain. The role of NMDAR on the physiology of
CSFB is still not fully understood, but the entry of Mn2�

nto the brain might be accelerated by a change in the
ermeability of the BCSFB through the activation of
MDAR. This effect may result from the direct action of
lutamate on the BCSFB or from an indirect effect through
he activation of glutamatergic neurons. Some studies re-
ort that glutamate and NMDA work as a potent vasodila-
or of the cerebral vasculature (Morley et al., 1998), and
he NMDA-induced dilation of cerebral vessels is reported
o be mediated by nitric oxide produced as a result of
euronal activation (Faraci and Breese, 1993; Meng et al.,
995). Based on the findings of these reports, the activa-
ion of NMDAR in the CNS neurons may cause direct or
ndirect changes in the membrane properties of BCSFB,
hus leading to the change in the entry of Mn2� via BCSFB.

The present study demonstrated the effects of antag-
nists of NMDAR on Mn2�-dependent MRI signal en-
ancement. Through the detailed analysis of the kinetics
or the entry of Mn2� in the ventricles, it is possible to
larify the molecular mechanisms governing the relation-
hip between the activation of CNS glutamatergic neurons
nd the entry of Mn2� via BCSFB into brain.
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