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Resonant circuit is expected to be used as heating source for hyperthermia implants because it can be effectively heated by an
applied AC magnetic field. It was previously reported that the size of the implant was successfully miniaturized down to 0.9 mm
in diameter, which was less than the diameters of the 18 G injection needle and catheter. However, after the implant is delivered in
vivo, the temperature measurement of the implant is difficult. In order to realize a less-invasive treatment of cancer, the implant
should have the capability to control its heating. The two types of resonant-circuit implants were prepared. A method to control
the heating of the implant using a ferrite core is discussed in this paper.
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1. Introduction

Hyperthermia involves the thermal treatment of cancer utilizing
the high thermal sensitivity of the cancer tissue relative to that of
the normal tissue. The treatment heats the cancer tissue at over
42.5°C to kill the cancer cells, whereas normal cells are hardly
damaged at temperatures below 44°C. This method has an
advantage that there are few major side effects when compared
with various established treatments such as surgical operation,
chemotherapy, and radiotherapy. The heating method is classified
into whole-body heating and local heating. Local heating aims to
heat tumors located deep inside the body. The hyperthermia
method using implants has been reported in terms of its ability to
warm the tissues locally(”(z). A resonant circuit, which is heated
effectively by an external magnetic field, is one of the candidates
for the implants®®,

Preliminary results on the temperature rise of resonant circuits
heated by an external AC magnetic field have been reported®®,
To realize their delivery through an injection needle or a catheter
into the human body, the miniaturization of the implant down to
smaller than 1 mm is required. A smaller voltage is induced in an

inductor coil of smaller diameter, thereby reducing temperature rise.

In our previous experiments, the diameter of the resonant-circuit
implants could be reduced to 0.9 mm with using a ferrite-core®.
However, the temperature measurement of the resonant circuit
delivered in vivo is difficult. The over-heating of implants must
be avoided. Therefore, the implant should control its heating
autonomously. In this study, a method to realize heat control is
discussed.

2. Experiments

21 Moving the Ferrite Core Figure 1 (a) shows a
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resonant circuit consisting of a closed connection comprising an
inductor and a capacitor. Figure 2 shows a photograph of the
resonant-circuit implant using a core coil.

When an external AC magnetic field, H,, is applied to the
circuit, an electromotive force, v, is induced in the inductor. Figure
1 (b) shows the equivalent circuit under the applied AC magnetic
field. The parameter 7 in the figure is a residual resistance, which
is dominated by the resistance of the inductor. The residual
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Fig. 1. Resonant circuit consisting of a closed connection of

A

an inductor and a capacitor (a), and its equivalent circuit under
an applied AC magnetic field (b)

Fig. 2. Photograph of a resonant circuit using core-coil
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resistance is increased for an excitation at higher frequency.
Electric power is consumed because of this residual resistance.
The maximum consumed power P, is obtained when the
frequency of the applied field is equal to the resonant frequency of
the circuit, f;. Pn. and f; are described as Eqgs. (1) and (2),
respectively.
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In Eq. (2), L is the inductance of coil and C is the capacitance of
capacitor.

In order to deliver the implant of a resonant circuit into the
body by a less-invasive method, e.g., via an injection needle or
catheter, the size of the resonant-circuit implant should not exceed
1 mm. The size of the capacitor used in this study was as small as
0.7 mm, which was commercially distributed. The downsizing of
the inductor causes the reduction of the induced voltage, thereby
resulting in a lower power consumption by the resonant circuit.
This is because the cross-section of the coil is reduced. The use of
a ferrite core was examined in this study. By inserting the ferrite
core into an inductor, the inductance and induced voltage increase.

Resonant circuit I consisted of a chip capacitor (1.0 uF) and a
core coil having a variable inductance (1.5-2.7 uH) by changing
the relative positions of the core and the coil, as shown in Fig. 3.
Moving the core shifts the effective permeability in the coil,
thereby shifting the inductance and resonant frequency of the
circuit. The relationship between effective permeability and
inductance is described as Eq. (3).

The parameters of the coil are: K the Nagaoka coefficient, x4, the
permeability of free space, u. the relative permeability, a the
radius, N the number of turns, / the length.

The inductor used in resonant circuit I was prepared by
winding 40 turns of a 0.1-mm-thick copper wire around a NiCuZn

Inductor

Moving Distance

Ferrite Core Chip Capacitor

Fig. 3. [Illustration of a resonant circuit with movable ferrite
core
Table 1. Characteristics of resonant circuits
1 1T I
Inductance [uH] 1.5-2.7 1.8 1.8
Capacitance [pF] 1.0 0.47 0.47
Curie temperature of 330 55 60

ferrite core [°C]
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spinel ferrite core (relative permeability at room temperature of
210, cross-section of 0.6 x 0.6 mm? and 5 mm in length). The
specifications of resonant circuit I are summarized in Table 1. To
confirm the resonant-frequency shift, the inductance and induced
electromotive force of the inductor, and the temperature rise of the
resonant circuit were measured by changing the position of the
ferrite core. The inductance was evaluated using an impedance
analyzer. Electromotive force was measured by applying an AC
magnetic field of 1,500 A/m at frequency ranging from 20 to 200
kHz. The direction of the magnetic field was aligned such that it
penetrated the inductor coil. Temperature rise was measured by
applying an AC magnetic field of 1,500 A/m. The field frequency
was varied near the resonant frequency of the circuit. Temperature
was measured at 300 s after the application of the magnetic field
by using an optical thermometer, whose sensor tip was attached to
the inductor.

2.2 Temperature-Sensitive Ferrite Core Resonant
circuit II was consisted of a chip capacitor (0.47 uF) and a
core-coil inductor (1.8 pH). The inductor was prepared with 40
turns of 0.1-mm-thick copper wire around a temperature-sensitive
ferrite core (NiCuZn ferrite, relative permeability at room
temperature of 1700, cross-section of 0.6 x 0.6 mm? and 5 mm in
length). The Curie temperature of the core was 55°C. The
maximum temperature of the resonant circuit is expected to be
limited by this Curie temperature as previously reported by
Matsuki et al."®. Electromotive force was measured by applying
an AC magpetic field of 200 A/m at frequency ranging from 20 to
200 kHz. Temperature rise of the resonant circuit was measured by
applying an AC magnetic field from 500 to 3,000 A/m. The field
frequency was 180 kHz. The other temperature-sensitive core of
Curie temperature at 60°C (NiCuZn ferrite, relative permeability
at room temperature of 1600) was used for the inductor used in
resonant circuit III. The specifications of resonant circuits II and
III are summarized in Table 1.

3. Result and Discussion

3.1 Moving the Ferrite Core Figure 4 shows the
inductance of the inductor used in resonant circuit I depending on
the position of the ferrite core. The inductance decreased from 2.7
to 1.5 uH by changing the distance of the ferrite core from 0 to 2.5
mm. The distance is defined as indicated in Fig. 3.

Figure 5 shows the electromotive force induced in the inductor
as a function of the position of the ferrite core. It was confirmed
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Fig. 4. Variation of the inductance of the inductor by changing
the position of the ferrite core
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Fig. 5. Electromotive force induced in the inductor by changing
the position of the ferrite core; The intensity of the applied AC
magnetic field was 1,500 A/m
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Fig. 6. Effective value of relative permeability of the inductor

calculated from the measured inductance and electromotive force

that the effective permeability decreased by removing the ferrite
core. The effective value of relative permeability was calculated
from the measured inductance and electromotive force. They
agreed well as shown in Fig, 6.

Figure 7 shows the frequency dependence of the temperature
rise of the resonant-circuit implant. Temperature rise was measured
300 s after applying an AC magnetic field for the resonant circuit
with various position of the core. It was confirmed that maximum
temperature rise was obtained from the excitation frequency at the
resonance. After the ferrite core was moved from 0 to 2.5 mm,
resonant frequency was shifted from 130 to 200 kHz. With
increasing the distance between the inductor and the core, the
residual resistance was reduced slightly due to proximity effect.
Moreover, the induced electromotive force is proportional to the
frequency at fixed field intensity, thereby resulting in a higher
temperature rise at higher frequency.

Figure 8 shows the resonant-frequency shift of the resonant
circuit derived from the results of temperature rise and inductance.
The result for temperature rise was generally in agreement with
the value of the frequency shift calculated from the inductance in
Eq. (2). The gap between the two results is presumably attributed
to the temperature dependence of capacitance of a chip capacitor,
which is slightly decreased by temperature.

3.2 Temperature Sensitive Ferrite Core Figure 9
shows the electromotive force induced in the inductors of resonant
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Fig. 7. Frequency dependence of the temperature rise of resonant
circuit using the ferrite core measured 300 s after the application of
an AC magnetic field while changing the position of the ferrite
core; The field intensity was 1,500 A/m
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Fig. 8. Resonant-frequency shift of the resonant circuit derived
from the results of temperature rise and inductance
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Fig. 9. Electromotive force induced in resonant circuits II and

III; The applied AC magnetic field ranged from 20 to 200 kHz
at 200 A/m

circuits II and III. The effective values of relative permeability of
their inductors were 16.4 and 14.9. Figures 10 and 11 show the

temperature rise of the resonant circuits II and III, respectively.
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Fig. 10. Temperature rise of the resonant-circuit II; A

temperature-sensitive ferrite core with its Curie temperature of
55°C was used; The applied AC magnetic field was 180 kHz at
various field intensities ranging from 500 A/m to 3,000 A/m
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Fig. 11. Temperature rise of the resonant-circuit II; A

temperature-sensitive ferrite core with its Curie temperature of
60°C was used; The applied AC magnetic field was 180 kHz at
various field intensities ranging from 500 to 3,000 A/m

When the field intensity was higher than 1,500 A/m, temperature
rise was approximately constant. The temperature was almost
saturated at 40°C and 42°C for resonant circuit II and III, while
the Curie temperatures of temperature-sensitive ferrite core used
in respective circuit were 55°C and 60°C, respectively. Because
the sensor tip of the thermometer was attached to the outside
surface of the inductor, the measured maximum temperature of the
resonant circuit was lower than that of the Curie temperature of
the temperature-sensitive ferrite core.

The temperature of the circuit was slightly increased even after
it seemed to be limited by the Curie temperature of the core. It
was because that the induced electromotive force in non-magnetic
core was still increased with increasing the field intensity.

4. Conclusion

The temperature rise of the resonant-circuit implants was studied
in order to realize a less-invasive treatment of cancer. The resonant
circuit using the ferrite core exhibited a higher temperature rise
relative to the resonant circuit using the air coil. Two methods for
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controlling the temperature of the resonant-circuit implant were
studied. The resonant frequency was changed by varying the
position of the coil core, resulting in control of the temperature
rise. The temperature rise was also controlled by limiting at the
Curie temperature of the ferrite core.

References

(1) I Tohnai, Y. Goto, Y. Hayashi, M. Ueda, T. Kobayashi, and M. Matsui :
“Preoperative thermochemotherapy of oral cancer using magnetic induction
hyperthermia (implant heating system: HIS)”, Int. J. Hypertherm., Vol.12,
pp.37-47 (1996)

M. Jojo, A. Murakami, F. Sato, H. Matsuki, and T. Sato : “Consideration of
handy excitation apparatus for the inductive hyperthermia”, IEEE Trans.
Magn., Vol.37, No.4, pp.2944-2946 (2001)

Y. Kotsuka, K. Orii, H. Kojima, K. Kamogawa, and M. Tanaka : “New
wireless thermometer for RF and microwave thermal therapy using an
MMIC in an Si BIT VCO type”, IEEE Trans. Microw. Theory Tech., Vol.47,
No.12, pp.2630-2635 (1999)

M. Morita, T. Inove, T. Yamada, Y. Takemura, T. Niwa, and T. Inoue :
“Resonant circuits for hyperthermia excited by RF magnetic field of MRI”,
IEEE Trans. Magn., Vol.41, No.10, pp.3673-3675 (2005)

T. Niwa, Y. Takemura, T. Inoue, H. Kurihara, and T. Hisa : “Implant
hyperthermia resonant circuit produces heat in response to MRI unit
radiofrequency pulses”, Brit. J. Radiol., Vol.81, pp.69-72 (2008)

K. Watabe, K. Kumagai, R. Matsumura, T. Yamada, T. Sato, and Y. Takemura :
“Hyperthermia implant consisting of resonant circuit delivered to tumor
through 18 G needle”, JEEE Trans. Magn., Vol.47, No.10, pp.2887-2889
(2011)

H. Matsuki, K. Murakami, and H. Niizuma : “Soft heating—A new method
of heating using temperature-sensitive magnetic materials”, JEEE Trans.
Magn., Vol.18, pp.1788-1790 (1982)

H. Matsuki, F. Sato, Y. Sawaya, T. Maruyama, S. Aiba, Y. Ito, and T. Sato :
“Mechanism of self control type hyperthermia based on advanced soft
heating”, Jpn. J. Hyperthermic Oncol., Vol.22, No.3, pp.159-165 (2006)

@

©)

@

®)

©®

Y]

®

Yoshinori Miyake

(Non-member) is a master course student at Division of
Electrical and Computer Engineering, Graduate School
of Engineering, Yokohama National University, Japan.

Kazuya Kumagai  (Non-member) is a master course student at Division of
Electrical and Computer Engineering, Graduate School of Engineering, Yokohama

National University, Japan.

Kazuhiko Watabe
Electrical and Computer Engineering, Graduate School of Engineering, Yokohama

(Non-member) is a master course student at Division of

National University, Japan.

Tsutomu Yamada (Non-member) is a Research Associate at Division of

Electrical and Computer Engineering, Yokohama National University, Japan.

Tadakuni Sato

Biomedical Engineering, Tohoku University, Japan.

(Non-member) is a Researcher at Graduate School of

Yasushi Takemura  (Member) is a Professor at Division of Electrical and

Computer Engineering, Yokohama National University, Japan.

|IEEJ Trans. FM, Vol.133, No.6, 2013



fromtiers in

INTEGRATIVE NEUROSCIENCE

ORIGINAL RESEARCH ARTICLE
published: 11 November 2013
doi:10.3389/fnint.2013.00076

In vivo evaluation of cellular activity in «CaMKII
heterozygous knockout mice using manganese-enhanced
magnetic resonance imaging (MEMRI)

Satoko Hattori'??, Hideo Hagihara??, Koji Ohira®®, Ichio Aoki*, Tsuneo Saga“*, Tetsuya Suhara’, Makoto
Higuchi’ * and Tsuyoshi Miyakawa?>® *

! Molecular Neuroimaging Program, Molecular Imaging Center, National Institute of Radiological Sciences, Chiba, Japan

2 Division of Systems Medical Science, Institute for Comprehensive Medical Science, Fujita Health University, Toyoake, Aichi, Japan

? Japan Science and Technology Agency (JST), Core Research for Evolutional Science and Technology (CREST), Kawaguchi, Saitama, Japan
“ Diagnostic Imaging Program, Molecular Imaging Center, National Institute of Radiological Sciences, Chiba, Japan

5 Center for Genetic Analysis of Behavior, National Institute for Physiological Sciences, Okazaki, Aichi, Japan

Edited by:
John J. Foxe, Albert Einstein College
of Medicine, USA

Reviewed by:

Sebastian Cerdan, Instituto de
Investigaciones Biomedicas Alberto
Sols, Spain

Hadley Creighton Bergstrom, National
Institutes of Health, USA

*Correspondence:

Tsuyoshi Miyakawa, Division of
Systems Medical Science, Institute for
Comprehensive Medical Science,
Fujita Health University, 1-98
Dengakugakubo Kutsukake-cho,
Toyoake, Aichi 470-1192, Japan
e-mail: miyakawa@fujita-hu.ac.jp
Makoto Higuchi, Molecular
Neuroimaging Program, Molecular
Imaging Center, National Institute of
Radiological Sciences, 4-9-1,
Anagawa, Inage-ku, Chiba 263-8555,
Japan

e-mail: mhiguchi@nirs.go.jp

INTRODUCTION

The alpha-calcium/calmodulin-dependent protein kinase Il (@CaMKIl) is a serine/threonine
protein kinase predominantly expressed in the forebrain, especially in the postsynaptic
density, and plays a key role in synaptic plasticity, learning and memory. «CaMKIl
heterozygous knockout (HKO) mice exhibit abnormal emotional and aggressive behaviors
and cognitive impairments and have been proposed as an animal model of psychiatric
illness. Our previous studies have shown that the expression of immediate early genes
(IEGs) after exposure to electric foot shock or after performing a working memory
task is decreased in the hippocampus, central amygdala, and medial prefrontal cortex
of mutant mice. These changes could be caused by disturbances in neuronal signal
transduction; however, it is still unclear whether neuronal activity is reduced in these
regions. In this study, we performed in vivo manganese-enhanced magnetic resonance
imaging (MEMRI) to assess the regional cellular activity in the brains of aCaMKIl HKO
mice. The signal intensity of MEMRI 24 h after systemic MnCl, administration reflects
functional increases of Mn?* influx into neurons and glia via transport mechanisms, such
as voltage-gated andjor ligand-gated Ca2* channels. «CaMKIl HKO mice demonstrated
a low signal intensity of MEMRI in the dentate gyrus (DG), in which almost all neurons
were at immature status at the molecular, morphological, and electrophysiological levels.
In contrast, analysis of the signal intensity in these mutant mice revealed increased
activity in the CA1 area of the hippocampus, a region crucial for cognitive function. The
signal intensity was also increased in the bed nucleus of the stria terminalis (BNST),
which is involved in anxiety. These changes in the mutant mice may be responsible for
the observed dysregulated behaviors, such as cognitive deficit and abnormal anxiety-like
behavior, which are similar to symptoms seen in human psychiatric disorders.

Keywords: «CaMKIl, manganese-enhanced MRI, immature, dentate gyrus, hippocampus, bed nucleus of stria
terminalis, schizophrenia, psychiatric disorder

aCaMKII heterozygous knockout (HKO) mice also have var-

The alpha isoform of calcium/calmodulin-dependent protein
kinase II (aCaMKII) is a calcium-activated, serine/threonine
protein kinase and is abundant in the brain. It is enriched at
the postsynaptic density (Lisman et al.,, 2002), and its activity
is necessary for long-term potentiation of synaptic transmission
in the hippocampus that may regulate learning and memory.
Previous studies have shown that spatial learning and memory
are affected in both homozygous and heterozygous oCaMKII
knockout mice (Silva et al., 1992, 1996; Gordon et al., 1996;
Frankland et al,, 2001; Elgersma et al., 2002), as well as in several
strains of o« CaMKII transgenic mice (reviewed in Elgersma et al,,
2004).

ious behavioral abnormalities that resemble symptoms seen in
human psychiatric disorders, including decreased fear response,
enhanced defensive aggression (Chen et al.,, 1994), increased
locomotor activity, deficit in working memory, high level of
social aggression toward cage mates, and an exaggerated infra-
dian rhythm (Yamasaki et al.,, 2008). We found that molecular,
morphological, and electrophysiological features in the dentate
gyrus (DG) neurons of adult mutant mice were similar to those
of immature DG neurons in normal rodents (Yamasaki et al,,
2008). The “immature dentate gyrus (iDG)” phenotype has been
observed in the post-mortem brains of patients with schizophre-
nia and bipolar disorder (Walton et al., 2012), as well as in other
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mouse models of these disorders (Hagihara et al., 2011; Ohira
et al,, 2013; Takao et al,, 2013). In addition, levels of dopamine
D2 receptors in a state with a high affinity for dopamine (D2High
receptors) were found to be elevated in the striatum of o CaMKII
HKO mice, which could be representative of the hyperdopaminer-
gic state seen in patients with schizophrenia (Novak and Seeman,
2010). Therefore, it has been proposed that «CaMKII HKO
mice are promising animal models of schizophrenia and other
psychiatric disorders (Yamasaki et al., 2008; Novak and Seeman,
2010) and that the iDG might serve as a novel endophenotype of
the disorders, (Walton et al., 2012; Hagihara et al., 2013).

Our previous studies have shown that «CaMKII HKO mice
had marked abnormalities in neurotransmitter binding to their
receptors and neuronal activity in several brain regions (Yamasaki
et al., 2008; Matsuo et al., 2009). Quantification of the expression
of immediate-early genes (IEGs), which are activated in response
to neuronal stimuli, exhibited lower expression levels of ¢-Fos in
the DG, CA3, and central amygdaloid nucleus of the mutant mice
than those of the wild-type mice following electric foot shock
(Yamasaki et al., 2008). In the «CaMKII HKO mice, following a
working memory version of the eight-arm radial maze task, the
expressions of c-Fos were reduced in neurons of the hippocampal
DG, CAl, and CA3 areas, central amygdala, and medial prefrontal
cortex, whereas their expressions in the mutant mice kept in
home cages were decreased in the DG, but not in other areas
(Matsuo et al., 2009). In addition, the neurons in the mutant
DG had abnormal electrophysiological features, including high
excitability, small spike amplitude, and a decreased number of
spikes during sustained depolarization (Yamasaki et al., 2008).
These results suggest that o CaMKII HKO mice have functional
deficits in several brain regions. However, it is possible that the
altered expression of such IEGs is caused by a disruption in the
signaling pathways that link neuronal activity to transcription,
and it remains unclear whether neuronal activity is also altered
in these regions of the mutant mice.

In this study, we evaluated the brains of «CaMKII HKO mice
using systemically Mn?* administrated MEMRI without blood-
brain-barrier disruption (Watanabe et al., 2001; Aoki et al., 2004).
This is an effective method to detect and visualize the anatomical
and functional features of the brain. Mn?* is a positive contrast
agent for MRI and can accumulate in excitable cells via some of
the transport mechanisms shared with calcium, such as voltage-
gated Ca’T channels and ionotropic glutamate receptors (Itoh
et al., 2008; Silva and Bock, 2008; Hankir et al., 2012). The signal
intensity on a T;-weighted (T;W) MR image is enhanced by
Mn?* uptake through activated ion channels; therefore, this tech-
nique can reflect the cellular activity in brain regions (Yu et al,,
2005). We performed MRI scans on aCaMKII HKO and wild-
type mice 1 day after systemic MnCl, intravenous administration,
and assessed the normalized signal intensity under baseline con-
ditions in the home cage.

MATERIALS AND METHODS

ANIMALS AND EXPERIMENTAL DESIGN

aCaMKII HKO mice generated by gene-targeting techniques were
obtained from Jackson Laboratories (Bar Harbor, ME, USA).
Mice were housed one per cage in a room with a 12 h light dark

cycle (light on at 7:00 a.m.) with access to food and water ad
Iibitum. MEMRI was performed on 7 to 10 month-old « CaMKII
HKO mice (n = 7) and wild-type littermates (n = 7) on a
C57BL/6] background. The Institutional Animal Care and Use
Committee of the National Institute of Radiological Sciences
and Fujita Health University approved the present experimental
protocol.

MANGANESE ADMINISTRATION

Prior to the administration, 100 mM of MnCl, (MnCl,-4H,0,
Sigma-Aldrich, St. Louis, MO, USA) was made with distilled
water and diluted to 50 mM with saline to match the osmotic
pressure of blood. We slowly infused 75 mg/kg (380 pmol/kg)
MnCl; (total volume: 0.2-0.3 mL) for 60 min through the tail vein
using a syringe pump (KDS-100, KD Scientific, Holliston, MA,
USA). The MnCl;, dose used in this study provided clear regional
contrast and was similar to the doses used in previous MEMRI
studies of the mouse brain (Yu et al., 2005; Lutkenhoff et al., 2012;
Perez et al., 2013). After MnCl, injection, each mouse showed
reduced locomotor activity temporarily for approximately 23 h,
probably due to the toxic effect of MnCl,. We did not notice any
apparent differences in the behavioral response to MnCl, between
genotypes. Mice were kept anesthetized with 0.5-1.5% isoflurane
(Mylan Inc., Tokyo, Japan) during MnCl, infusion. Rectal tem-
perature was continuously monitored and automatically main-
tained at approximately 37.5°C using a temperature controller
(E5GN, Omron, Inc., Kyoto, Japan) and electrical heating pad
(SG-15, Showa-Seiki industry, Inc., Kobe, Japan).

ANIMAL PREPARATION AND MRI MEASUREMENTS

We performed MRI in a 7.0 Tesla scanner, with a 40 cm bore mag-
net (Kobelco and Jastec, Tokyo, Japan) interfaced with a Bruker
Avance-I console (BioSpec, Bruker Biospin, Ettlingen, Germany)
with a volume coil for transmission (Bruker Biospin, Ettlingen,
Germany) and a two-channel phased-array coil for reception
(Rapid Biomedical, Rympar, Germany). Mice were anesthetized
with 1.0-2.0% isoflurane and placed in prone position. Dur-
ing the experiment, a warm airflow over the animal was used
to maintain its rectal temperature at 37.5°C. Respiratory rate
was maintained at 20—40 breaths per minute and monitored
throughout the experiment. Two-dimensional single-slice T{W
images were obtained by conventional spin-echo sequence with
the following parameters: pulse repetition time (TR) = 250 ms;
echo time (TE) = 9.574 ms; matrix size = 192 x 192; field of
view = 1.92 x 1.92 cm?; slice thickness = 1.0 mm; slice gap = 1
mm; spatial resolution = 100 x 100 x 1000 pm?; and number of
acquisitions = 4. A complete set of T;W measurements consisted
of two T;W scans with slice offsets of 0 and 1 mm to maintain
continuity of slices and to cover the entire brain. To register the
image plane exactly, anatomical scout images were acquired using
an incoherent, gradient-echo, fast low-angle shot sequence (TR
= 100 ms; TE = 6 ms; matrix = 256 x 256; slice thickness =
2.0 mm). The slice orientation of the coronal plane was carefully
adjusted on the sagittal scoutimage according to the landmarks of
the pituitary body with reference to a mouse brain atlas (Paxinos
and Franklin, 2001).
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MRI DATA ANALYSIS

MR image data were converted from native Bruker format to
voistat and TIFF files using PMOD (version 2.6; PMOD Tech-
nologies, Zurich, Switzerland), and analyzed quantitatively with
PMOD and Image].! Through comparison of MR images with
a mouse brain atlas (Paxinos and Franklin, 2001), regions of
interest (ROIs) for quantitative analysis of MEMRI were defined
and delineated manually in the hippocampus, bed nucleus of the
stria terminalis (BNST), cortex, striatum, thalamus, midbrain,
and amygdala. We compared the MR image with the atlas based
on the distance from the pituitary. Signal intensity was measured
in each ROI, and we present the data normalized to that in the
whole brain (Perez et al,, 2013). In many cases, a slight signal
intensity gradient was observed that could change within a plane
and serve as noise. To minimize such noise, we used the average
signal intensity of whole brain for normalization.

Statistical analyses were conducted using StatView software
(SAS Institute, Cary, NC, USA). All data are presented as the mean
=+ the standard error of the mean (SEM), and were analyzed by
one-way analysis of variance (ANOVA). An alpha level adjusted
for multiple comparisons was calculated for each brain region by
Bonferroni-Holm method.

QUANTIFICATION OF CELL NUMBER

Adult e CaMKII HKO mice (n = 3) and wild-type littermates (n =
3) were used. They were perfused through the heart with ice-cold
phosphate buffered saline (PBS) and then with 4% paraformalde-
hyde (PFA) in 0.1 M PBS, with pH 7.4. After perfusion, the brains
were immediately removed and immersed in the same fixative at
4°C overnight, followed by successive immersions in 30% sucrose
in PBS. The brains were mounted in Tissue-Tek (Miles Inc.,
Elkhart, NY, USA), frozen, and stored at —80°C until use. Brains
were sliced coronally into 10 pm thick sections on a cryostat
(CM1850, Leica Microsystems, Wetzlar, Germany). The sections
were stained with Hoechst 33258 (Polyscience, Warrington, PA,
USA). Fluorescent signals were detected using a confocal laser-
scanning microscope (LSM 700, Zeiss, Oberkochen, Germany).
For the quantification of region size and Hoechst-stained cell
numbers, we used ImageJ with the WCIF Image] bundle? (Takao
et al., 2013). Three sections obtained from the anterior hip-
pocampal region (from bregma —1.70 mm to bregma —2.30 mm,
approximately) per animal were examined. ROI were delineated
manually on the Hoechst-stained images with reference to the
mouse brain atlas (Paxinos and Franklin, 2001). The values were
then averaged within each brain and by group. All data collected
in quantitative analyses were statistically evaluated using Student’s
t-test for comparison of means.

RESULTS

Normalized signal intensities of MEMRI responses in several
anatomically defined ROIs were calculated semiquantitatively in
aCaMKII HKO and wild-type mice. Figure 1A shows T;W MR
images of horizontal and coronal slices 1 day after MnCl, admin-
istration. The normalized signal intensity in MEMR images was

Uhttp://rsb.info.nih.gov/ij/download.html
http://www.uhnresearch.ca/facilities/wcif/download.php

significantly lower in the DG of mutant mice than in the DG
of wild-type mice (Figures 1A, B, mutant vs. wild-type: 1.317 &+
0.007 vs. 1.397 + 0.012, Fy 1, = 46.994, p < 0.0001; adjusted o =
0.0063). In contrast, the CAl field including stratum radiatum,
which is a projection area of the CA3, showed higher signal
enhancement in «CaMKII HKO mice (Figure 1A). Normalized
signal intensity was significantly higher in the CA1 of mutant mice
than in the CA1 of wild-type mice (Figure 1B, mutant vs. wild-
type: 1.215 = 0.005 vs. 1.165 = 0.005, Fy 15 = 71.086, p < 0.0001;
adjusted o = 0.0056). However, there was no significant difference
in normalized signal intensity in the CA3 region between the two
genotypes (Figure 1B, mutant vs. wild-type: 0.937 £ 0.008 vs.
0.934 £ 0.016, Fy,1; = 0.041, p = 0.8438). A scatter plot showing
the relationship between normalized signal intensity in the DG
and CALl field (Figure 1C) indicates that the subregional profile of
hippocampal cellular activity in the oCaMKII HKO mice is clearly
distinct from that in the normal mice.

Signal intensity in MEMRI could reflect cell density in addition
to cellular activity. The cell density in the mutant mice was
assessed by Hoechst stain. In the DG, a significant increase in
cell density was detected in the mutant mice (mutant vs. wild-
type: 2357 & 83 vs. 1578 & 57, p = 0.0012) as compared to in
the wild-type mice, which is likely the result of greatly increased
adult neurogenesis in the DG of mutant mice (Yamasaki et al.,
2008). There were no significant differences in cell density in the
CA1 (mutant vs. wild-type: 1256 = 8 vs. 1234 £ 45, p = 0.2026)
and CA3 fields (mutant vs. wild-type: 552 == 6 vs. 581 £ 18, p =
0.4926) between genotypes. In general, signal intensity in MEMRI
is expected to be positively correlated with cell density (Silva
et al., 2004), given that there is no difference in cellular activity.
However, in the mutant mice, the signal intensity of the DG
decreased, while cell density increased. These results suggest that
decreased signal intensities in mutant mice are due to decreased
cellular activity, not to increased cell density. Total cell numbers
counted were 112.3 + 11.9 in wild-type mice and 159.3 + 2.9
in mutant mice in the dorsal part of the granule cell layer (p =
0.0183), 87.7 £ 7.5 in wild-type mice and 88.7 = 3.2 in mutant
mice in the pyramidal cell layer of CAl (p = 0.9084), and 130.7
=+ 7.5 in wild-type mice and 154.7 & 6.6 in mutant mice in the
pyramidal cell layer of CA3 (p = 0.0742).

In addition to the hippocampus, we observed increased
MEMRI signal in the BNST of o CaMKII HKO mice (Figure 2A),
and normalized signal intensity of the BNST was significantly
higher in mutant mice than in wild-type mice (Figure 2B, mutant
vs. wild-type: 1.024 % 0.009 vs. 0.983 = 0.012, p = 0.0069;
adjusted o = 0.0071). We also estimated normalized signal inten-
sity in the major regions of the brain, such as the cortex, striatum,
thalamus, midbrain, and amygdala. No significant differences
were observed in the signal intensity of MEMRI in these regions
between genotypes (Figure 2C, cortex: F1 12 = 0.174, p = 0.6836;
striatum: Fy15 = 0.090, p = 0.7691; thalamus: F;;, = 0.005,
p = 0.9442; midbrain: Fy;; = 1.390, p = 0.2613; amygdala:
Fi12 = 0.127, p = 0.7273). We also analyzed the data using
signal intensities of the cortex or striatum for normalization,
which yielded essentially the same results as those derived from
the analysis using the signal intensities of the whole brain for
normalization (data not shown).
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FIGURE 1 | Signal intensity decreased in the DG and increased in the
CA1 region of «CaMKIl HKO mice. {(A) Representative T{W MR images
after systemic MnCl, administration. The top row shows horizontal slices at
the level of the hippocampus. White squares indicate areas of the
hippocampus presented at a high magnification. White arrows indicate the
V-shaped structure of the DG. The middle row shows coronal slices including
the hippocampal structure {bregma: ~3.08 mm). The CA1 and stratum

Normalized signal intensity

Hippocampus
_ 151 p<o0.0001 [ wild-type
£ dedesdke B vut
e . p < 0.0001 utant
o ' *%k%k
(o3
£
211
3 p = 0.8438
S
©
5 0.97
jo)]
—
3
07 ,
DG CA1 CA3
1.25; -
O Wild-type
= A ® Mutant
8120 ® o0
0]
S oo ® o
K
21151 &
<
e
1.10 v v d
1.25 1.30 1.35 1.40 145
Normalized signal intensity
(DG/whole brain)
radiatum, including the projection area of the CA3, are indicated by red and
blue arrowheads, respectively. The bottom row shows the anatomical location
of ROIs in the hippocampus. The ROIs correspond to the DG, CA1, and CA3,
respectively. (B) Normalized signal intensities in the hippocampal subregions
are presented as the mean + SEM. The p values indicate genotype effect in
one-way ANOVA. (C) Scatterplot of normalized signal intensity in the DG
versus CA1 region.

DISCUSSION

The oCaMKII HKO mouse has been proposed as an animal
model of psychiatric illnesses, including schizophrenia and bipo-
lar disorders. In this study, MEMRI demonstrated that Mn?*
accumulation was reduced in the DG and elevated in the BNST
and CAL field of the hippocampus.

We previously reported that «CaMKII HKO mice exhibited
the iDG phenotype, a potential brain endophenotype shared by
patients with schizophrenia and bipolar disorder (Walton et al.,
2012; Hagihara et al,, 2013; Shin et al,, 2013). In the mutant
DG, IEGs expression is abolished almost completely following a
working memory task and electric foot shocks (Yamasaki et al.,
2008; Matsuo et al,, 2009), and electrophysiological evidence has
revealed a decrease in the number of spikes during sustained
depolarization (Yamasaki et al., 2008). These findings suggest that
there is a decrease in neuronal activity and/or a disruption in
the signal transduction pathway required to induce IEGs in the
mutant DG. In this study, we examined the activity profile in the

brains of mutant mice by performing MEMRI. A lower signal
intensity of MEMRI was observed in the V-shaped structure of
the DG in ¢CaMKII HKO mice than in that of the wild-type
mice, and this might be the result of reduced activity in DG
granule cells. Several lines of evidence support the reduction of
activity in the DG. Downregulation in the expression levels of
Ca?*-permeable receptors could lead to the low activity observed
in the DG of mutant mice. We have reported a decrease in N-
methyl-D-aspartate (NMDA) receptor binding by using autora-
diographic techniques (Yamasaki et al., 2008). Decreased Mn?*
influx through these receptors could be detected on the MEMRI
as differences in Mn?*-enhanced signal intensity in the granule
cells of mutant mice. Alternatively, the activation of local circuits
by immature neurons in the DG could inhibit the activity of the
entire DG. Lacefield et al. proposed the possibility that immature
granule cells effectively drive hilar interneurons, which innervate
back to all granule cells (Lacefield et al., 2012). Thus, an excess
of immature neurons may cause gross inhibition of the DG by
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FIGURE 2 | Signal intensity increased in the BNST of «CaMKII HKO mice.
{A) Representative T{W MR images after systemic MnCl, administration.
The top and middle rows show coronal slices at the level of the BNST
(bregma: + 0.62 mm). The BNST is indicated by white arrowheads. The
bottom row shows the anatomical location of ROls in the BNST.
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{B) Normalized signal intensity in the BNST is presented as the mean
+ SEM for the indicated numbers of animals (C) Normalized signal
intensities in other regions of the brain are presented as the mean +
SEM.The p values indicate the effect of genotype in one-way

ANOVA.

a feedback loop and result in the reduced enhancement of MRI
signal intensity observed in the DG of mutant mice.

In contrast to the DG, the CA1l field of the «CaMKII HKO
mice showed greater Mn?* uptake, especially the stratum radia-
tum, which contains projection fibers to CAl neurons. This result
supports the idea of increased activity in the CA1 field of mutant
mice. One possibility is that the augmentation in CA1 neuronal
activity could be caused by an altered response to inputs from the
entorhinal cortex (EC). The hippocampus mainly includes two
excitatory networks, the monosynaptic pathway (from layer III in
EC to CA1) and the trisynaptic pathway (from layer IT in EC to DG
to CA3 to CAl) (Amaral and Witter, 1989). Dysfunction in the
mutant DG could reduce neuronal transmission in the trisynaptic
pathway, and, therefore, homeostatic regulation of hippocampal
network activity might lead to an increase in monosynaptic exci-
tation of the CA1 region. Additionally, the decreased activity in
the DG of these mice might cause activation in the CA3 and then
in the CA1 field. Mossy fibers from the DG release the excitatory
neurotransmitter glutamate (Henze et al., 2000). In the CA3,
mossy fibers project to GABAergic interneurons that provide
inhibitory inputs to CA3 pyramidal cells, and also terminate in

CA3 pyramidal neurons (Henze et al., 2000). Activity of the DG
and mossy fibers may result in a net inhibition within the CA3
network and presumably activate only a specific subset of CA3
pyramidal neurons (Henze et al., 2000; Song et al,, 2012). In the
«CaMKII HKO mice, decreased DG activity may lead to a tonic
net activation of the CA3 and CA1 through a trisynaptic pathway.
In this study, no difference in the MEMRI signal intensity ratio
between genotypes could be detected in the CA3 area. This might
result from limitations related to our methodology, including
spatial resolution and detection sensitivity. Finally, the increased
activity might be an effect of the HKO of «CaMKII itself in
cells present in the CAl area. Our previous study demonstrated
a downregulation in serotonin 1A receptor binding and an upreg-
ulation of serotonin transporter binding in the CAl of mutant
mice (Yamasaki et al., 2008). Such abnormalities in the CAl
may have caused the increased activity. Further detailed studies,
combined with in vivo imaging and electrophysiological methods,
are needed to address the activity in each hippocampal subregion
of the mutant mice.

A previous study revealed that the area showing enhanced
signal on Mn?*-contrasted MRI corresponds to the area that
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exhibits increased expression of IEGs (Morita et al., 2002). In
the DG, our result is consistent with this observation. However,
there is a discrepancy between MEMRI signal intensity and c-
Fos expression in the CAl. The expression of c-Fos following a
working memory task was decreased in the mutant (Matsuo et al.,
2009), and there was no significant difference in its expression in
the CA1 of both genotypes after electrical foot shock and when the
mice were kept in the home cage (Yamasaki et al., 2008; Matsuo
et al., 2009). The inconsistency may be due to signal transduction
abnormalities in IEG expression and/or to differences in experi-
mental conditions, including the type of stimuli presented to the
mice.

Additionally, previous studies suggested that the accumulation
of reactive astrocytes and/or the migration of microglia could also
cause increased signal intensity of MEMRI (Widerge et al., 2009;
Kawai et al., 2010). In «CaMKII HKO mice, the expression of glial
fibrillary acidic protein, a well-established marker of astrocytes,
is increased in the DG and CALl area, especially the stratum
radiatum and stratum oriens (unpublished data). In contrast,
no significant difference between genotypes was observed in the
immunoreactivity of ionized calcium binding adaptor molecule
1, a microglia/macrophage-specific calcium binding protein, in
either the DG or CA1 field (unpublished data). These data suggest
that decreased Mn?* uptake in the mutant DG could be mainly
due to altered neuronal activity. On the other hand, it is possible
that the increased signal intensity of MEMRI, which was observed
in the CAl of mutant mice, was influenced by an increase in
reactive astrocytes as well as by changes in neuronal activity.

In @CaMKII HKO mice, altered signal intensity in MEMRI
was observed in the hippocampus, a region that plays a key
role in cognitive functions such as working memory (Goldman-
Rakic, 1994) and pattern separation (Gilbert et al., 2001; Gilbert
and Kesner, 2003; Lee and Kesner, 2004a,b; Leutgeb et al.,
2007; McHugh et al, 2007; Nakashiba et al, 2008). Impair-
ments in hippocampal function are often observed in patients
with psychiatric disorders such as schizophrenia and anxiety
disorders (Goldman-Rakic, 1994) and may represent a behav-
ioral endophenotype of these disorders. We demonstrated that
«CaMKII HKO mice had severe deficits in working memory
(Yamasaki et al.,, 2008), and that the density of c-Fos-positive
cells in the hippocampus after a working memory task was
significantly lower in the mutant mice than in the wild-type
mice (Matsuo et al, 2009). In the EC of mutant mice, IEG
expression was induced to the same extent as that observed in
wild-type mice after the task. Thus, reduced or aberrant neuronal
activity in the DG, which is a key input node for the hip-
pocampal trisynaptic pathway, might lead to altered hippocampal
network activity and impaired working memory performance
in mutant mice. Indeed, previous studies have shown that rats
with lesions of the DG are impaired in their ability to perform
a working memory version of the eight-arm radial maze task
(McLamb et al., 1988; Emerich and Walsh, 1989; Morris et al,,
2012). It is possible that working memory dysfunction in mutant
mice is caused by impaired rapid encoding of spatial informa-
tion.

The mutant mice also showed increased MEMRI signal inten-
sity in the BNST. This region has roles in the regulation of

the hypothalamic-pituitary-adrenal axis response to acute stress
(Choi et al., 2007). Recent studies in mice demonstrated that the
oval nucleus increases anxiety-like behavior, while anterodorsal
subregions of the BNST decrease anxiety-like behavior (Kim
et al,, 2013), and that BNST excitatory and inhibitory projec-
tions differentially produce anxiogenic and anxiolytic behavioral
phenotypes, respectively (Jennings et al., 2013). These findings
suggest that BNST acts as a crucial circuit node for bidirectional
regulation of anxiety related responses. It is possible that increased
BNST activity underlies decreased anxiety-like behavior in the
aCaMKII mutant mice. During a casual visual inspection of
the images, we noticed that the signal intensity was obviously
increased in a discrete region of the BNST. There is a possibility
that we could detect differences in signal intensities in other brain
subregions as well. Future studies, using voxel-based analyses, are
needed to assess the differences in detail.

In this study, we evaluated in vivo cellular activity in the brains
of «CaMKII HKO mice by using MEMRI. It has been proposed
that these mice are useful animal models of neuropsychiatric dis-
orders (Yamasaki et al., 2008; Novak and Seeman, 2010; Hagihara
et al., 2013; Shin et al,, 2013). Our study is the first application
of in vivo MEMRI in the mutant mice that focused on baseline
activity rather than stimulus driven activity. Reduced excitatory
signaling in the DG and increased activity in the CAl appear
to be associated with the pathological features of schizophrenia
(Schobel et al,, 2009; Tamminga et al., 2010). The results of
the current study also suggest that cellular activity decreases in
the DG and increases in the CAl of mutant mice, providing
additional support for the validity of these mice as an animal
model of these disorders. The iDG and abnormal behavioral
phenotypes are shared with Shn-2 knockout (Takao et al.,, 2013),
mutant SNAP-25 knock-in (Ohira et al., 2013), and forebrain-
specific calcineurin knockout mice (unpublished data). Chronic
fluoxetine treatment and pilocarpine-induced seizures also lead
to the iDG phenotype (Kobayashi et al., 2010; Shin et al,, 2013).
It is of interest to examine whether these mice show similar
patterns of Mn?* accumulation in MEMRI. Moreover, recent
studies have demonstrated regional alteration of cellular activity
in other animal models of neuropsychiatric disorders (Lutkenhoff
et al., 2012; Perez et al,, 2013). In addition to these studies, our
results suggest that non-invasive MRI measurement is applicable
for translational research of neuropsychiatric disorders. MEMRI
of mutant mice would also provide biological outcome measures
in screening of novel therapeutic compounds targeting these
disorders.
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THE TERM HYPOMYELINATION describes a perma-
nent, substantial deficit of myelin deposition in the
brain. The protein composition of myelin in the cen-
tral nervous system (CNS) is simpler than that of
other membranes; the two major components are pro-
teolipid protein (PLP) and myelin basic protein (MBP),
which account for 50% and 30% of the total myelin
protein, respectively. MBP, the second major struc-
tural protein of the myelin sheath of the mammalian
CNS, is associated with the major dense line (1). Shiv-
erer (shi/shi) is an autosomal recessive mouse muta-
tion of the mbp gene, which deletes a 20-kb region
including exons 3-7, resulting in the absence of mbp
(1-3). Oligodendrocytes of shiverer mice fail to assem-
ble compacted myelin (1,2), which causes an almost
total lack of myelin (hypomyelination) in the CNS.
Despite progress in understanding the molecular
basis and neuroimaging characteristics of Pelizaeus-
Merzbacher disease (PMD) (4,5), a representative
hypomyelination disease due to derangement of the
PLPl gene, the neurochemical changes associated
with hypomyelination remains unknown. We per-
formed proton magnetic resonance spectroscopy (*H-
MRS) with a 7.0T magnet on the brains of myelin syn-
thesis-deficient (msd) mice, a model of connatal PMD,
one of the most severely affected murine mutants as
to the plpl gene. 'H-MRS of msd mice showed
increased total N-acetylaspartate (tINAA; NAA, 2.01
ppm, and N-acetylaspartylglutamate [NAAG]
2.04 ppm, which are difficult to distinguish on ‘H-
MRS} and decreased choline (Cho) (6), as observed in
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Figure 1. Coronal T1-weighted images show the ROI in the
cortex (a) and thalamus (b) used for 'H-MRS. [Color figure
can be viewed in the online issue, which is available
atwileyonlinelibrary.com.]

human PMD (7). Increased tNAA should attract atten-
tion because NAA is generally considered an important
marker of neurons and axons (8,9), and is usually
decreased in many neurodegenerative disorders. We
performed 'H-MRS in shiverer mice to determine the
neurochemical changes associated with hypomyelina-
tion, especially to clarify whether or not increased
tNAA with decreased Cho detectable on 'H-MRS is a
common finding for hypomyelinating disorders.

MATERIALS AND METHODS
Animals

The experimental animals included postnatal 12-week
(12W) shiverer mice (shi/shi, maintained in the ICR
background; n=7, 2 males and 5 females, weight=
32.5+3.8 g), heterozygous mice (shi/+) (n=8, 3
males and 5 females, weight=37.0 6.1 g), and wild-
type ICR mice (n=8, 4 males and 4 females,
weight =40.8 = 7.3 g). Shiverer mice exhibit progres-
sive tremors and tonic seizures early in life, which
cause their premature death between 3 and 5 months
of age. The animals had free access to food and water
and were kept under standard laboratory conditions
of 22-23°C room temperature, around 50% humidity,
and a 12:12 hour light/dark cycle. Immediately prior
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to and during the MRI scanning, all mice were anes-
thetized with 2% isoflurane (Mylan Japan, Japan).
The rectal temperature was continuously monitored
and maintained at 36.5+0.5°C using a heating pad
throughout all experiments. During MRI scanning,
the mice lay in the prone position on an MRI-
compatible cradle and were held in place by a hand-
made ear bar and anesthetized through a facemask
with 2% isoflurane. The study protocols were
approved by the Animal Welfare Committee of the
National Institute of Radiological Sciences and that of
the Ibaraki Prefectural University of Health Sciences.

MRI and H-MRS Measurements

MRI and 'H-MRS were performed on a 7.0T MRI scan-
ner (20 cm bore, Biospec, Avance-IIl system; Bruker
Biospin, Ettlingen, Germany) with a volume coil for
transmission (86 mm i.d., Bruker Biospin} and a 2-
channel phased-array cooled surface coil for reception
(cryoprobe for mouse brain, Bruker Biospin), using
almost the same methods as those previously reported
(6). Briefly, coronal, sagittal, and axial multislice T1-
weighted imaging (T1WI: multislice spin echo [SE];
repetition time [TR] / echo time [TE] =400/9.57 msec)
and coronal T2-mapping (multislice SE sequence,
TR=3000 msec, TE ranging from 20 to 100 msec in
steps of 10 msec) were performed. T2 values were cal-
culated in the white matter, thalamus, and cortex
with image analysis software MRVision (MRVision,
Winchester, MA). For single-voxel 'H-MRS, a region of
interest (ROI) was chosen predominantly in the

Shiverer

Wild-type

Figure 2. Coronal T2-weighted images (TE =60 msec) of het-
erozygous and wild-type mice typically demonstrate a three-
layered structure, ie, a low signal layer of white matter
(arrows) between the cortex and caudate putamen, which
was difficult to distinguish in shiverer mouse.
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Table 1
T2 value of each region

T2 value (msec, meantSD)

Shiverer Heterozygous  Wild-type
Cortex 53.3%1.8 52.3%£2.0 53.1%+33
Thalamus 53.8%+1.9 51.8%£2.3 51423
*%%
l |
White matter ~ 55.8%+1.3 482x14 48.0%+1.2
*kk
**% p<0.001.

thalamus or cortex, with volumes of interest of 3.0 x
3.0 x 3.0 mm and 3.0 x 3.0 x 1.5 mm, respectively,
as determined on TIWI (Fig. 1). Outer volume suppres-
sion combined with a point-resolved spectroscopy
sequence was used for signal acquisition (number of
repetitions = 192; TR=4000 msec; TE =20 msec; spec-
tral bandwidth = 4 kHz; number of data points =2048).
'H-MRS was quantitatively analyzed using the modi-
fied water scaling method of LCModel, that is, the con-
centration was corrected by the T2 value of the ROI, as
multiplied by R=exp (—-20/T2_R01)/0.7 (6,10). The
concentrations of tNAA, creatine (Cr), Cho, myo-
inositol (miIns), glutamine (Gln), and glutamate (Glu)
were considered to show acceptable reliability when
the LCModel showed percent of standard deviation
(%SD) values of less than 20 (a smaller %SD is associ-
ated with more reliable data) (11,12).

Statistical Analysis of Metabolites

A two-way analysis of variance (ANOVA) was con-
ducted, setting tNAA, Cr, Cho, mins, Gln, and Glu as

Takanashi et al.

the dependent variables, the groups (shiverer, hetero-
zygous, and wild-type), and the measurement sites
(thalamus and cortex) as the independent variables.
For each group in each measurement site, mean and
SD were calculated, followed by Bonferroni’s multiple
comparison test on the mean difference, taking 0.05
as the significance level in testing statistical signifi-
cance. The tool used for the analysis was IBM SPSS
Statistics 20 (Armonk, NY).

Histological and Immunohistochemical Analyses

Two mice in each group, ie, shiverer, heterozygous,
and wild-type mice, at 12W were subjected to Luxol
Fast Blue (LFB) staining and immunohistochemical
analysis. Coronal sections of 5 pm thickness of brain
samples were prepared for these studies. The follow-
ing primary antibodies were used: rat anti-Mbp anti-
body (1:1,000, Millipore, Bedford, MA; MAB395-IML)},
rabbit anti-Gfap antibody (1:500, Dako, Carpinteria,
CA), rabbit anti-Olig 2 (1:100, IBL}, and mouse anti-
NeuN antibody (1:100, Millipore, MAB377). We
defined degree of staining in the white matter, thala-
mus, and cortex: (—) as almost no staining, (+) as
staining less than wild-type mice, (++) as staining
similar to wild-type mice, (+++) as staining stronger
than wild-type mice.

RESULTS
MRI Findings and T2 Value Measurement

Coronal T2 value mapping (TE =60 msec of T2 map-
ping) of heterozygous and wild-type mice typically
demonstrated a three-layered structure, ie, a low sig-
nal (shorter T2 value) layer of white matter between
the cortex and caudate putamen, which was difficult
to distinguish in shiverer mice (Fig. 2). The T2 values
of the cerebral cortex, white matter, and thalamus of
shiverer, heterozygous, and wild-type mice are shown
in Table 1. In the white matter, the T2 values of shiv-
erer mice were significantly longer than those of

Table 2
Concentration of metabolites (mean=SD [mM)]) in the thalamus and cortex.
NAA Cr Cho nlns Ghn Gha
Thalamus Wt 6.9610.51 695+1.04 2.01%0.09 7.1210.70 3.5010.27 8.8610.41
Hr 71712044 7.12+039 2112018 — | sk 7221046 343+0.358 9.08+0.71
HK
Shi 6.5810.53 6971048 1.8310.07 7.17+0.54 3611041 841+034
Cortex Wt 6.801050 6.0410.65 1.61+0.08 6.051£0.60 326%£0.32 9.6910.81
Hr 6451048 6.04£0.32 1.57£0.09 sk 3912054 3.19+042 0.28+1.07 *ox
: ] ]
Shi 5811057 6.06£0.36 1.37%0.10 6221036 2.98+0.29 8.0210.34
MeantSD  ** P<0.01 ; *,P<0.05
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Figure 3. 'H-MRS of the thalamus of shiverer mice shows reduced Cho compared with heterozygous and wild-type mice.
[Color figure can be viewed in the online issue, which is available atwileyonlinelibrary.com.]

heterozygous and wild-type mice. In the cortex and
thalamus, there were no differences in the T2 values
among shiverer, heterozygous, and wild-type mice.
Atrophic change, which may affect the concentrations
of metabolite measured by water scaling methods,
was not observed in either ROI.

Brain Metabolites Measured by *H-MRS

The concentrations of each metabolite in the thalamus
and cortex of shiverer, heterozygous, and wild-type
mice are shown in Table 2. The %SD of tNAA, Cr, Cho,
mins, and Glu in all mice were less than 5, and the
mean %SD of these metabolites were less than 4 in the
three groups. The %SD of Gln was less than 13, and
the mean %SD was less than 10 in the three groups.
The two-way ANOVA showed significance in the
main effect of the measurement sites and the groups
on tNAA and Cho; significance in the main effect of
the measurement sites on Cr, mins, and GIn; and sig-
nificance in the main effect and the interaction of the
groups on Glu. In the thalamus, Cho was decreased
in shiverer mice, compared with heterozygous and
wild-type mice (Fig. 3). There were no differences in
the other metabolites among the three groups. In the
cortex, tNAA, Cho, and Glu were decreased in shiverer
mice, compared with heterozygous and wild-type
mice. There were no differences in these metabolites

between heterozygous and wild-type mice; and no dif-
ferences in Cr, miIns, and GIn between the three
groups.

Histological and Immunohistochemical Analyses

The results of histological and immunohistochemical
analyses are summarized in Table 3 and Figs. 4 and
5. LFB staining and immunostaining of Mbp, a
marker for mature myelin sheaths, in shiverer mice
(Fig. 4a,d) revealed sparse and weak staining in the
white matter, thalamus, and cortex in comparison
with heterozygous (Fig. 4b,e) and wild-type mice (Fig.
4c,f). These findings indicated hypomyelination in the

Table 3
LFB staining and immunohistochemical analyses.

Shiverer Heterozygous Wild-type
LFB - (GM,WM,Th) ++ ++
Mbp - (GM,WM,Th) + (GM,WM,Th) ++
GFAP +++ (WM) ++ ++
Oligo-2 +4+-+ (WM) ++ e
NeuN + (GM) ++ ++

GM, gray matter; WM, white matter; Th, thalamus; (-), almost no
staining; (+), staining less than wild-type mice; (++), staining simi-
lar to wild-type mice; (+-+), staining stronger than wild-type mice.



1554 Takanashi et al.

Shiverer Heterozygous Wild-type

LFB

MBP

Olig2

Figure 4. LFB staining and immunostaining of Mbp in shiverer mice (a,d) revealed sparse and weak staining in the white
matter and cortex in comparison with heterozygous (b,e) and wild-type mice (c.f), indicating hypomyelination. Immunostain-
ing of Mbp in heterozygous mice (e) showed slightly reduced immunoactivity in all regions, compared with wild-type mice (f).
Olig2 immunostaining of shiverer mice (g) revealed increased immunoreactivity in the white matter, compared with heterozy-

gous (h) and wild-type mice (i), showing an increased number of total oligodendrocytes (OPCs and mature oligodendrocytes).
Scale bars =100 pm.

Shiverer Hetérozygous Wild-type

GFAP

NeuN

Figure 5. Gfap immunostaining of the shiverer mice (a) showed dense and strong staining in the white matter compared with
heterozygous and wild-type mice (b,c), indicating astrogliosis in the white matter of shiverer mice. NeuN immunostaining of
shiverer mice (d) revealed decreased immunoreactivity in the cortex (especially on its surface) compared with heterozygous
and wild-type mice (e,f). Scale bars =100 pm.
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shiverer mice brains at 12W. Immunostaining of Mbp
in heterozygous mice (Fig. 4¢) showed slightly reduced
immunoactivity in all regions, compared with wild-
type mice (Fig. 4f). Gfap immunostaining, a marker
for astrocytes, of the shiverer mice (Fig. 5a) showed
dense and strong staining in the white matter com-
pared with heterozygous and wild-type mice (Fig.
5b,c), indicating astrogliosis in the white matter of
shiverer mice. Olig2 immunostaining, a marker for
both mature and immature oligodendrocytes of shiv-
erer mice (Fig. 4g), revealed increased immunoreactiv-
ity in the white matter, compared with heterozygous
and wild-type mice (Fig. 4h,i). The number of the
Olig2-positive cells in the white matter was more in
shiverer mice (1460, 1220 cells/mm?) than heterozy-
gous (560, 620 cells/mm?) and wild-type mice (420,
520 cells/mm®?). This indicated an increased number
of total oligodendrocytes (oligodendrocyte progenitor
cells [OPCs] and mature oligodendrocytes) in the
white matter of shiverer mice. There were no obvious
differences in Gfap and Olig2 immunostaining in the
thalamus and the cortex between the three groups.
NeuN immunostaining, a marker for neuronal cells of
shiverer mice (Fig. 5d), revealed decreased immunore-
activity in the cortex (especially on its surface), com-
pared with heterozygous and wild-type mice (Fig.
5e,f), but no obvious difference in the thalamus or
white matter.

DISCUSSION

'H-MRS in the thalamus of shiverer mice with the
mbp mutation revealed a decrease in Cho with normal
tNAA, which is distinct from in msd mice with the
plpl mutation that show a decrease in Cho with an
increase in tNAA (6). These findings suggest that
increased tNAA is not directly related to hypomyelina-
tion. NeuN immunostaining (a marker for neuronal
cells) of the thalamus in both shiverer and msd mice
revealed no difference compared with wild-type mice;
therefore, the number of neuronal cells in the thala-
mus seems unlikely to explain the difference in tNAA.
What is the cause of the difference in tNAA observed
on 'H-MRS between the two hypomyelinating strains?
Mbp immunostaining indicated hypomyelination in
the shiverer mice brain, as observed in the msd mice
brain (6). Reflecting the pathology, shiverer mice
exhibited longer T2 values than heterozygous and
wild-type mice in the white matter, as also observed
in msd mice brain (6). Mutant plpl proteins in msd
mice are abnormally folded and accumulated in the
endoplasmic reticulum, resulting in the activation of
an unfolded protein response that finally leads to oli-
godendrocyte apoptotic death before normal myelina-
tion occurs (13). In msd and also in another PMD
mouse model, jimpy, massive apoptosis of oligoden-
drocytes appears to induce proliferation of OPCs in
the white matter (14,15), leading to an increase of
OPCs and the absence of mature oligodendrocytes.
On the other hand, the absence of mbp protein in
shiverer mice results in the failure of oligodendrocytes
to form a compact myelin sheath. Unlike in msd and
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Jumpy mice, OPCs in shiverer mice can differentiate
into oligodendrocytes, and both OPCs and mature oli-
godendrocytes are increased in number by as much
as two times (16), as shown on Olig2 immunostaining
(Fig. 4g). One possible explanation for the difference
in tNAA is the different patterns of oligodendrocytes in
shiverer and msd mice.

NAA is one of the most highly abundant free
amino acids in the CNS (around 10 mM in man),
and it is generally considered to be an important
marker of neurons and axons (8,9). NAA is either
released from neurons or transported to oligoden-
drocytes, where it is catabolized by aspartoacylase
into acetate and aspartate (17), which are used for
fatty acid and steroid synthesis, and energy produc-
tion, respectively. In msd mice, the absence or dys-
function of mature oligodendrocytes may either
disable neuron-to-oligodendrocyte NAA transport or
affect NAA catabolism in oligodendrocytes, leading
to NAA accumulation in neurons. An elevated NAA
concentration also increases NAAG biosynthesis (9),
which probably results in increased tNAA on ‘H-
MRS. On the other hand, NAA in shiverer mice may
be normally transported from neurons to oligoden-
drocytes, and then catabolized into acetate and
aspartate, leading to normal tNAA on 'H-MRS. In
the cortex of shiverer mice, tNAA is decreased com-
pared with wild-type and heterozygous mice, prob-
ably reflecting the decreased number of neuronal
cells in shiverer mice, as shown on NeuN immuno-
staining. The majority of excitatory neurons in the
cerebral cortex release Glu, which is taken up from
the synaptic cleft by surrounding astrocytes and
metabolized into a relatively harmless compound,
GIn. Therefore, Glu and Gln are considered to be
markers of neurons and astrocytes, respectively.
The decrease of Glu in the cortex of shiverer mice
supports the theory that a decrease in tNAA reflects
a decreased number of neuronal cells.

Another detectable metabolic change in shiverer
mice is a reduction of Cho, which is also observed in
msd mice (6) and patients with PMD (7). However, the
degree of Cho reduction in the thalamus of shiverer
mice compared with that in wild-type mice (—6.6%) is
much less than that in msd mice (—-21.8%). The Cho
peak likely contains various cell membrane precur-
sors or breakdown products such as phosphocholine,
glycerophosphocholine, and phosphatidylcholine.
Thus, Cho increases in association with accelerated
myelination in infantile brains (18), and probably
decreases in association with the severe retardation of
myelination. *H-MRS in vitro demonstrated that cul-
tured oligodendrocytes per se had a higher concentra-
tion of Cho than neurons, astrocytes, and OPCs
(19,20). The different degrees of Cho reduction in
the two hypomyelination strains may be explained
by the pathological difference of oligodendrocytes,
that is, severe hypomyelination with an increased
number of oligodendrocytes in shiverer mice (16),
leading to a mild reduction of Cho, and the severe
hypomyelination with the absence of oligodendro-
cytes in msd mice (14), resulting in a severer reduc-
tion of Cho. Whatever the cause, the reduction of
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Cho might be a marker for hypomyelinating disor-
ders on 'H-MRS.

Heterozygous mice (shi/+) have been reported to
be clinically asymptomatic, and to exhibit normal
brain MRI (21,22). They also have been shown to
have normal myelin sheaths by electron microscopic
studies of optic nerves, although the Mbp gene
expression level is 50% of normal (21), which reason-
ably leads to slightly reduced immunoactivity of Mbp
(Fig. 4e) compared with wild-type mice. Heterozygous
mice, however, exhibit a 7% increase in visually
evoked potential latency, suggesting mild optic nerve
dysfunction compared with wild-type mice (23).
Mildly increased Cho in thalami of heterozygous mice
(+5.1%906), compared with wild-type mice, might also
reflect a subtle myelin dysfunction, most probably
increased turnover of oligodendrocytes or myelina-
tion itself.

'H-MRS showed no difference in Cr among the three
groups, although increased Cr has been reported in
msd miice (6) and patients with PMD (7). The Cr peak
is composed of proton resonances from both phospho-
creatine and free Cr, which are involved in energy
metabolism, and are present in both neuronal and
glial cells. In rats, astrocytes have Cr concentrations
twice as high as those observed in neurons (19). As
reactive astrogliosis is observed in the msd mouse
brain (6), the elevated Cr was considered to result
from the increased number of astrocytes. Absence of
any obvious difference in Gfap immunostaining (a
marker for astrocytes) in the thalamus and cortex
among shiverer, heterozygous, and wild-type mice is,
therefore, the likely reason for the absence of differ-
ence in Cr concentration.

Some aspects of the 'H-MRS in this study require dis-
cussion. Because the white matter of mice is very thin,
attempts to place the ROI in the white matter result in
both inadequate signal-to-noise and contamination
from the adjacent cortex and deep gray nuclei. The nor-
mal thalamus is composed of a mixture of myelinated
axons and neurons; therefore, 'H-MRS in shiverer mice
may reflect metabolic derangements of both compo-
nents. Mbp immunostaining indicated hypomyelination
in both the white matter and thalamus of the shiverer
brain. In addition, the number of neurons in the thala-
mus was almost the same in shiverer, heterozygous,
and wild-type mice. These suggest that *H-MRS in the
thalamus reasonably reflects the metabolic derange-
ments associated with hypomyelination. A limitation
should also be mentioned regarding the pathologic
examinations in this study. Only two mice of each
group were pathologically examined with qualitative
evaluation. The G-ratio, the ratio between axon diame-
ter and fiber diameter (axon diameter + myelin sheath
thickness) (24), sometimes used for the detailed analy-
sis of myelination, was not evaluated in this study.

In conclusion, this study revealed a reduction of
Cho with normal tNAA level in the thalamus of the
shiverer mouse (a hypomyelination mutant with the
absence of mbp}. The presence of mature oligodendro-
cytes in shiverer mice, which enable neuron-to-
oligodendrocyte NAA transport or NAA catabolism,
may result in a normal tNAA level in contradistinction
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to the msd mouse (a hypomyelination mutant with
absence of plpl). Although tNAA seems to vary
depending on the underlying pathology, reduction of
Cho observed on 'H-MRS might be a common marker
for hypomyelinating disorders.
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