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Abstract: Reactive oxygen species (ROS) are produced by living organisms as a result of normal
cellular metabolism. Under normal physiological conditions, oxidative damage is prevented by the
regulation of ROS by the antioxidant network. However, increased ROS and decreased antioxidant
defense may contribute to many brain disorders, such as stroke, Parkinson’s disease, and Alzheimer’s
disease. Noninvasive assessment of brain redox status is necessary for monitoring the disease state
and the oxidative damage. Continuous-wave electron paramagnetic resonance (CW-EPR) imaging
using redox-sensitive imaging probes, such as nitroxides, is a powerful method for visualizing the
redox status modulated by oxidative stress in vivo. For conventional CW-EPR imaging, however,
poor signal-to-noise ratio, low acquisition efficiency, and lack of anatomic visualization limit its ability
to achieve three-dimensional redox mapping of small rodent brains. In this review, we discuss the
instrumentation and coregistration of EPR images to anatomical images and appropriate nitroxide
imaging probes, all of which are needed for a sophisticated in vivo EPR imager for all rodents.
Using new EPR imaging systems, site-specific distribution and kinetics of nitroxide imaging probes
in rodent brains can be obtained more accurately, compared to previous EPR imaging systems.
We also describe the redox imaging studies of animal models of brain disease using newly developed
EPR imaging.
Keywords: ROS; oxidative stress; redox status; EPR imaging; MRI; brain disease; antioxidant

1. Introduction
Reactive oxygen species (ROS) are recognized to play important roles in both physiological and
pathological processes [1,2]. ROS are produced by living organisms as a result of normal cellular
metabolism. Under normal physiological conditions, oxidative damage is prevented by the regulation
of ROS through the antioxidant effects of a network of enzymatic and nonenzymatic systems. However,
increases in concentrations of ROS and decreases in the antioxidant defense systems may contribute to
aging, cancer, heart failure, and brain disorders such as stroke, Parkinson’s disease, and Alzheimer’s
disease (AD) [3,4], as a result of a loss of balance in the redox status due to dysfunctions in such defense
systems caused by ROS. Noninvasive assessment of the redox status in the body is thus extremely
important for monitoring the disease state and also clarifying the role of ROS in the development and
causes of such diseases.
Electron paramagnetic resonance (EPR) is a spectroscopic method of measuring ROS and
many other free radicals directly or indirectly with the aid of chemical compounds, as a so-called
“spin trap” [5,6]. Since levels of bioradicals including ROS and reactive nitrogen species (RNS)
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generated in living organisms are very low, in vivo direct or indirect detection of bioradicals by
EPR seems quite impossible. On the other hand, in vivo EPR imaging using nitroxides as imaging
probes has been emerging since the early 1980s as a powerful tool to visualize free-radical reactions
and the distribution of nitroxide imaging probes in biological specimens [7–12].
Nitroxides are stable organic free-radical compounds with a single unpaired electron and provide
T1 contrast enhancement in magnetic resonance imaging (MRI) [13,14]. The only chemical drawback
of nitroxides is their susceptibility to reduction to the corresponding diamagnetic hydroxylamine,
resulting in loss of paramagnetism [15,16]. However, their properties allowing them to undergo
bioreduction can provide useful information pertaining to biochemical reactions in organisms.
Nitroxides are redox-active species that can be oxidized or reduced by the corresponding chemical
reactants in cells, and participate in cellular redox reactions. The reduction reaction rate of nitroxides
may thus offer an index of global cellular redox status. As a result, monitoring the rate of transformation
of nitroxides to the corresponding diamagnetic species by EPR imaging can provide an in vivo
assessment of redox status in animal disease models. Such redox mapping based on redox-sensitive
paramagnetic spin probes has been carried out by EPR imaging. For conventional continuous-wave
EPR imaging, however, poor signal-to-noise ratio, low acquisition efficiency, and a lack of anatomic
visualization limit the ability to produce three-dimensional (3D) redox maps of small rodent brains.
Moreover, nitroxide-based imaging probes have not been well described in terms of the distributions
and kinetics in vivo, due to a lack of adequate EPR imagers. This review discusses the instrumentation
and coregistration of EPR images to anatomical images and appropriate nitroxide imaging probes, all of
which are needed for sophisticated in vivo EPR imaging of small rodents. We also described redox
imaging studies of animal models of brain disease using the newly developed EPR imaging system.
2. In Vivo EPR Imaging Instrument for Small Animals
EPR spectroscopy and imaging can be used to investigate chemical reactions that involve free
radicals. Visualizing the dynamics of such chemical reactions within a reasonable timeframe requires
a relatively fast data acquisition and imaging method. As with nuclear magnetic resonance (NMR),
pulsed EPR spectroscopy was developed to rapidly measure the EPR spectra of bioradicals. However,
recent pulsed EPR methods have remained limited to nitroxides with relatively long relaxation
times [17]. In contrast, the continuous-wave EPR (CW-EPR) method can be applied to most nitroxide
imaging probes regardless of their relaxation time. For general CW-EPR measurements, relatively
slow scanning of magnetic fields is used to measure the hyperfine coupling structures, and the ideas of
rapid scanning and accumulation thus have not been considered to be appropriate previously in EPR
imaging experiments.
Temporal changes in EPR signal intensity for nitroxide imaging probes in the mouse head have
been observed after injection through the tail vein. The EPR signal intensity of injected nitroxide
measured in the mouse brain peaked at around 20 s after injection, and intensity gradually decreased
depending on the redox status of the examined mouse [18,19]. Therefore, to visualize the distribution of
nitroxide probes in the mouse brain at the time of maximal signal intensity, acquisition of spectral data
for reconstruction of the EPR image of the mouse head needs to be as rapid as possible. Total acquisition
time for EPR imaging is a product of the number of projections (number of spectra under magnetic field
gradient) and the acquisition time of an EPR spectrum. Thus, to achieve an image from 100 projection
data in less than 10 s, one spectrum should be measured and recorded in 100 ms. One possible method
to reduce the imaging time using CW-EPR is to introduce rapid magnetic field scanning.
In our first in vivo EPR imaging experiment for mouse cancer, total acquisition time was 8 min
(2-min scanning time × 4 projections) [8]. After this study, the goal of reducing imaging time was
started while fighting to reduce distortion of the recorded spectra. In 1988, Demsar et al. [20] reported
a scanning time of 6 s for X-band EPR imaging, and in 1990, Alecci et al. [21] reported 3.5 s as
the scanning rate. In 1996, Yokoyama et al. [22] achieved a scanning rate of 1.4 s with an air-core
Helmholtz coil pair, and in 2007, Samouilov et al. [23] reported in vivo EPR imaging of mice with
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3D EPR images of mouse heads using BBB-permeable MCP and BBB-impermeable COP were
taken (Figure 3). The EPR images showed that MCP is distributed mainly inside the brain, but COP
is distributed mainly outside the brain. Partition coefficients of MCP and COP between n-octanol
and water were used as indices of the lipophilicity of these nitroxides, with the values suggesting the
different distributions of these probes in mouse heads [25,30].
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EPR imaging can enable spatial mapping of free-radical-related information in biological
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5.1. Three-Dimensional EPR Imaging of the Mouse Head
As shown above, to visualize the distribution of nitroxide imaging probes in living organisms,
the acquisition time for a dataset of spectral projections should be shorter than the lifetime of the
nitroxide probes. Therefore, to visualize the 3D-distribution of nitroxide probes in small rodents,
faster EPR imagers are absolutely required. The first EPR image of mouse heads using BBB-
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permeable 4-hydroxy-2,2,6,6-tetramethylpperidine-d17-1-15N-1-oxyl was successfully obtained by
BBB-permeable 4-hydroxy-2,2,6,6-tetramethylpperidine-d17-1-15N-1-oxyl was successfully obtained
Sato-Akaba et al. [24], in which a set of projection data for 3D EPR imaging was acquired every 30 s
by Sato-Akaba et al. [24], in which a set of projection data for 3D EPR imaging was acquired every
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mouse brains using the BBB-permeable nitroxides HMP and MCP and BBB-impermeable COP [26].
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BBB-impermeable COP cannot enter the brain tissue of healthy mice, but COP can enter the brain
BBB-impermeable COP cannot enter the brain tissue of healthy mice, but COP can enter the brain
tissue through wound sites or breaks in the BBB. This phenomenon was visualized by EPR imaging
tissue through wound sites or breaks in the BBB. This phenomenon was visualized by EPR imaging of
of the infarcted hemisphere in a mouse model of ischemia–reperfusion, where COP was distributed
the infarcted hemisphere in a mouse model of ischemia–reperfusion, where COP was distributed in
in the infarcted hemisphere, but not in the intact hemisphere [43].
the infarcted hemisphere, but not in the intact hemisphere [43].

5.2. Redox
Redox Mapping
Mapping
5.2.
The series
series of
of EPR
EPR images
images can
can be
be used
used to
to follow
follow time-dependent
time-dependent changes
changes in
in each
each voxel
voxel within
within the
the
The
image
(Figure
4A).
The
rate
constants
of
the
reduction
reaction
of
the
nitroxide
probe
for
each
pixel
image (Figure 4A). The rate constants of the reduction reaction of the nitroxide probe for each pixel
of the
the 2D
2D temporal
temporal EPR
EPR images
images were
were calculated,
calculated, and
and the
the 2D
2D spatial
spatial mapping
mapping of
of pseudo-first-order
pseudo-first-order
of
rate
constants
of
nitroxide
imaging
probes
were
presented
in
“redox
mapping”
of
subject sample.
rate constants of nitroxide imaging probes were presented in “redox mapping” of aa subject
sample.
The
use
of
redox
mapping
enables
not
only
changes
in
the
redox
status
of
a
subject
tofollowed,
be followed,
The use of redox mapping enables not only changes in the redox status of a subject to be
but
but
also
identification
of
organ-specific
characteristics
of
the
redox
balance
[44–46].
also identification of organ-specific characteristics of the redox balance [44–46].

Time
(ii)

(iii)

Image intensity (Im)

(B)

(iv)

(C)
(i)

Im = - k × time + b
(ii)

(iii)

Slope = -k

Time

at each pixel
(iv)

(v)

(v)

Redox map

0.6
-1

(i)

Rate constant (min )

(A)

0

Figure 4. Redox mapping of mouse heads. (A) The 2D slice EPR images were obtained from the
Figure 4. Redox mapping of mouse heads. (A) The 2D slice EPR images were obtained from the
reconstructed 3D data of mouse heads. (B) The time course of the image intensity (Im) at each pixel
reconstructed 3D data of mouse heads. (B) The time course of the image intensity (Im) at each pixel
was calculated ((i)–(v)), k: pseudo-first order rate constant. (C) 2D spatial mapping of the reduction
was calculated ((i)–(v)), k: pseudo-first order rate constant. (C) 2D spatial mapping of the reduction
rate constants of MCP was shown as redox mapping. Adapted from [19].
rate constants of MCP was shown as redox mapping. Adapted from [19].

Kuppusamy et al. introduced “redox mapping” by EPR imaging to visualize tumor redox status
[47], and redox mapping has since been widely used in many other examples. Brain redox imaging
was first demonstrated in a mouse model of ischemia–reperfusion by 3D EPR imaging, and the
obtained multislice redox mapping visualized a heterogeneous distribution of the reduction rate
constant of nitroxides in the infarcted hemisphere of examined mouse heads [25]. After this work,
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work, brain redox
widely used in brain disease models, such as psychostimulant
methamphetamine-treated mice [48], septic mouse brain induced by lipopolysaccharide [49], and the
pentylenetetrazol-induced kindling model of epilepsy [18]. With the increasing detection sensitivity
pentylenetetrazol-induced kindling model of epilepsy [18]. With the increasing detection sensitivity of
of EPR imagers, region-specific analysis of redox imaging data has become possible. To obtain siteEPR imagers, region-specific analysis of redox imaging data has become possible. To obtain site-specific
specific redox information, coregistration of the anatomical image to the redox information is
redox information, coregistration of the anatomical image to the redox information is necessary,
necessary, especially for medical EPR imaging studies. In a transgenic mouse model of AD, redox
especially for medical EPR imaging studies. In a transgenic mouse model of AD, redox data from the
data from the cortex, midbrain, and hippocampus were analyzed using coregistration of the redox
cortex, midbrain, and hippocampus were analyzed using coregistration of the redox map obtained by
map obtained by EPR and the anatomical image by MRI (Figure 5). This study clearly showed that
EPR and the anatomical image by MRI (Figure 5). This study clearly showed that 3D EPR imaging
3D EPR imaging can detect the accelerated change in redox status of the AD mouse brain compared
can detect the accelerated change in redox status of the AD mouse brain compared with control,
with control, and in particular can visualize a significant change in redox status in the hippocampus
and in particular can visualize a significant change in redox status in the hippocampus of the AD
of the AD mouse brain [50].
mouse brain [50].
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kinetics within rodent brains can be obtained more accurately.
5.3. Glutathione (GSH) Mapping
5.3. Glutathione (GSH) Mapping
GSH is an important antioxidant that can protect cells under oxidative stress. The maintenance of
GSH is an important antioxidant that can protect cells under oxidative stress. The maintenance
GSH levels is important to prevent neuronal disorders such as AD and Parkinson’s disease [51,52].
of GSH levels is important to prevent neuronal disorders such as AD and Parkinson’s disease [51,52].
The reduction reaction of nitroxides in vivo depends on the concentration of ascorbic acid, and this
The reduction reaction of nitroxides in vivo depends on the concentration of ascorbic acid, and this
reaction is catalyzed, depending on GSH levels in vivo [19,53]. Using this property, a new method to
reaction is catalyzed, depending on GSH levels in vivo [19,53]. Using this property, a new method to
image the distribution of GSH levels in specific brain regions was developed and successfully applied
image the distribution of GSH levels in specific brain regions was developed and successfully applied
to a kindling mouse model. The obtained map of brain GSH levels clearly visualized decreased GSH
to a kindling mouse model. The obtained map of brain GSH levels clearly visualized decreased GSH
levels around the hippocampus region.
levels around the hippocampus region.
6. Conclusions
6. Conclusions
To visualize brain redox status in small rodents, in vivo EPR imaging instruments with fast data
To visualize
brainand
redox
statusdetection
in small rodents,
in vivo
EPR imaging
instruments with
data
acquisition
capability
higher
sensitivity
are desirable.
High-resolution
EPR fast
imagers
acquisition
andredox
higher
detection sensitivity
are desirable.
High-resolution
EPR imagers
can
can providecapability
site-specific
information,
so coregistration
of EPR
imaging to anatomical
maps
is
provide site-specific redox information, so coregistration of EPR imaging to anatomical maps is
needed for medical imaging studies. Other imaging modalities such as MRI should be used with EPR
imagers. Lastly, development of novel nitroxide imaging probes is needed for medical imaging
studies [54]. BBB-permeable, nontoxic nitroxide imaging probes are necessary for brain redox studies.
Rapidly reduced nitroxide probes show higher redox sensitivity, so EPR imagers with rapid data
acquisition capabilities are appropriate. With the development of EPR imagers with the capability for
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needed for medical imaging studies. Other imaging modalities such as MRI should be used with
EPR imagers. Lastly, development of novel nitroxide imaging probes is needed for medical imaging
studies [54]. BBB-permeable, nontoxic nitroxide imaging probes are necessary for brain redox studies.
Rapidly reduced nitroxide probes show higher redox sensitivity, so EPR imagers with rapid data
acquisition capabilities are appropriate. With the development of EPR imagers with the capability
for fast data acquisition, BBB-permeable nitroxide probes, and anatomical imaging tools such as MRI
in the laboratory, EPR imaging systems are becoming a powerful imaging tool that can contribute in
important ways to elucidation of the oxidative diseases of the brain.
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Abbreviations
CMP
COP
CTPO
MCP
Tempol
HMP
ADC
AFC
Amp
BPF
DAC
DDC
DSP
FPGA
LNA
RF
VCO

3-carbamoyl-2,2,5,5-tetramethylpyrrolidin-1-oxyl
3-carboxy-2,2,5,5-tetramethyl-1-pyrrolidin-1-oxyl
3-carbamoyl-2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl
3-methoxycarbonyl-2,2,5,5-tetramethylpyrrrolidine-1-oxyl
4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl
3-hydroxymethyl-2,2,5,5-tetramethylpyrrolidine-1-oxyl
analog-to-digital converter
automatic frequency control
amplifier
band pass filter
digital analog convertor
digital down-converter (DDC)
digital signal processor
field programmable gate array
a low noise amplifier (LNA)
radio frequency
voltage controlled oscillator
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