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Figure 1. Nickelocene ion current as a function of the RF
power.

0.35

peak current of the nickelocene ions with the RF power. As
shown, an RF power of 54.7mW is sufficient for the ion
to be detected. This shows that the plasma is also gener-
ated at this RF power. Moreover, the emission of light -of
the ECR plasma has been visually checked in this state.
Subsequently, when the RF power was adjusted to 50mW,
the plasma suddenly disappeared and nickelocene ions were
not detected. Although the values of the RF power for the
generation and disappearance of the plasma differed from
the abovementioned value, similar tendencies were observed
for other organometallic compounds (ferrocene and osmo-
ceme) and their ions were detected. This value of RF power
corresponded to that at the exit of a high-frequency amplifier
(travelling wave tube amplifier; TWTA) and differed from
the value at which the plasma was actually absorbed, which
was lower. The electron temperature in the ECR plasma had
a certain distribution that could be determined by careful
measurements with a Langmuir probe and/or laser Thomson
scattering measurement.*

Fragmentation and ionization control by varying
RF power

Ferrocene, nickelocene and osmocene, which are organo-
metallic compounds, were used for the ionization of a mole-
cule and a fragment. These compounds have a structure
wherein one metal element is sandwiched by two penta-
gons. These compounds have high vapor pressure at room
temperature and, since these samples can be used in the form
of gases, they are suitable for introducing a sample into the
ECR ion source. The ECRIS mass spectrometer? was used
for performing the analyses. The specifications of the ECR
ion source can be obtained from Reference 2. Figures 2(a),
(b)-and (c) show the spectra of the fragment ions in which

one pentagon is separated in each organometallic compound. -

This shows that ions can be stably generated from such
chemically unstable fragments by using an ECR plasma.
Figures 3(a), (b) and (c) show the variations in the maximum
peak current corresponding to each spectrum of Figure 2

m“w [Fe(CsHs)]* (a)

lon current [nA]
P

0 Y. /\J I\MA
400
1237 (b)
— n [Ni(CsHs)]*
g
c
2 200
3 1257
S
ol - -
10
[Os(CeHe)I* ©)
ﬂ/ 257.2

\ |
!
¥

lon current [pA]
n

o
f-“—-

Analyzing magnet current

Figure 2. Spectrum of the fragment ions of the organometallic
compounds.

with the RF power. Since the RF power controls the electron
temperature in the ECR plasma, the horizontal axis in Figure
3 can also be considered to represent the electron tempera-
ture. Since the electron temperature in the ECR plasma was
controlled by varying the RF power, the generated quantity
of the fragment ions was controlled.

Rough estimation of electron temperature

Here, we roughly estimate the mean electron tempera-
ture in the ECR plasma. In an ECR ion source, the electron
confinement time (1,) usually increases with the electron
temperature (T,). For example, in the case of a minimum-B-
type ECR ion source' that generates highly charged ions, 1, is
of the order of milliseconds. The transfer time (7,) for which
energy is transferred from the RF power to a resonating
electron is of the order of nanoseconds.! The electron traces
a spiral orbit along magnetic lines of force and precesses
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Figure 3. Fragmention current of the organometallic compounds
as a function of the RF power.

between the mirror magnetic fields. While the electron is
confined by the mirror magnetic field, it passes along a reso-
nating point repeatedly and energy is supplied to it from the
RF power. On the other hand, T, becomes extremely small
when T, is very low. Here, when 1, is very small (of the
order of microseconds) and energy is supplied 1000 times
(because 7, and 7, are of the order of microseconds and nano-
seconds, respectively) at the resonating point during t_, the
mean electron temperature <7.,> is given as follows:

<T>=21.602x10°x10°x (CLT)(V,n) " [eV] (1)

where C, denotes the absorptivity coefficient of RF power;
P; [W], the input RF power; v, [cm?], the plasma volume;
and n, [cm™], the electron density. Here, by using typical
values—C,=0.7,° 1,=10"s ! and V,=200cm>—for an ECR
ion source, we obtain the expression

<T>=5.6%x10"%(P;n,") @

From Golovanivsky’s diagram,' which is obtained by
employing the step-by-step ionization criterion, the value of
n,T; optimized for the value of T, that is required for (highly
charged) ionization can be approximately estimated (7, is the
ion confinement time). Here, we assume n,7,=10%cm™ - sec
based on the extrapolation of the diagram since the ion in the
plasma has mainly 1+; therefore, considering 7,=1,, Equation
(2) becomes

<T>=56x10'% P, 3)

<T,> caused by the RF power is shown in Figure 4 for a
specific value of T, by using Equation (3). For example, when
T, is 0.01 ms for an RF power of 55mW, low-temperature
electrons (super cold electrons) with a <T.> value of 31 meV
will exist with a density of 10" cm™. It is considered that
the molecule ions and fragment ions (or fragmentation) are
accomplished by such super cold electrons.

At electron temperatures of 1eV or less, an electron—
molecule collision involves a dominant momentum transfer
process. However, the mechanism of fragmentation and frag-
ment ionization in the ECR plasma is not well understood.
It is expected that the mechanism will be clarified by future
researches. '

With regard to the plasma of the minimum-B-type ECR
ion source, the plasma domain has not been researched
extensively. Therefore, the above-mentioned estimates are
rough approximations.

Summary

Organometallic compound molecules were soft-ionised
by “super cold electrons” generated from an ECR plasma.
Moreover, it was observed that the produced quantity of the
fragment ions can be controlled by varying the RF power.
Since the ionization of molecules and fragments by super
cold electrons does not require a matrix, this ionization tech-
nique may potentially be used for the ionization of various
chemical substances. Further, the dynamic control of the
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Figure 4. <T,> in the ECR plasma as a function of the RF power
fort,=1, 0.1, 0.01 and 0.001ms.
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fragmentation may potentially be used as a new method for
the structural analysis (for example, from information on the
strength of a chemical bond) of a chemical substance.
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Change of concentrations of trace elements and protein contents
in the liver of zinc deficient mice
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The concentrations of essential trace elements and proteins in cytosolic fraction of hepatic cells of mice fed with Zn-deficient diet (Zn-def. mice)
and control were determined by ICP-MS and BCA protein assay method, respectively, after division into forty fractions by gel filtration
chromatography. The concentrations of zinc and proteins decreased in the 14-17th fracti

ons of Zn-def. mice, whereas cobalt concentrations

increased in the 14, 17, and 18th fractions. However, no significant differences were found on the gel after SDS-PAGE for the 12-21st fractions,
although the BCA protein assay date showed the decrease of protein amounts in 13-15th fractions of Zn-def. mice.

Introduction

Zinc is one of the most important essential trace
elements in living organisms, because of a variety of
biochemical and physiological action. The zinc content
in adult human is about 2.3 g.! This element is contained
in detectable concentrations in skin, bone, liver,

pancreas, kidney, and blood. It influences the activity of -

more than 300 enzymes that participate in a wide variety
of metabolic processes, such as the metabolism and the

synthesis of proteins and nucleic acid. A deficiency of

zinc leads to various symptoms, such as growth
retardation, hypogonadism, immunodeficient, alopecia,
osteogenetic inhibition and so on.24

Previously, concentrations of zinc and other trace
elements in various organs and tissues of Zn-def. mice
were determined by means of instrumental neutron
activation analysis (INAA).5-7 The zinc concentrations
* in bone and pancreas of Zn-def. mice were significantly
lower than those of control ones, although no differences
were found in the other organs and tissues, such as liver,
kidney and brain. On the other hand, concentrations of
Co increased in all the organs and tissues of Zn-def.
mice. Two works were carried out, in order to
investigate the behavior of the metallic elements which
bound proteins. One is the determination of the
concentrations of trace elements and proteins after gel
filtration chromatography for cytosolic fraction of
hepatocytes. Another one is the investigation of
affinities between metals and proteins which are
contained in these fractions.

* E-mail; x0432016@4ipc.shizuoka.ac.jp

0236-5731/USD 20.00
© 2007 Akadémiai Kiads, Budapest

Experimental

Eighty 7-week old male mice of ICR strain were
purchased from Clea Japan, Inc. (JCL), Tokyo, Japan,
and fed with ordinary commercial diet and tap water.
After a week, they were divided into two groups. One
group was fed with Zn-deficient diet (<1 pg of Zn/g
diet) and ultra pure water ad libitum (Zn-def. mice), and
the other group fed with control diet (30 Mg of Zn/g diet)
and the same water as the former (control mice) ad
libitum. The control diet consisted of raw materials for
Zn-deficient diet and Zn as zinc carbonate, basic.
Concentrations of minerals except for Zn in control diet
were equal to those in Zn-deficient diet. After three
weeks, their livers were removed and weighed,
immediately. Then, every eight livers of each group was
together homogenized and separated into two
subcellular fractions, such “as supernatant (cytosolic
fraction) and the other fractions by ultracentrifugation.
The cytosolic fraction, of 300 ul was loaded and was
further divided into forty fractions (2 ml per a fraction)
by gel filtration chromatography (Sephadex G-100
column, 1.5x70 cm?) using Tris-HC1 buffer (pH 7.4) as
the eluent, at a flow rate of 10 ml/h, at 4 °C, Then, the
concentration of the metallic elements and proteins in
each fraction were determined by inductively coupled
plasma mass spectrometry (ICP-MS) and BCA protein
assay method, respectively. According to the results of
ICP-MS, the 12-19th fractions in which the
concentrations of zinc decreased were used for the
following experiments. Proteins in these fractions
were further separated with sodium dodecyl sulfate
poly-achrylamide gel electrophoresis  (SDS-PAGE).

Akadémiai Kiadd, Budapest
Springer, Dordrecht
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Then, the gel was stained with silver stain. The affinities
between trace elements and metalloproteins existing in
the 14~16th fractions were examined by the multitracer
technique.8 Multitracer solution prepared from silver
target was added to the fractions and incubated for
1 hour at 4 °C. Then, each solution was poured into
several centrifugal filter tubes, such as Micron YM-3,
-10, -30, and -50 (Millipore Co.), and centrifuged at
2000g for 30 minutes in order to estimate the
percentage of RI tracer bound to materials whose
molecular weight are over 3, 10, 30, and 50 kDa,
respectively. Radioactivities in those samples were
measured with HPGe detectors. In each examination
process, such as gel filtration chromatography, SDS-
PAGE, and the multitracer experiment, the amounts of
proteins in the samples for two_groups were adjusted to
be equal to each other. .

The experiments were performed under the
. Guidelines for Animal Welfare and Experimentation of
Faculty of Science, Shizuoka University. :

Results and discussion

Figure 1 shows the concentrations of zinc and cobalt,
determined by ICP-MS, in the 11-40th fractions of forty
fractions divided by gel filtration chromatography for
cytosolic fraction of hepatic cell. The concentrations of
proteins in the same fractions were also shown in Fig. 2.
The zinc concentrations in the 13-18, 21, and 22nd
fractions of Zn-def. mice were much lower, and the
cobalt concentrations in 14, 17, 18, 21, and 22nd
fractions were higher than control ones as shown in
Fig. 1. On the other hand, as shown in Fig. 2, the

concentrations of proteins in 13-15th fractions of Zn- -

def. mice were low. These results indicate that some
specific proteins in this region, especially in the 13-15th
fractions, were related to a decrease in zinc and an
increase in cobalt in Zn-def. mice. It is thought that the
variations in the concentrations of zinc and cobalt were
caused by changes to alternative states of proteins, such
as liberation of metals from proteins, replacement of
zinc in some specific proteins by cobalt and so on. Then,
SDS-PAGE was performed in order to examine whether
disappearance or induction of proteins occurred or not.
Typical results of the SDS-PAGE for the 14-17th
fractions are shown in Fig. 3. No significant differences
between Zn-def. and. control mice were found on the
positions and the number of the protein bands of the
lanes on gel and also for the other fractions (12-21st).

430
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Fig. 1. Concentrations of zinc and cobalt after gel filtration
chromatography for cytosolic fraction of hepatocytes in the 11-40th
fractions
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Fig. 2. Concentrations of proteins in the 11-40th fractions
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Fig. 3. Typical SDS-PAGE after silver staining for the
14-17th fractions; (M) protein marker, (Z) zinc-deficient mice,
(C) control mice
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Fig. 4. Affinities between proteins and %Zn in the
14th and 15th fractions

100 ' Zinc-deficient group
80 4 bConn‘ol group
60
40
Y "
g .
£ 0 10 36 50
g 100 15 B Zinc-deficient group
ig 80 0O Control group
60
40
20
0 3 10 30 50

The size of mesh, kDa

Fig. 5. Affinities between proteins and %Co in the
14th and 15th fractions

It might indicate that the possibilities of disappearance
Or a new appearance of proteins in the region of 17—
116 kDa in these fractions are low. However, total

amount of proteins in this region for the zinc deficient

mice decreased as mentioned above.

The affinities between proteins and the radionuclides
of 85Zn, and 56Co in the 14th and 15th fractions are
shown in Figs 4 and 5, respectively. The affinities
between 65Zn and proteins over 30 kDa in the 14th
fraction of Zn-def mice decreased, whereas the affinities
to proteins over 10kDa did not distinctly decrease.

This result suggests that the zinc-binding proteins whose
size is in a range of 10-30kDa decreased or other
metals replaced instead of zinc by zinc deficiency. On
the other hand, as shown in Fig. 5, these were no
differences between two groups on the affinities
between 55Co and proteins in the 14th and 15th
fractions. Furthermore, the results in Fig. 5 also indicate

. that the size of cobalt affinitic proteins is almost in a

range of 3-10kDa. The direct evidence for the
replacement of zinc with cobalt was not obtained by this
carrier-free RI tracer examination for binding affinities.
However, if it is considered that both elements of zinc
and cobalt may be antagonistic>~7 and also content of
cobalt in organs is distinctly less than that of zinc, the
enhancement of cobalt concentration in Zn-def, mice
may be explained by substitution of zinc in some
proteins with cobalt.

Conclusions

The concentrations of many essential trace elements
and proteins of cytosolic fraction divided into forty
fractions in Zn-def. mice were determined. The
concentrations of zinc, cobalt, and proteins of Zn-def.
mice were remarkably different from those of the control
one. It indicates that zinc deficiency state leads to the
change of the metalloproteins. The result of the
multitracer experiments, affinities between 65Zn and
proteins in the 14th fraction, indicated that the zine-
binding proteins in a range of 10-30 kDa decreased or
zinc was replaced by the other metal elements, whereas
the results of SDS-PAGE showed that there were neither

disappearance of metalloproteins nor induction of other
proteins,
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Effects of the Oyster Extract on the Gastric Secretion in Rats

Kaori IcarasHI”, Yosuke KANAYAMAY, Shinji MoToMUuRa”
Yoshikazu MATsupa? and Shuichi ExoMoTo"
Dinstitute of Physical and Chemical Research (RIKEN), ® Japan Clinic Co., Ltd.

_ : Summary ’

Digestion is the process in which the bulk of ingested nutrients are broken down to oligomers or monomers in the -
mouth, stomach and intestine before they are absorbed -and made availablé to all the cells of the body. Gastric juice
is characterized by‘t}ie présénce’ of HCL, pepsin, mucus and an intrinsic factor, It is wgll established that the secre-
tion of gastric juice is promoted by a type of amino acid and peptide. Oyster is a shelifish classified as Pelecypoda
and is a nutritious food containing a great deal of zinc and taurine, Taurine has been reported to reduce myocardial
damage and to have a beneficial efféct on blood glucose and lipid levels. Thus, we investigated the effect of oyster
extract on the gastric secretion in rats. Pylorus-ligated'rats were sacrificed 6 h after the administration of oystelf
extract or taurine, and the gastric juice was collected and analyzed for volume, pH, acidity and pepsin activity: The
results indicate that oyster extract fnay decrease pepsin activity and pepsin output; however, oyster extract signifi-

cantly raised the acidity. Furthermore, it is suggested that the corriposition of oyster extract, excluding the taurine,
may promote the secretion of HCl and organic acid because oyster extract
taurine,

;hore significantly raised acidity than
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(4g/mL/min) (trypsine pg) (mL) (mEq/L) P,
Control 1085 = 149" - 4079 + 1531° 34 £ 09 384 = 153 42 = .08
Oyster Extract 311 '+ 65° 992 + 290° 31 = 03 194 * 65" 36 + 01
Taurine 725 = 48 2233 = 570" 32 £ 09 490 = 125° 38 = 05
Values are means = SE (n = 5),

54 Values with dxfferent superscript letters are significantly different (p < 0.05).
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Summary To investigate the relation between plasma amino acid levels

and mental fatigue, we.measured the plasma concentrations of 20 amino
acids in 9 healthy volunteers before and after a fatigue-inducing mental task
session for 8 hr. As fatigue-inducing mental tasks, the subjects performed
an advanced trail making test, a Japanese KANA pick up test, and a mirror
drawing test. As a control, 8-hr relaxation session was performed in the
same subjects at an interval of 4 weeks. Immediately after the fatigue
session, the plasma levels of branched-chain amino acids, tyrosine, cysteine,
methionine, lysine, and arginine were below those after a relaxation session.
The values for other blood parameters including total protein, albumin,
glucose, and total cholesterol did not show any differences between the 2
sessions. These results indicate that mental fatigue may be characterized by
a decrease in the plasma level of these amino acids,

Keywords: Mental fatigue, amino acids

Introduction

Fatigue is an everyday experience. However, in the case of
chronic or accumulated fatigue, they affect the person’s
performance. In addition, long-term accumulated fatigue
can lead to Karoshi (death as a result of overwork). For
clinical use, mental fatigue is defined as difficulty in the
initiation of, or the ability to, sustain voluntary activities
(Chaudhuri and Behan, 2004). Mental fatigue, in contrast
with neuromuscular or peripheral fatigue, represents a fail-

Correspondence: Yasuyoshi Watanabe, MD, Department of Physiology,
Osaka City University Graduate School of Medicine, 1-4-3 Asahimachi,
Abeno-ku, Osaka 545-8585, Japan

e-mail: yywata@med.osaka-cu.ac.jp

ure to.complete mental tasks that require self-motivation
and internal cues, in the absence of demonstrable cognitive
failure or motor weakness (Chaudhuri and Behan, 2000).
Based on this definition, Chaudburi and Behan (2004) pro-
posed a conceptual model for central fatigue. The work
output of voluntary activity depends on the applied volun-
tary effort, which is controlled by motivational input and
perceived effort via feedback from motor, sensory, and
cognitive systems. Hence, any dissociation between the
level of internal input (motivational and limbic) and that
of the perceived effort from applied voluntary effort results
in the sense of fatigue.

Physical fatigue can be derived from the action of the
muscles, and is also known as peripheral fatigue. There are
a large number of reports about the biochemical mechan-
isms of peripheral fatigue, e.g., depletion of glycogen and
phosphocreatine, which are physical energy sources; a de-
crease in the resting membrane potential or dysfunction of
the calcium pump in the sarcoplasmic reticulum in the
skeletal muscles; and failure of neuromuscular transmis-
sion (For a review, see Fitts, 1994).

Several animal studies have shown that sustained exer-
cise causes an increase in 5-HT turnover in some brain
regions (Blomstrand et al., 1989; Chaouloff et al., 1989).
Administration of a 5-HT agonist, m-chlorophenyl piper-
azine, to rats impaired running performance in a dose-
dependent manner (Bailey et al., 1992) and that of a
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5-HT antagonist, LY 53857, improved running perfor-
mance (Bailey et al., 1993). These results suggest that this
increased brain 5-HT level induced by sustained exercise is
associated with physical fatigue. After exhaustive exercise,
serum branched-chain amino acids (BCAA) levels were
decreased by 22% from those before the exercise, whereas
the level of free tryptophan in the serum increased by 74%
(Lehmann et al.,, 1995). It has also been reported that
plasma BCAA levels were decreased by 19%, whereas the
plasma level of free tryptophan was increased by 15-17%
after sustained exercise (Blomstrand et al., 1991). It is
known that blood BCAA and free tryptophan compete for
being transported into the brain through the blood-brain
barrier, since they are carried by the same transport system
(Pardridge, 1977). Thus, an increase in the ratio of plasma
free tryptophan to BCAA accelerates the transport of free
tryptophan into the brain; and thus, because tryptophan is a
precursor of 5-HT, an increase in the 5-HT content in the
brain may be expected. Therefore, plasma BCAA and free
tryptophan levels are considered to be associated with
physical fatigue.

Although the roles of amino acids in physical fatigue
have to some extent been clarified, little is known about
those in mental fatigue. From our preliminary experi-
ments, it was not enough to evaluate the changes in
plasma amino acid levels associated with fatigue by per-
forming mental tasks for 4 hr. Therefore, in order to clar-
ify the relationship between amino acids and mental
fatigue, we evaluated changes in the level of all 20 plasma
amino acids in healthy volunteers subjected to fatigue-
inducing mental tasks for 8 hr.

Materials and methods

The study group consisted of 9 healthy volunteers [27.4 £ 5.2 years of age
(mean + SD), 4 females and 5 males]. The participants were recruited at
Osaka City University. Current smokers, subjects having history of medical
illness, taking chronic medication or supplemental vitamins, body weight
less than 40kg, having performed blood donation within one month before
the study, or blood hemoglobin level less than 12.0 g/dl were excluded from
the study. Good health was also assessed by physical examination, blood
pressure, heart rate, blood chemistry panel (glucose, creatinine, uremic
nitrogen, sodium, potassium, chloride, uric acid, and creatine phospho-
kinase), lipid profile (total cholesterol and triglyceride), complete blood
count, and urinalysis. Furthermore, subjects who manifested psychiatric
morbidity (e.g., depression) were excluded from the study. Psychiatric
diagnosis was made by a psychiatrist (O. K.). The protocol was approved
by the Ethics Committee of Kansai University of Welfare Sciences and all
the subjects gave their written informed consent for the study.

All subjects underwent both fatigue and relaxation sessions. Four weeks
after the relaxation session, the fatigue session was performed. Considering
menstrual cycle for the female subjects, we conducted the fatigue session
4 weeks after the relaxation session. The day before either type of session,
the subjects were instructed to avoid intensive physical and mental activ-
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ities, to finish dinner by 10:00 p.m., and to fast overnight. At 9:00 a.m. on
the following morning, the subjects recorded their subjective sensation of
fatigue on a visual analogue scale (VAS) from 0 (no fatigue) to 100 (full
exhaustion), and blood samples were collected. Thereafter, the subjects had
breakfast (carbohydrate, 73.6 g; protein, 26.9 g; lipid, 32.3 g; total calories,
707 kcal) between 9:45 and 10:15 a.m. After breakfast either a relaxation or
fatigue session was undertaken. As fatigue-inducing mental tasks, the sub-
jects performed an advanced trail making test (Kajimoto et al., 2007) for
45min, a Japanese KANA pick up test (Yamamoto, 1992) for 30 min, and a
mirror drawing test (Yoshiuchi et al., 1997) for 45 min. These series of tasks
began at 10:15 a.m., and 4 sessions of each series of tasks were performed,
thus resulting in 8 hr of mental fatigue-inducing activities. After the end of
the second series of tasks, the subjects had lunch (carbohydrate, 124.2¢;
protein, 26.4 ¢; lipid, 16.3 g; total calories, 844 kcal) between 3:15 and 3:45
p-m. The time-interval between the first and second series of tasks and that
between the third and fourth series were 30min. After the end of the fourth
series of the task, the subjects recorded again their subjective sensation of
fatigue on the VAS, and blood samples were collected between 8:15 and
8:45 p.m. Then, they had dinner (carbohydrate, 126.3 g; protein, 23.4g;
lipid, 25.0 g; total calories, 882 kcal) between 8:45 and 9:15 p.m., and stayed
at a hotel unti] the next morning. On the next moming at 7:30 a.m., the
subjects recorded their subjective sensation of fatigue on the VAS, and blood
samples were again collected. As for the relaxation sessions, the subjects
read books, watched movies or chattered in the same time frame as the
sessions for the mental tasks.

For the advanced trail-making test, the subjects performed visual search
trials. In the test, circles numbered from 1 to 25 were first randomly located
on the display of a personal computer. The subjects were required to touch
these circles in sequence, starting with circle number 1. When the subjects
touched the first target circle by using the computer mouse, it disappeared
and circle number 26 appeared in a different position on the screen. The
positions of the other circles remained the same. The subjects were required
to memorize the positions of the other circles while searching for the target
circle. This test is an advanced version of the conventional trail-making test
(Reitan, 1955). They performed this test as quickly and as correctly as
possible.

In the Japanese KANA pick up test, the subjects identified vowels in a
novel as many and as correctly as possible. Every 8 min after the start of
the test, the subjects were asked questions about the contents of the novel
for 2 min.

In the mirror drawing test, the subjects traced a character on a hand glass
mirror, which reversed the image. They performed this test as quickly and as
correctly as possible.

Blood samples for the analysis of amino acids were collected from a
brachial vein into a heparin-containing tube and kept on ice until centrifuged
at 1700 g for 10 min at 4°C. The plasma sample was deproteinized with 5%
trichloroacetic acid for 30min on ice and centrifuged at 7500¢ for 10 min
at 4°C, after which the supernatant was stored at —80°C until analyzed. The
concentration of amino acids in the supernatant was measured by using
HPLC. Blood samples for the analysis of plasma glucose were collected in
fluorosodium-containing tubes, and centrifuged at 1700 g for 10 min at 4°C.
The supernatant of the plasma was stored at 4°C until analyzed. In the case
of analysis of serum total protein, albumin, total cholesterol, high density
lipoprotein cholesterol, triacylglycerol, creatine phosphokinase, and cortisol,
the blood was allowed to coagulate at room temperature, and then the serum
supernatants were obtained by centrifugation as described above and stored
at —80°C until analyzed. All these assays were performed by the Special
Reference Laboratories (SRL, Tokyo, Japan).

The values presented were shown as the mean + SD unless otherwise
stated. In order to exclude the influences of the confounding variables (such
as diet, circadian rhythm, and gender) on the levels of plasma amino acids,
we conducted the fatigue and relaxation sessions in the same time schedule
and dietary contents, and compared just intra-individual differences across
the sessions, Furthermore, in order to control for intra-individual variability
of baseline values over the 4-week period that transpired between the 2
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types of sessions, we determined baseline-adjusted net changes, which were
the values obtained by subtracting those before the session from those after
the session, as data for each time point (Ellenbogen et al., 1996). Compar-
isons between the 2 groups were performed by using 2-way analysis of
variance (ANOVA) for repeated measures. When siatistically significant
effects were found, inter-group differences between the 2 groups ‘were
compared by using the paired r-test with Bonferroni correction. Statistical
analyses were performed by using a Statview 5.0 software package (SAS
Institute Inc., Cary, NC).

557

Results

Baseline characteristics of the various pararﬁeters be-
fore relaxation and fatigue sessions are summarized in
Tables 1 and 2. Plasma cysteine and histidine levels before
the fatigue session were significantly higher than those
before the relaxation session. In the other parameters,

Table 1. Various parameter levels before and after relaxation or fatigue session and the next morning

Before 8hr Next morning

Relaxation Fatigue Relaxation Fatigue Relaxation Fatigue
VAS 36.8 + 154 27.5+175 424 £ 19.1 74.9 £ 16.2* 282+ 13.0 42 +279
Total protein, g/1 80.6+ 4.4 77.1 £4.0 76.7+£3.8 76.6 £4.2 76.8 £3.2 723+£29
Albumin, g/1 - 517430 493436 49.1+ 19 48.6 £2.9 493 +3.0 454124
Plasma glucose, mmol/1 5.40 +0.39 521+0.28 5.08 £ 0.54 4.96 + 0.53 5.60 £ 0.25 5.43 +£039
Total cholesterol, mmol/1 5.03 £ 0.69 5.05 £ 0.67 474 £ 0.63 4.98 £ 0.62 478 £ 0.58 4.69 £ 0.62
HDL cholesterol, mmol/1 1.77+£0.35 1.70 £ 0.44 1.66 £ 0.31 1.68 £0.33 1.65 £ 0.34 1.57 £ 0.32
Triacylglycerol, mmol/| 0.74 £ 047 0.87 £0.30 0.88 £+ 0.63 0.90 + 0.41 1.03 +0.57 1.05 + 0.54
Creatine phosphokinase, 1U/1 98.2'+ 38.6 109.8 £+ 79.4 924 +37.6 97.7+61.7 114.8 £ 72.9 99.9 £+ 60.4
Cortisol, nmol/l 346.7 £ 119.5 308.1 + 105.9 192.8 + 150.3 136.4 £ 37.7 436.8 £ 146.6 4139+ 101.3

VAS Visual analogue scale; HDL high density lipoprotein.
Data are presented as the mean + SD.

* P <0.05, significantly different from the corresponding values of the relaxation session (2-way ANOVA for repeated measures, followed by paired -test

with Bonferroni correction).

Table 2. Plasma.amino acid levels before and after relaxation or fatigue session and the next morning

Before 8hr Next morning
Relaxation Fatigue Relaxation Fatigue Relaxation Fatigue

Valine, pmol/1 213.1 £47.9 2252 + 445 275.8 £ 458 242.6 £ 36.0 237.6 + 344 2335+ 269
Leucine, pmol/] 106.4 + 25.5 119.3 + 25.9 154.3 £ 35.1 116.0 + 21.8* 126.6 +21.7 121.7 £ 17.6
Isoleucine, pmol/1 59.0 +14.8 6324152 959 +21.8 726 £15.5° 78.6 £+ 14.2 739+ 11.2
BCAA, pmol/] 378.4 & 86.5 407.7 + 82.0 5259+ 101.0 431.2 + 69.9° 4428 +67.3 429.1 + 52.1
Tyrosine, umol/1 53.5+75 577+£75 69.7+93 553+5.8" 66.6 +11.4 67.6+9.0
Phenylalanine, pmol/1 538453 56.2+ 6.6 68.2 + 8.1 60.7 + 3.8 595+48 556+52
Tryptophan, umol/1 60.6 + 12.5 59.8+96 70.0 + 14.2 549 +94 64.1 + 14.5 57.5+98
Cysteine, pmol/1 306 38 40.5 +43° 33.7+46 36.7 £ 4.2° 38.1 £4.0 385+48
Methionine, pmol/1 240+ 3.1 28.0+4.7 38.6+90 262 +5.7° 30,1 £53 286+3.1
Lysine, pmol/1 167.5 + 26.0 189.3 £ 31.3 2317+ 489 192.1 £ 349 194.5 +33.3 1740+ 182
Arginine, pmol/1 69.5 + 16.6 76.5 + 14.6 107.7 £23.2 84.1+17.4 86.0 +£ 12.9 819+ 143
Histidine, pmol/1 71.2 +8.7 79.0 £ 9.8° 80.1 £ 11.4 79.6 £ 94 763 + 8.7 742 +£7.6
Serine, pmol/1 117.1 £ 247 1127155 127.1 +£30.3 113.6 £ 25.9 124.7 + 30.2 117.7 £ 22,6
Threonine, pmol/! 1275 £ 17.6 130.0 + 24.5 1447 £ 249 124.0 £+ 26.0 146.8 +29.1 133.9 £ 20.1
Asparagine, pmol/1 43.1+52 47.0+ 42 542+ 6.8 528+92 494 +£72 492 £6.5
Aspartate, pmol /1 N.D. N.D. N.D. N.D. N.D. N.D.
Glutamine, umol/1 567.9 £ 63.3 536.9 + 76.1 631.4 £ 83.1 557.5 + 88.4 607.5 £ 795 526.4 + 60.8
Glutamate, pmol/1 30.0 + 12.0 333+ 107 29.6 £13.8 30.6 £ 12.9 333+122 3824138
Glycine, pmol/! 2227+ 67.7 229.5 + 56.3 255.0 £ 70.1 2452 £ 789 2474 +69.8 248.8 + 67.1
Alanine, pmol/l 299.1 £53.1 302.2 £ 58.8 375.1 £439 3358 +£46.4 332.5+£ 470 3427+ 70.2
Proline, pmol/1 139.8 £ 359 124.7 + 29.4 172.1 £274 1479 £ 269 1539+ 139 1444 + 23.2

BCAA Branched-chain amino acids (total for valine, leucine, and isoleucine); N.D. not detected.

Data are presented as the mean + SD.

* P<0.05,°P<0.0! significantly different from the corresponding values of the relaxation session (2-way ANOVA for repeated measures, followed by

paired -test with Bonferroni correction).

¢ P <0.1, different from the corresponding values of the relaxation session (2-way ANOVA for repeated measures, followed by paired r-test with Bonferroni

correction).
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including the VAS value for fatigue, no statistical differ-
ences were observed between the 2 sessions. We analyzed
baseline-adjusted net changes in order to evaluate the ef-
fects of mental fatigue on all parameters and in order to
control for intra-individual variability of baseline values
over 4 weeks; and these changes after 8 hr of relaxation

K. Mizuno et al.

or mental fatigue and those assessed the next moming are
shown in Tables 3 and 4. Two-way ANOVA for repeated
measures of the VAS value for fatigue revealed that the
baseline-adjusted net change in the value after the fatigue
session was significantly higher relative to that after the
relaxation session (F=17.11; df=1, 16; P<0.001). The

Table 3. Baseline-adjusted net changes in various parameters after relaxation or fatigue session and the next morning

8hr Next morning

Relaxation Fatigue Relaxation ' Fatigue
VAS 5.6 +£24.7 47.4 £ 21.3° -8.6 + 16.0 16.7 + 20.0
Total protein, g/l -39+34 -06+53 -38+26 ~4.8 +4.5
Albumin, g/ -26%19 -08+£35 -23%1.1 -44+28
Plasma glucose, mmol/l ~0.32 4+ 0.30 -0.25 £ 043 0.20 £ 035 022 £0.27
Total cholesterol, mmol/1 -0.29 £ 0.17 -0.07 £ 0.39 -0.25+0.13 —-0.36 £ 0.39
HDL cholesterol, mmol/i -0.11 £0.06 -0.02 £0.18 -0.12 £ 0.09 -0.16 £0.15
Triacylglycerol, mmol/1 0.14 £ 0.20 003 £0.16 0.29 £ 0.29 0.18 £0.39
Creatine phosphokinase, 1U/1 ~-58 % 12.1 —12.1 £26.5 16.6 + 78.1 -9.9 £ 298
Cortisol, nmol/l -153.9 £ 135.0 -171.7 £ 101.4 90.1 £ 129.9 105.8 £ 135.5

VAS Visual analogue scale; HDL high density lipoprotein.
Data are presented as the mean + SD.

* P<0.01, significantly different from the corresponding values of the relaxation session (2-way ANOVA for repeated measures, followed by paired r-test

with Bonferroni correction).

Table 4. Baseline-adjusted net changes in plasma amino acid levels after relaxation or fatigue session and the next morning

8hr

Next morning

Relaxation

Fatigue

Relaxation

Fatigue

Valine, mmol/! (%)
Leucine, mmol/1 (%)
Isoleucine, mmol/1 (%)
BCAA, mmol/1 (%)
Tyrosine, mmol/1 (%)
Phenylalanine, mmol/1 (%)
Tryptophan, mmol/1 (%)
Cysteine, mmol/1 (%)
Methionine, mmol/1 (%)
Lysine, mmol/1 (%)
Arginine, mmol/] (%)
Histidine, mmol/1 (%)
Serine, mmol/l (%)
Threonine, mmol/1 (%)
Asparagine, mmol/l (%)
Aspartate, mmol/1 (%)
Glutamine, mmol/1 (%)
Glutamate, mmol/1 (%)
Glycine, mmol/1 (%)
Alanine, mmol/1 (%)
Proline, mmol/1 (%)

62.7 + 35.9 (32.5)
48.0 + 29.2 (48.0)
36.9 £ 20.2 (67.6)
147.6 £+ 81.9 (41.8)
16.2 £ 14.6 (33.9)
14.4 + 8.1 (27.4)
9.5 +20.7 (20.5),
3.0+3.7(104)
14.6 + 11.0 (65.4)
64.1 + 36.5 (38.1)
3824192 (59.3)
9.0+ 6.1 (12.5)
10.0 £+ 45.4 (14.3)
17.2 £ 22.8 (14.4)
1.1 £ 11.0 (28.7)
N.D.
63.5+ 355 (1L.1)
-04£55(-2.8)
3234 117.0 (25.6)
75.9 £ 51.1 (27.6)
323 £29.3 (27.0)

17.4 £ 37.1 (10.4)*
-3.3 4+ 24.1 (-0.5)"
9.4 + 17.9 (19.6)°
23.5 £ 759 (8.4)"
—24 £ 105 (=2.4)°

4.5 +82(9.5) 56+60(1.2) -0.6 £ 7.3 (0)
-49+52(-7.8) 3.5+ 19.2 (9.6) . =23+57(-35)
-38+£32(-9.1) 75+£3.2(253) -20+1.9(-50)°
-1.8+£69 (-4.5)" 6.1 +7.4 (28.5) 0.6 +£3.6 (3.7

2.8 £355 (2.7° 27.0 £ 29.1 (16.9) -15.3 + 206 (—6.9)°

7.6 £ 14.5 (11.3)° 16.5 & 13.2 (27.8) 54+£49 (17

0.6 £79(1.3) 526707 —4.8 £6.6 (-5.5)

0.9 £ 13.6 (0) 7.6 £42.7(11.4) 49+£99(3.8)
-6.0 £ 22.3 (-3.8) 19.2 + 35.5 (17.5) 39 £ 184 (4.5)

5.8 £8.6 (12.5) 6.3 + 10.6 (17.0) 22457 (4.8)
N.D. N.D. N.D.

20.6 £ 559 (4.2)
-27+£98(-7.7)
15.7 £ 31.8 (5.9)
33.6 £48.1 (13.2)
23.2 £18.5(20.9)

24.5 & 35.1 (14.5)
20.2 +24.2 (22.8)
19.6 + 16.7 (38.7)
64.4 + 74.3 (20.4)
13.1 £13.2 (26.3)

39.5+£42.7(6.9)
3.4 £ 8.6 (16.6)
24.7 £ 119.0 (22.2)
33.4+£639(13.5)
14.0 £ 34.5 (15.1)

83 £ 31.1 (6.2)
241161 (44)
10.7 £ 6.4 (20.1)
21.5+514 (1.7)
99+69(17.7)

-10.5 £33.1 (-1.5)
4.9 +£9.7 (16.1)
193 + 18.1 (8.1)

40.5 £ 37.7 (13.6)

19.7 £ 16.5 (18.2)

BCAA Branched-chain amino acids; N.D. not detected.
Data are presented as the mean + SD.

The percent change in mean plasma level of amino acids after the 8-hr session or the next morning relative to that of the baseline level is given in parentheses.
* P<00s5,° P<0.01, significantly different from the corresponding values of the relaxation session (2-way ANOVA for repeated measures, followed by
paired t-test with Bonferroni correction). ®P < 0.1, different from the corresponding values of the relaxation session (2-way ANOVA for repeated measures,
followed by paired t-test with Bonferroni correction).
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VAS value for the next morning after the fatigue session
tended to show recovery. There were no significant differ-
ences in baseline-adjusted net changes in plasma glucose,
serum total protein, albumin, total cholesterol, high density
lipoprotein, cholesterol, triacylglycerol, creatine phospho-
kinase, and cortisol levels between the 2 groups just after
the sessions or the next morning. ANOVA analyses also
revealed main effects of the session on plasma valine
(F=4.51; df=1, 16; P=0.049), leucine (F=12.94;
df=1, 16, P=0.002), isoleucine (F=9.24; df=1, 16;
P =0.008), BCAA (F=8.39; df=1, 16; P=0.011), tyro-
sine (F=5.68; df=1, 16; P=0.030), cysteine (F = 38.98;
df=1, 16; P<0.001), methionine (F=11.67, 'df= 1, 16;
P =0.004), lysine (F=15.53; df=1, 16; P =0.001), and
arginine (F = 15.39; df = 1, 16; P =0.001) levels. Baseline-
adjusted net changes in plasma valine, leucine, BCAA,
cysteine, and methionine levels after the fatigue session
were significantly lower than those after the relaxation ses-
sion. In addition, baseline-adjusted net changes in plasma
isoleucine, tyrosine, lysine, and arginine levels after the
fatigue session had a trend toward lower than those after
the relaxation session. Baseline-adjusted net change in
plasma cysteine level for the next morning following the
fatigue session was significantly lower, and that in plasma
arginine level had a trend toward lower than those follow-
ing the relaxation session.

Discussion

Although there are a number of reports in the literature
about the relationship between physical fatigue and plasma
levels of amino acids (Blomstrand et al., 1991; Blomstrand,
2001; Lehmann et al., 1995), the influence of mental fati-
gue on these levels remains unknown. Plasma amino acid
levels are thought to be influenced by brain activities; e.g.,
a molecular imaging study showed that the plasma level of
tyrosine, which is a precursor amino acid of dopamine, was
correlated with the extent of neurotransmission (Leyton
et al., 2004). Therefore, in order to investigate the relation-
ship between amino acid metabolism and mental fatigue,
we measured the plasma levels of all 20 amino acids before
and after relaxation and fatigue sessions. This is the first
study to show that the concentrations of 8 plasma amino
acids were significantly or trend toward changed by mental
fatigue.

The baseline-adjusted net change in the VAS value after
the fatigue session was approximately 8-times higher rela-
tive to that after the relaxation session, indicating that the
subjects had a fatigue sensation by performing the series of
mental tasks during the fatigue session. There was a high
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degree of variability in the VAS values given by the in-
dividuals during the relaxation and fatigue sessions. Since
subjective fatigue sensation is influenced not only by indi-
vidual’s fatigue level, but also by many factors (e.g., moti-
vation and sensitivity for fatigue), such a high degree of
variability in the subjective fatigue score might happen.
There were no significant differences in baseline-adjusted
net changes in creatine phosphokinase level between fati-
gue and relaxation sessions. These results suggest that the
subjects performed continual mental tasks without marked
physical load. As for stress load, we have no available data
about saliva cortisol level, self report-scale of stress, skin
condugtance, or heart rate variability. Therefore, results of
our study seem to reflect mental fatigue and/or stress asso-
ciated with performing the tasks.

The baseline-adjusted net changes in the plasma levels
of valine, leucine, cysteine, and methionine levels after the
fatigue session were significantly lower and those in the
plasma isoleucine, tyrosine, lysine, and arginine had a trend
toward lower than those after the relaxation session. Blood
levels of other parameters including total protein, albumin,
glucose, and total cholesterol did not show any differences
between the 2 sessions. These results indicate that con-
sumption of the above 8 amino acids was accelerated when
the subjects performed the mental tasks. In contrast, the
plasma levels of glycine, proline, asparagine, aspartate,
and glutamate, all of which show low potential extraction
rates through the blood—brain barrier (Oldendorf, 1971),
were not affected by the mental task. These results suggest
that the consumption of the 8 amino acids was caused by
the brain activities.

Besides being used for protein synthesis, amino acids are
also involved in various metabolic activities in the brain:
e.g., BCAA are transaminated to o-ketoglutarate for the
synthesis of glutamate (Yudkoff, 1997); tyrosine is utilized
for the synthesis of dopamine (Wurtman et al., 1974),
cysteine is used for the synthesis of glutathione and taurine
(Kranich et al., 1998; Parcell, 2002); and arginine is re-
quired for nitric oxide production and for creatine synthesis
(Bredt and Snyder, 1994; Wyss and Kaddurah, 2000). It has
been reported that in animals subjected to stress for several
hours the release and synthesis of glutamate (Gilad et al.,
1990; Moghaddam, 1993) and dopamine (Imperato et al.,
1991; Nakahara and Nakamura, 1999) were enhanced in
their brain. These findings suggest that mental load accel-
erates the consumption of neurotransmitters. Accordingly,
utilization of tyrosine may be increased for the synthesis
of catecholamines; and therefore the supply of tyrosine
through phenylalanine by liver phenylalanine hydroxylase
may proceed. Although we did not measure plasma free-
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tryptophan level, change of plasma tryptophan level after
the fatigue session had a trend toward lower than that after
the relaxation session (P=0.056, paired t-test without
Bonfferoni correction). Increase in the utilization of tryp-
tophan for the synthesis of serotonin may also happen.
In addition, prolonged psychological stresses induced an
increase in the level of thiobarbituric acid reactive sub-
stance, an index of lipid preoxidation activity, in the brain
(Matsumoto et al., 1999), thus suggesting that oxidative
stress is brought about by mental load. Thus, utilization
of cysteine and arginine may be increased for the synthesis
of antioxidants. Taken together, a possible interpretation of
these results might be that mental fatigue could facilitate
utilization of amino acids for the synthesis of neurotrans-
mitters or antioxidants in the central nervous system.

On the morning after the fatigue session, baseline-
adjusted net changes in plasma cysteine and lysine levels
remained lower as compared with those for the relaxation
session, thus suggesting prolonged effects of mental fatigue
on the plasma levels of these particular amino acids. We
speculate that the consumption of the amino acids that are
precursors of antioxidants, was accelerated during the
recovery phase from mental fatigue and that antioxidants
are essential for the recovery from mental fatigue.

There are some limitations to our study, such as the
small number of subjects and study design. To generalize
our results, the study with a larger number of subjects is
essential. However, not only decreased levels of plasma
amino acids (valine, leucine, isoleucine, tyrosine, cyste-
ine, methionine, lysine, and arginine) were shown just
after the mental tasks, but also those of plasma cysteine
and lysine were shown in the next morning relative to the
relaxation tasks. We believe the validity of our results to
some extent.

The plasma levels of these amino acids levels might thus
be good biomarkers of mental fatigue or at least mental
task-induced fatigue. Supplementation of the diet with the
above amino acids may be useful for lowering mental fati-
gue and for facilitating recovery from it. We now plan to
examine the uptake of radiolabeled amino acids into the
brain by using positron emission tomography (PET) as well
as the effects of amino acid administration on mental fati-
gue and the fatigue sensation.
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Abstract

In the adult mammalian brain, multipotent stem or progenitor cells involved in reproduc_tionfof neurons and glial cells have been well
investigated only in very restricted regions; the subventricutar zone of the lateral ventricle and the dentate gyrus in the hippocampal -
formation. In the neocortex, a series of in vitro studies-has suggested the possible existence of neural progenitor cells possessing
neurogenic and/or gliogenic potential in aduit niammals. However, the cellular properties of the cortical progenitor cells in vivo have
not been fully elucidated. Using 5’-bromodeoxyuridine labeling and immunohistochemical analysis of cell differentiation markers, we
found that a subpopulation of NG2-immunopositive cells co-expressing doublecortin (DCX), an immature neuron marker, ubiquitously
reside in the adult rat heocortex. Furthermore, these cells are the major population of proliferating cells in the region. The
DCX(+)/NG2(+) cells reproduced the same daughter cells, or differentiated into DCX(+)/NG2(-) (approximately 1%) or
DCX(-)/NG2(+) (approximately 10%) cells within 2 weeks after cell division. The DCX(+)/NG2(-) cells were also immunopositive
for TUC-4, a neuronal linage marker, suggesting that these cells were committed fo neuronal cell differentiation, whereas the
" DCX(-)/NG2(+) cells showed faint immunoreactivity for glutathione S-transferase (GST)-pl, an oligodendrocyte lineage marker, in
the cytoplasm, suggesting glial cell lineage, and thereafter the cells ditferentiated into NG2(-)/GST-pi(+) mature oligodendrocytes

after a further 2 weeks. These findings indicate that DCX(+)/NG2(+) cells ubiquitously exist as ‘multipotent progenitor cells’ in the
neocortex of adult rats.

Introduction

In adult mammals, continuous reproduction of neurons is known in Some neural progenitor cells in the SVZ have also been reported to

two restricted regions: the subventricular. zone (SVZ) of the lateral
ventricle and the subgranular zone of the- hippocampal dentate gyrus
(Cameron et al.,, 1993; Lois & Alvarez-Buylla, 1993). These
neurogenic regions contain neural progenitor cells that possess
proliferative potential including self-reproduction, and can generate
a wide variety of neural cells including neurons, astrocytes and
oligodendrocytes, .in vitro (Morshead ef al., 1994; Gage et al., 1995;
Gritti et al., 1999). The neural progenitor cells in the neurogenic
regions in vivo include glial fibrillary acidic protein-immunopositive
[GFAP(+)] cells and the polysialyated form of neural cell adhesion
molecule-immunopositive [PSA-NCAM(+)] cells, which are derived
from GFAP(+) cells (Doetsch et al., 1999, 2002; Seri et-al., 2001),
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express NG2 chondroitin sulfate proteoglycan (Belachew et al., 2003),

Observations that cells isolated from the adult rat cerebral cortex
self-renewed and generated both neurons and glial cells under
cultured conditions' have implied that .the cerebral cortex also
includes neural progenitor cells (Palmer et al., 1999). However,
very little is known: about the cellular properties of cortical
progenitor cells in vivo. Recently, NG2(+) cells isolated from the
cerebral gray matter of early postnatal mice were shown to form
neurospheres and gave rise to neurons, as well as astrocytes and
oligodendrocytes in vitro (Belachew et al., 2003). Moreover,
NG2(+) cells were found to be the major proliferating cell
population in the cerebral cortex of adult rats in vivo (Dawson
et al., 2003; Tamura et al., 2004). These reports indicate that
NG2(+) cells may be a candidate for neural progenitor cells in the
adult cortex. However, it remains unclear whether all NG2(+) cells
are cortical progenitor cells and whether the cells have multipotent
activities in vivo. Indeed, it has been reported that only a small
fraction of cortical NG2(+) cells isolated from early postnatal mice
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are immunopositive for Tujl and HuC/D, markers for immature
neurons (Chittajallu et al., 2004). Moreover, different subtypes of
NG2(+) cells have been identified in the gray matter of adult rodent
brain on the basis of morphological criteria (Nishiyama. et al.,

1999) and physiological properties (Chittajaliu er al., 2004). These

observations suggest that NG2(+) cells are composed of heteroge-
neous cellular populations.

In the present study, we identified progenitor cells that express
doublecortin (DCX), an immature neuron marker, among NG2(+)
cells in the neocortex of adult rats in vivo. Furthermore, we examined

whether these cells have multipotent activity by tracing their

differentiation.

Materials and methods
Animals and BrdU injections

Adult male Wistar rats (SLC, Hamamatsu, Japan; 250-350 g body
weight) were used. All experimental protocols were approvéd by
the Ethics Committee on Animal Care and Use, Kansai Medical
University, and were performed in accordance with the Principles of
Laboratory Animal Care (NIH publication no. 85-23, revised 1985).
For labeling of proliferating cells, adult rats (n=15) were
intraperitoneally injected with S-bromodeoxyuridine (BrdU) at

50 mg/kg body weight. Each animal underwent a single injection
‘of BrdU. : '

Immunohistochemistry

Animals were deeply anesthetized with diethyl ether and perfused
transcardially with 4% formaldehyde buffered with 0.1 M phosphate-

buffered saline (PBS; pH 7.4) at 2h (n = 5), ld days (n = 5) and’

28 days (n = 5) after injection of BrdU (Sigma, St Louis, MO, USA).
Brains were removed, postfixed overnight at 4 °C in 4% formaldehyde
buffered with 0.1 M PBS and then immersed in 20% (w/v) sucrose
solution. Coronal brain sections (30 um thickness) were prepared
using a cryostat and collected as free-floating sections. For detection
of BrdU incorporation, brain sections were preincubated in 50%
formamide/2 x standard sodium citrate (SSC) for 2h at 65 °C,
incubated in 2 N HCI for 30 min at 37 °C, rinsed in 0.1 M boric acid
(pH 8.5) for 10 min at 25 °C, and then washed with 0.3% Triton
X-100 in PBS (PBST). For multiplex-immunostaining, coronal
sections were incubated with several primary antibodies for 12-36 h
at 4 °C, The primary antibodies used in this study were: monoclonal
rat anti-BrdU IgG (1 : 10, Oxford Biotechnology, Oxford, UK);
polyclonal rabbit anti-Ki67 IgG (1 : 1000, NovoCastra, Newcastle,
UK); polyclonal goat anti-DCX (C-18) IgG (1 : 100, Santa Cruz
Biotechnology, Santa Cruz, USA); monoclonal mouse anti-PSA-
NCAM IgM (1 : 200, Chemicon, Temecula, CA, USA); polyclonal
rabbit anti-TUC-4 . protein IgG (1 : 1000, Chemicon); monoclonal
mouse anti-neuronal nuclei (NeuN) IgG (1 : 200, Chemicon); mono-
clonal mouse anti-NG2 IgG (1 : 200, Chemicon); polyclonal rabbit
anti-NG2 IgG (1 : 200, Chemicon); polyclonal rabbit anti-glutathione
S-transferase (GST)-pi IgG (1 : 500, Medical & Biological Laborat-
ories, Nagoya, Japan); monoclonal mouse anti-oligodendrocytes
(clone RIP) IgG (I : 20 000, Chemicon); and polyclonal rabbit anti-
GFAP IgG (1 : 100, Sigma). After washing for 30 min (three washes
of 10 min each) with PBST, brain sections were incubated in the
appropriate secondary antibodies conjugated with either Cy2, Cy3or
Cy5 (1 : 200, Jackson ImmunoResearch, West Grove, PA, USA) for
4 h at 4 °C and washed with PBST for 30 min. Some of the staining
sections were mounted with solution containing TO-PRO3 (1 : 1000,

Molecular Probes, Eugene, OR, USA) and then examined -using a
confocal laser microscope (LSMS5IOMETA Ver. 3.2; Carl Zeiss).

Cell counting prbcedure

Coronal brain sections (30 pm thickness) were randomly selected
from 2.30 mm to 3.80 mm posterior to the bregma from each animal.
Confocal images were captured at l-um intervals along the Z-axis
(depth) from each section and were reconstructed into three-dimen-
sional images. The percentages of cells expressing each cellular
marker among all BrdU-labeled cells were evaluated in the neocortical *
parenchyma, including the motor cortex, somatosensory cortex and
auditory cortex of both hemispheres of three coronal sections from
each animal. The proportion of DCX(+) cells in the neocortical
NG2(+) cells was estimated in 12 square areas (150 % 150 um), which
were randomly selected in the neocortical areas described above from
each hemisphere. Vascular cells, including endothelial and perivascu-
lar cells, which were defined as cells having crescent or narrow nuclei
located along the wall of the blood vessels, were omitted from
analysis. Data from each animal were averaged. '

Results

NG2-immunopositive [NG2(+)] cells were abundantly observed in all
cortical layers in the adult rat neocortex (Fig. 1A). Some were closely
attached to the somata of the NeuN(+) neurons (perineuronal territory,

Kataoka et al., 2006; arrowhead in Fig. 1B). We inveﬁﬁg&tﬂdﬂhﬂhﬂ_._ﬁ_

neocortical cells express immature neuron markers by immunofiuo-
rescent staining for neuronal-lineage markers (PSA-NCAM and
DCX). The studies revealed that many DCX(+) cells existed
throughout the neocortex (Fig. 1C), although none of the cortical
cells was immunopositive for PSA-NCAM within the neocortex (data
not shown). The majority of DCX(+) cortical cells were found in the
perineuronal territory of NeuN(+) neurons, and the multiple processes

. of these cells appeared to wrap around the cell bodies of the neurons
" (Fig. 1D), as did some of the NG2(+) cells (arrowhead in Fig. 1B). In

order to investigate the coexistence of DCX and NG2 in these cells,
we then performed triple immunofluorescent staining of DCX, NG2
and TO-PRO3, a DNA/RNA marker contsined abundantly in
neuronal somata. The study clearly revealed that such NG2(+) cells
in the perineuronal territory had positive immunoreactivity for DCX
(arrowheads in Fig, 2A-D), and that DCX(-)/NG2(+) cells were also
observed in the cortex (amows in Fig. 2A-D) but not in the
perineuronal territory. As shown in Fig. 2G, cell pairs consisting of

" a DCX(+)/NG2(+) cell (arrowhead) and a DCX(-)/NG2(+) cell

(arrow) were observed, suggesting that these distinctive cells origin-
ated from identical cells. Cell counting studies showed that 63 + 3%,
(mean + SD, n = 2938 cells from five animals) of neocortical NG2(+)
cells were immunopositive for DCX. The cell densities of
DCX(+)/NG2(+) cells were 70 + 7 cells/mm? (mean + SD, n = §
animals) in the motor cortex (M1 and M2 defined by Paxinos &
Watson, 1998), 75 + 7 cells/mm? in the somatosensory cortex (S1BF
and S1Tr) and 68 % 5 cells/mm? in the auditory cortex (Aul, Au and
AuD). These results indicate that two subtypes of NG2(+) cells exist in
the neocortex, based on the .presence or absence of DCX
co-expression. DCX(+)/NG2(-) cells were also very occasionally
observed in the adult rat neocortex (asterisk in Fig. 2H-L).

It has been reported that immature neuron markers such as
PSA-NCAM and DCX are expressed only in cells observed in
the entorhinal and piriform cortex (Seki & Arai, 1991; Nacher
et al, 2001), and that the majority of DCX-expressing cells are
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FIG. |. The existence of NG2- or doublecortin (DCX)-positive cells in the neocortex of adult rats. (A) NG2(+) cells (red) were abundantly present in the neocoﬁex.
(B) An NG2(%#) cell (arrowhead) close to NeuN(+) neuronal soma (green) and NG2(+) cell (arrow) out of the perineuronal territory. (C and D) DCX(+) cells (red)
located in the perineuronal temritory of NeuN(+) neurons (green). All cell nuclei and neuronal somata were stained with TO-PRO3. Scale bars: 20 pm.

immunopositive for PSA-NCAM in these areas of adult rats (Nacher
et al., 2001). In the present study, we found DCX(+) cells throughout
all layers of the neocortex including the motor cortex, somatosensory
cortex and auditory cortex, in addition to the entorhinal cortex and
piriform cortex. Triple staining revealed that the cortical
DCX(+)/NG2(+) cells were not immunopositive for PSA-NCAM;
Fig. 3 shows that PSA-NCAM was observed only in DCX(+)/NG2(-)
cells (arrows), but not in DCX(+)/NG2(+) cells (arrowheads) in the
piriform cortex. These observations indicate that DCX(+)/NG2(+)
cells ubiquitously observed in the adult cortex and DCX(+)/PSA-
NCAM(+) cells in the piriform cortex are distinct cell populations.
NG2(+) cells have been reported to be the major population of
proliferating cells in the cerebral cortex of adult rats, based on analysis
of BrdU-incorporated cell nuclei 2 h after BrdU injection (Dawson
et al., 2003; Dayer et al., 2005; Kataoka et al., 2006). In the present
study, we determined whether cortical proliferating cells are
DCX(+)/NG2(+) cells or DCX(-)/NG2(+) cells by triple staining
for NG2, DCX and BrdU using the same BrdU labeling method
(Table 1). Almost all the BrdU-incorporated cells (94.2 + 1.8%;n = 5
animals) were DCX(+)/NG2(+) cells (Fig. 4A-D), while none of the
DCX(-)/NG2(+) cells or DCX(+)/NG2(-) cells showed BrdU
incorporation at 2 h after BrdU injection (Table 1). We also confirmed
that almost all the Ki67-positive cells were DCX(+)/NG2(+) cells
(data not shown), indicating that these cells are the major cell
population entering the cell cycle. The remaining proliferating cells

were microglia showing immunoreactivity for 0X-42 (data not
shown). )

We investigated cellular differentiation after proliferation of
DCX(+)/NG2(+) cells in the adult neocortex by multiple immuno-
detection of cell differentiation markers and BrdU at various time
points after BrdU injection. At 14 days after BrdU injection,
approximately 80% (79.5 +3.8%), 10% (9.5 +3.4%) and 1%
(0.61 % 0.44%) of BrdU-labeled cells. (1168 cells from five animals)
were DCX(+)/NG2(+) (small arrow in Fig. 4E), DCX(-)/NG2(+)
(big arrow in Fig. 4H) and DCX(+)/NG2(-) cells (arrowheads in
Fig. 4E and I), respectively (Table 1). These results indicate that
DCX(+)/NG2(+) cells may produce both DCX(+)/NG2(-) and
DCX(-)/NG2(+) cells in addition to the reproduction of
DCX(+)/NG2(+) cells. We performed other multiple immunohisto-
chemical staining analyses of these cells to determine whether the cells
were committed to the neuronal or glial cell lineage. TUC-4, a
neuronal lineage marker (Seki, 2002), was found in all
DCX(+)/NG2(-) cells (n = 11 cells at 14-28 days after BrdU
injection; arrowhead in Fig. 5), but not in DCX(+)/NG2(+) or
DCX(-)/NG2(+) cells, suggesting that the DCX(+)/NG2(-) cells
were committed to the neuronal cell lineage after generation of the
cells from DCX(+)/NG2(+) cells. We were unable to detect mature
neuronal markers, including NeuN, y-aminobutyric acid (GABA) or
GAD-67, in BrdU-incorporated cells at 14 and 28 days after BrdU
injection.
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FiG. 2. Two subtypes of NG2(+) cells were distinguished with triple staining for NG2 (green), doublecortin (DCX; red) and TQ-PRO3 (bluc) in the neocortex.
Arrowheads, DCX(+)/NG2(+) cells (yellow in D and G); arrows, DCX(-)/NG2(+) cells; asterisks, an NG2(-)/DCX(+) cell. Scale bars: 20 um (A-D); 10 pm

(E-L).

In order to examine differentiation of DCX(+)/NG2(+) cells into
the glial lineage, we performed triple immunohistochemistry for
BrdU, NG2 and GST-pi, an oligodendrocyte lineage marker, or for
BrdU, DCX and GST-pi. At 14 days after BrdU injection, a portion
of BrdU(+)/NG2(+) cells started to show faint immunoreactivity for
GST-pi in the cytoplasm (Fig. 6A-D). GST-pi immunoreactivity was
detected in all DCX(-)/NG2(+) cells found in this study, but not in

BrdU(+)/NG2(-) and BrdU(+)/DCX(+) cells. These findings sugg-
ested that only DCX(-)/NG2(+) cells were committed to the
oligodendrocyte lineage at that time point. Furthermore, among the
BrdU-labeled cells at Day 28, potent GST-pi immunoreactivity was
observed only in DCX(-)/NG2(-) cells (Fig. 6E-H), and was faint in
DCX(-)/NG2(+) cells, but not at all present in any DCX(+) cells
(Table 1). Immunohistochemical staining for RIP (Friedman et al.,
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