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a b s t r a c t

Free radicals are known to play a major role in sepsis. Combined immuno-spin trapping and molecular
magnetic resonance imaging (MRI) was used to detect in vivo and in situ levels of free radicals in murine septic
encephalopathy after cecal ligation and puncture (CLP). DMPO (5,5-dimethyl pyrroline N-oxide) was injected
over 6 h after CLP, before administration of an anti-DMPO probe (anti-DMPO antibody bound to albumin–
gadolinium–diethylene triamine pentaacetic acid–biotin MRI targeting contrast agent). In vitro assessment of
the anti-DMPO probe in oxidatively stressed mouse astrocytes significantly decreased T1 relaxation (p o
0.0001) compared to controls. MRI detected the presence of anti-DMPO adducts via a substantial decrease in %
T1 change within the hippocampus, striatum, occipital, and medial cortex brain regions (p o 0.01 for all) in
septic animals compared to shams, which was sustained for over 60 min (p o 0.05 for all). Fluorescently
labeled streptavidin was used to target the anti-DMPO probe biotin, which was elevated in septic brain, liver,
and lungs compared to sham. Ex vivo DMPO adducts (qualitative) and oxidative products, including
4-hydroxynonenal and 3-nitrotyrosine (quantitative, p o 0.05 for both), were elevated in septic brains
compared to shams. This is the first study that has reported on the detection of in vivo and in situ levels of free
radicals in murine septic encephalopathy.

& 2013 Elsevier Inc. All rights reserved.

Oxidative stress-generated reactive oxygen (and nitrogen) species
(ROS/RNS)2 play a pathogenic role in many diseases, either as
modulators of signal transduction or as causative agents of tissue
injury. Understanding the extent and timing of free radical-triggered

events in an in vivo environment is of importance to our under-
standing of these major determinants involved in disease evolution
and prognosis. With the combined use of molecular magnetic
resonance imaging (mMRI) and immuno-spin trapping (IST) technol-
ogies, it is possible for the first time to monitor radicals in vivo and
in situ in a mouse model for septic encephalopathy.

Numerous studies indicate that oxidative stress, a result of an
imbalance in the levels of ROS and antioxidative defense systems,
plays a crucial role in sepsis. Sepsis is associated with the increased
generation of ROS [1–5], which leads to multiple organ dysfunctions
[6], including encephalopathy and its cognitive consequences [7].
ROS/RNS may directly oxidize nucleic acids, proteins, carbohydrates,
and lipids, causing intracellular and intercellular perturbations in
homeostasis [8]. As a consequence, high concentrations of lipid-
derived electrophilic products readily react with proteins, DNA, and
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phospholipids, generating intra- and intermolecular toxic covalent
adducts that lead to the propagation and amplification of oxidative
stress [8].

Free radicals generated as a result of oxidative stress processes
can be tagged by 5,5-dimethyl-1-pyrroline N-oxide (DMPO) to
form DMPO–radical adducts, which can be detected and measured
by IST, a method that utilizes an antibody against DMPO adducts
[9–12]. To better understand disease pathogenesis, it would be
ideal if the formation of oxidation products could be assessed
in vivo and in situ, allowing specific cause–consequence relation-
ships to be identified from specific oxidative events. This approach
would allow the correlation of the detection of real-time oxidative
stress markers with specific longitudinal pathological conditions
associated with a particular disease.

There are other imaging methods that have been used to detect
radicals, including ESR (electron spin resonance), fluorescence
imaging, and Overhauser-enhanced MRI (OMRI). OMRI potentially
offers a method of detecting low concentrations of free radical
species generated by specific biological processes; however, spatial
resolution and general radical detection is limited by sensitivity
requirements and only nonspecific probes have been validated
[13]. ESR imaging is sensitive, but limited to the detection of an
injected paramagnetic probe at the injection site and not the
general detection of a broad range of radicals. Fluorescence
imaging is restricted to excised tissues or isolated cells. Recently
in vivo nitroxide-enhanced MRI, which shows some promise, was
done in tumor (neuroblastoma or colon cancer)-bearing mice, in
which the appearance or disappearance of the MRI signal indi-
cated a change in the nitroxide (piperidine- or TEMPO-type
derivatives) redox cycle, i.e., reduction to the hydroxylamine
resulted in the loss of MRI contrast and oxidation resulted in the
presence of MRI contrast [14].

In a novel approach, we have combined a Gd-DTPA-albumin-
based contrast agent for signal detection with the specificity of
antibodies (Abs) for DMPO radicals (anti-DMPO probe) with the
desired morphological image resolution of mMRI to detect in vivo
free radicals (see Fig. 1). The anti-DMPO probe was used in this
study to assess free-radical formation in the brain, liver, and lung
tissues in a mouse model of sepsis.

Materials and methods

Synthesis of DMPO-specific MRI contrast agents

To recognize the DMPO–protein/lipid radicals, a mouse mono-
clonal anti-DMPO antibody bound to a contrast agent was used.
The macromolecular contrast material, biotin-BSA-Gd-DTPA, was
prepared using a modification of the method of Dafni et al. [15].
The biotin moiety in the contrast material was added to allow
histological localization. Biotin-BSA-Gd-DTPA was synthesized as
described in Towner et al. [16,17]. A solution of biotin-BSA-Gd-
DTPA was added directly to the solution of antibody (anti-DMPO,
200 μg/ml) for conjugation through a sulfo-NHS-EDC link between
albumin and antibody according to the protocol of Hermanson
[18]. The product was lyophilized and subsequently stored at 4 1C
and reconstituted to the desired concentration for injections in
phosphate-buffered saline (PBS). The final amount of the product,
anti-DMPO-biotin-BSA-Gd-DTPA, that was injected into the mice
was estimated to be 20 μg anti-DMPO Ab/injection and 10 mg
biotin-BSA-Gd-DTPA/injection. The estimated molecular weight of
the anti-DMPO-biotin-BSA-Gd-DTPA probe was estimated to be
232 kDa.

In vitro characterization of anti-DMPO probe

Vials were prepared containing water, primary mouse astro-
cytes alone, astrocytes with the anti-DMPO probe, astrocytes þ
DMPO þ anti-DMPO probe, astrocytes with the oxidant hydrogen
peroxide (H2O2) and DMPO, or astrocytes with H2O2 þ DMPO þ
anti-DMPO probe (n ¼ 5 for each group). Cells (mouse astrocytes,
CC-3187, Lonza Walkersville, Walkersville, MD, USA) were grown
to confluency in flasks in complete growth medium (ABM basal
medium, Lonza Walkersville). Two to three hours before treat-
ment, the growth medium was replaced with serum-free medium.
DMPO (40 mM) was added to the appropriate vials, and after
15 min to reach equilibrium, H2O2 (50 mM) was added to the
appropriate vials. In the samples that were treated with the anti-
DMPO probe, the probe was added (2 mg, based on antibody

Fig. 1. Approach for combined in vivo mMRI and IST. Immuno-spin trapping of macromolecular radicals (�R) with anti-DMPO mMRI probe (anti-DMPO–albumin–Gd–DTPA–
biotin mMRI probe). DMPO is injected ip to trap macromolecular radicals and generate DMPO–radical adducts that decay to DMPO nitrone adducts. Anti-DMPO is injected iv
to target DMPO–radical nitrone adducts, which can be visualized by mMRI.
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calculation), and the cells were incubated for 45 min. After
incubation, the cells were collected, washed with PBS, and
centrifuged (3000 rpm), and the cell pellet was resuspended in
PBS (200 ml) for MR imaging. Any DMPO–radical adducts not
bound to cells or free DMPO was washed away in the PBS and
separated by centrifugation, and therefore only cell-bound DMPO–
radical adducts were left in the cell fraction for assessment.

Animal experiments

All animal experiments were conducted in accordance with the
National Institutes of Health animal use and welfare guidelines
and with the authorization of the institutional animal ethics
committee.

As a model for sepsis, CLP was used and performed as previously
described by Gomes et al. [19]. Eight- to 10-week-old male C57BL/6
mice (n ¼ 6; n ¼ 3 CLP and n ¼ 3 sham) were anesthetized with
isoflurane (2–3%) under aseptic conditions. A laparotomy was
performed with a 2-cm midline incision through the linea alba.
The cecum was exposed and ligated with sterile 3-0 silk below the
ileocecal junction. The cecumwas punctured once with an 18-gauge
needle and squeezed to empty its contents through the puncture.
The cecumwas returned to the peritoneal cavity, and the abdominal
muscle and skin incisions were closed. After the surgery, 0.5 ml of
sterile saline was administered subcutaneously to the animals. Mice
in the sham operation control group were subjected to identical
procedures, except that ligation and puncture of the cecum were
omitted.

DMPO administration

DMPO (Alexis Biochemicals, Enzo Life Sciences, Farmingdale, NY,
USA) was administered (25 μl in 100 μl saline, ip) every 1.5 h over a
period of 6 h after CLP, before injection of the anti-DMPO probe.

Magnetic resonance techniques

For the in vitro study, signal intensities were obtained using
fast low-angle shot (repetition time (TR) 125.3 ms, echo time (TE)
6.0 ms, flip angle 301, 256 � 128 matrix, four signal averages per
acquisition, 4.00 � 4.00-cm2

field of view (FOV), 1-mm slice
thickness). T1 maps were obtained using a RARE (rapid acquisition
with relaxation enhancement variable TR) sequence (TR 200, 400,
800, 1200, and 1600 ms; TE 15 ms; 256 � 256 matrix; two signal
averages per acquisition; 4.00 � 4.00-cm2 FOV; slice thickness
1.0 mm). Pixel-by-pixel relaxation maps were reconstructed from
a series of T1-weighted images using a nonlinear two-parameter
fitting procedure.

MR experiments were carried out under general anesthesia (1–2%
isoflurane, 0.8–1.0 L/min O2). MR equipment that was used included
a Bruker Biospec 7.0 Tesla/30-cm horizontal-bore imaging spectro-
meter. Anesthetized (2% isoflurane), restrained mice were placed in
an MR-compatible cradle and inserted into an MR probe, and their
brains were localized by MRI. Images were obtained using a Bruker
S116 gradient coil (2.0 mT/m/A) and a 72-mm quadrature multirung
RF coil. Mouse brains were imaged 6 h after CLP.

Multiple brain 1H MR image slices were taken in the transverse
plane using a spin echo multislice (TR 0.8 s, TE 23 ms, 128 � 128
matrix, four steps per acquisition, 3 � 4-cm2 FOV, 1-mm slice
thickness). Mouse brains were imaged at 0 (precontrast), 15, 30,
45, 60, and 75 min post-contrast agent injection to obtain kinetic
data on targeted contrast agent distribution. Mice were injected
intravenously with anti-DMPO antibody tagged with a biotin-Gd-
DTPA-albumin-based contrast agent (200 μl/kg; 1 mg antibody/
kg; 0.4 mmol Gd3þ/kg) [16,17]. T1-weighted images were obtained
using a variable TR spin-echo sequence. Pixel-by-pixel relaxation

maps were reconstructed from a series of T1-weighted images
using a nonlinear two-parameter fitting procedure. The T1 value of
a specified region-of-interest (ROI) was computed from all the
pixels in the ROI by the following equation [20] (processed by
ParaVision 4.0, Bruker): S(TR) ¼ S0(1 � e�TR/T1), where TR is the
repetition time (ms), S0 is the signal intensity (integer machine
units) at TR c T1 and TE ¼ 0, and T1 is the constant of the
longitudinal relaxation time (ms). Relative probe (contrast
agent) concentrations, C (molar), were calculated for each of the
selected ROIs (minimum of 10 ROIs obtained per region) using the
following formula [20]: C p (1/T1(after) � 1/T1(before)), where
1/T1(after) is the T1 rate taken at various time points after injection
of probes, and 1/T1(before) is the T1 rate taken before injection of
probes.

Excised tissues

Cardiac perfusion with PBS was performed while the mice were
under anesthesia (isoflurane), and then the heads were cut off
using a guillotine. The skin and the muscle tissues were removed
from the head. Then the bones on the top of the head were
carefully removed, from the cerebellum to the olfactory bulb
through the bregma and from one side of the head to the other
side. The ear bones were carefully extracted from the brain; the
optic chiasm and the olfactory bulb were excised to extract the
brain. A transverse cut was then performed to get a sample for
histology analysis in the brain tissue from septic animals. Liver and
lung tissues were also excised and prepared for fluorescence
microscopy.

Immunohistochemistry

Excised brain, liver. and lung tissues were cut and fixed in
Z-fixative (zinc formalin: formaldehyde 10%, zinc sulfate heptahy-
drate 1%). The tissues were then rinsed with PBS and incubated
with 15% sucrose before being embedded in optimal cutting
temperature compound and frozen in liquid nitrogen.

Immunohistochemical staining of DMPO–radical nitrone
adducts was done by incubating tissue sections (obtained 3 h after
the last DMPO injection) with a mouse monoclonal anti-DMPO
antibody (1:10) and a secondary antibody, a goat anti-mouse IgG
conjugated to Texas red (1:100). In both cases, antibody dilutions
were performed in 0.1% Tween 20 in PBS.

To target the Gd-based anti-DMPO probe in fixed tissues,
cryosections were stained with Cy3-labeled streptavidin, which
can bind to the biotin moiety of the albumin-Gd-DTPA-biotin
contrast agent within the target tissue. Tissue sections were
obtained 90 min after administration of the anti-DMPO probe.
Stained tissue slices were examined with a Nikon C1 confocal laser
scanning microscope (Nikon Instruments, USA).

Oxidative stress measurement

Oxidative stress was assessed by Western blotting for protein
adducts to 4-hydroxynonenal (HNE) or 3-nitrotyrosine (3-NT).
Mice were deeply anesthetized with isoflurane and brain tissue
from the hippocampus region was collected at 6- and 24-h time
points after sepsis induction and immediately frozen in dry ice.
Tissue was homogenized in ice-cold Tris–HCl buffer containing
protease and phosphatase inhibitor cocktails (Roche Applied
Science, Indianapolis, IN, USA). Protein concentration was mea-
sured with a BCA protein assay (Thermo Scientific, Rockford, IL,
USA). Protein electrophoresis was done in 4–15% gradient precast
polyacrylamide gels (Bio-Rad, Hercules, CA, USA), and protein was
transferred to a polyvinylidene difluoride Immobilon-FL mem-
brane (Millipore, Billerica, MA, USA). In separate assays, mouse
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monoclonal anti-HNE (Abcam, Cambridge, MA, USA) or mouse
monoclonal anti-3-NT (Abcam) were incubated overnight at 1:500
dilutions in Odyssey blocking buffer. Membranes were washed
three times over 5 min with PBS and incubated with secondary
antibodies for 1 h at room temperature. Membranes were scanned
in an Odyssey infrared imaging system (Li-Cor Biosciences, Lincoln,
NE, USA).

Statistical analyses

Statistical differences between the probe-administered and the
control groups were analyzed with a one-way ANOVA and a post
hoc Tukey multiple-comparisons test using commercially available
software (InStat; GraphPad Software, San Diego, CA, USA). A p
value of less than 0.05 was considered to indicate a statistically
significant difference.

Results

In vitro assessment of T1 relaxation values for oxidatively
stressed mouse astrocytes exposed to the anti-DMPO probe are
shown in Fig. 2. T1 relaxation was found to significantly decrease
in vials containing mouse astrocytes exposed to H2O2 to form
radicals that were trapped with DMPO and then tagged with the
anti-DMPO probe, compared to water alone (p o 0.0001), astro-
cytes alone (p o 0.001), astrocytes and the anti-DMPO probe (p o
0.0001), astrocytes with DMPO and the anti-DMPO probe (p o
0.0001), or astrocytes with H2O2 and DMPO (p o 0.001), indicat-
ing the specific binding of cells with radicalized macromolecules
(possibly membrane bound). Any soluble radicals trapped with
DMPO or free DMPO would have been washed away from the cells
and separated by centrifugation from the cell fraction before MR
imaging.

Overall brain uptake of the anti-DMPO probe is depicted in
Fig. 3A and B, where the mice with CLP-induced sepsis had
increased uptake and overall distribution of the anti-DMPO probe
throughout most regions of the brain (Fig. 3A), compared to sham
mice (Fig. 3B), which seemed to restrict distribution of the anti-
DMPO probe to major blood vessels, as shown by localized
accumulation of the anti-DMPO probe in the highlighted areas.
Detection of DMPO–nitrone adducts in various brain tissue regions
(i.e., hippocampus, striatum, occipital lobe, and cortex) from septic
mice (6 h post-CLP) is shown in Fig. 3C. The T1 relaxation time was
found to decrease (resulting in a significant increase in %T1
change) within all brain regions assessed in mice with CLP-
induced sepsis (Fig. 3C), compared to shams. Higher significant
increases in %T1 change (due to decreases in T1 relaxation times)
were found in the hippocampus, occipital, and medial cortex
regions (p o 0.001 for all three regions), with the least significant
change in %T1 within the striatum (p o 0.01), compared to sham
controls. Fig. 4 illustrates the kinetic behavior of the anti-DMPO
probe within various brain regions in septic (CLP-induced) versus
sham controls. In all brain regions assessed there was a sustained
significant decrease in %T1 relaxation times (all regions, p o 0.05)
over the 75-min course studied. Relative %T1 differences were
measured by comparing postcontrast (administration of the anti-
DMPO probe) to precontrast image data points, where in Fig. 3 the
decrease in %T1 is reported as %T1 change, and in Fig. 4 the %T1 is
simply plotted.

Ex vivo detection of the anti-DMPO probe in tissue sections from
mice administered the anti-DMPO probe in vivo was done by
reacting Cy3-labeled streptavidin, which would target the biotin
moiety of the anti-DMPO probe. CLP mice exhibited elevated
fluorescence detection of the anti-DMPO probe in the hippocampus
region (Fig. 5A), compared to sham animals (Fig. 5B). Elevated
ex vivo DMPO adducts were also found in a CLP mouse (Fig. 5C,
i and ii), compared to a sham (Fig. 5D, i and ii) by using a
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Fig. 2. In vitro assessment of the anti-DMPO probe in mouse primary astrocytes. (A) MRI signal intensities (SI; T1-weighted) and T1 maps (T1) of vials containing (1) water,
(2) astrocytes alone, (3) astrocytes þ anti-DMPO probe (AþP), (4) astrocytes þ DMPO þ anti-DMPO probe (AþDþP), (5) astrocytes þ H2O2 þ DMPO (AþHPþDMPO),
or (6) astrocytes þ H2O2 þ DMPO þ anti-DMPO probe (AþHPþDþP). (B) T1 relaxation values (ms) of vials containing samples 1–6 described above. Values (n ¼ 5 for each
group) are represented as means 7 SD. There was a significant decrease in T1 relaxation for samples containing astrocytes þ H2O2 þ DMPO þ anti-DMPO probe compared
to water (p o 0.0001), astrocytes alone (p o 0.001), astrocytes with anti-DMPO probe (p o 0.0001), astrocytes with DMPO and anti-DMPO probe (p o 0.0001),
or astrocytes with H2O2 and DMPO (p o 0.001). T1 relaxation was also significantly decreased for astrocytes with DMPO and anti-DMPO probe compared to water alone
(p o 0.05).
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fluorescently labeled anti-DMPO antibody, i.e., the IST method.
Elevated ex vivo anti-DMPO probe was also found in the liver
(Fig. 6A vs Fig. 6B) and lungs (Fig. 6C vs Fig. 6D) of a CLP mouse
compared to a sham animal.

Significantly elevated ex vivo levels of HNE, a lipid peroxidation
end product, and 3-NT, an indicator of oxidized proteins, were
found by Western blot in brains (hippocampus region) of septic
mice compared to sham mice at 6 h post-CLP (Fig. 7A (p o 0.05)
and B (p o 0.05), respectively).

Discussion

The bulk of the published studies using mMRI have relied on
the specific labeling of extracellular cell surface receptors or
antigens with a targeted contrast agent, although intracellular
targeting is also possible. The MRI contrast agent probe is targeted
to a specific receptor or antigen by an Ab or peptide. These
compounds alter proton magnetization relaxation times at their
sites of accumulation, making them ideal for diagnostic purposes.
Paramagnetic Gd-based MR contrast agents generate a positive
signal contrast (T1 contrast), which enhances MR signal intensities
of water molecules that surround these agents in T1-weighted MR
images. The T1 contrast occurs because of a decrease in T1
relaxation, which can be measured in T1 maps. Gd-based probes
that bind to affinity molecules have recently become popular
when used with mMRI.

Our laboratory has previously used mMRI methodology to
provide in vivo evidence regarding the overexpression of various
tumor markers [14,21–24] in rodent glioma models. Recently we
also used the same anti-DMPO probe utilized in this study to
assess radical formation in a mouse diabetes model [17], in a
mouse model for amyotrophic lateral sclerosis (ALS) [25], and in
mouse GL261 gliomas [26]. In those studies we used a disease
control, as done in this study, as well as a molecular imaging
isotype control with a nonspecific IgG covalently bound to the
albumin moiety of the albumin-Gd-DTPA-biotin construct instead
of an anti-DMPO antibody. We did not use the IgG isotype control
in this study, as we had established proof of concept in earlier
studies regarding the specificity of the anti-DMPO probe for
DMPO–radical adducts and that the MRI signal intensity for this
IgG control was significantly lower than the signal intensity of the
anti-DMPO probe in various tissues (e.g., �42-fold in diabetic
livers (p o 0.01) and lungs (p o 0.05) [17]), including the brain
(e.g., �6-fold in ALS mice (p o 0.01) [25] and �3.3-fold in mouse
GL261 gliomas (p o 0.001) [26]). Here we have used a Gd-based
anti-DMPO probe with MRI detection to image free radical adducts
in various regions of the brain in a mouse model for sepsis.
Specifically, in a CLP-induced sepsis model we detected elevated
levels of free radicals detected by an anti-DMPO probe visualized
by mMRI in brain regions including the hippocampus, striatum,
occipital, and medial cortex, as well as liver and lung tissues
(Figs. 3–6).

IST has been used by several investigators to assess DMPO–
protein adducts in various disease models. Protein radicals resulting

Fig. 3. In vivo molecular MR images of the anti-DMPO probe in the brains of septic and sham mice. T1-weighted images overlaid with threshold difference images (120 min
after and before administration of anti-DMPO probe) after administration of the anti-DMPO probe in the brain of (A) a mouse with CLP-induced sepsis or (B) a sham. Note the
dispersed distribution of the anti-DMPO probe-associated MRI signal in the septic animal (A), compared to the restricted distribution of the anti-DMPO probe only in the
blood vessels (yellow circular regions) of the sham animal. (C) Histogram of the percentage T1 change (due to a decrease in T1 relaxation times after compared to before
contrast administration of the anti-DMPO probe) in the brains of mice with CLP-induced sepsis (CLP; n ¼ 3, ROIs Z 10 per region) or control shams (sham; n ¼ 3, ROIs Z 10
per region). Significantly elevated %T1 changes were found in the hippocampus (nnnp o 0.001), the striatum (nnp o 0.01), the occipital lobe (nnnp o 0.001), and the medial
cortex (nnnp o 0.001). Values are reported as means 7 SD.
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from the oxidation of the protein backbone or the amino acid side
chains can be trapped by DMPO to form DMPO–protein adducts.
These DMPO–nitrone protein adducts can then be studied by IST,
which utilizes an antibody against the DMPO–nitrone adduct
[9,11,12]. For instance, in vitro studies by Ramirez and colleagues
[10,11] utilized IST to detect radicalized proteins in macrophages
primed with endotoxin.

More generally, it is thought that the anti-DMPO probe from
the in vivo targeted molecular MRI assessment conducted in
this study, and our previous studies [17,25,26], primarily detects

cell-associated or cell-bound DMPO–radical adducts that the anti-
DMPO antibody recognizes. It is possible that the anti-DMPO
probe may be internalized into the cell; however, further studies
would need to be done to verify this assumption. It also should be
noted that although the anti-DMPO antibody clearly has affinity
for free DMPO, it was previously reported that this affinity is
orders of magnitude less than that of a DMPO–protein radical
adduct such as metmyoglobin–DMPO, and it was hypothesized
that the covalent bond formed by the spin trapping reaction
increased the recognition of the anti-DMPO antibody [9]. It is also
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significantly decreased (p o 0.05 for all regions) in septic mice (CLP-induced; n ¼ 3, ROIs Z 10 per region) compared to sham controls (n ¼ 3, ROIs Z 10 per region). Values
are reported as means 7 SD.
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known that free DMPO in vivo is short-lived and is barely detected
by HPLC in blood, liver, or heart tissues beyond 2 h [27]. In this
study, DMPO was administered more than 2 h before the initial
images were obtained after the administration of the anti-DMPO
probe and more than 3 h before the last time point of the 75-min
time frame for the in vivo molecular MRI assessment. The
sustained %T1 decrease in the various brain regions assessed
(Fig. 4) in septic animals from this study indicates that the anti-
DMPO probe is binding and staying behind rather than being
flushed out through the circulation. Any cell-unbound DMPO–
radical adducts or free DMPO would not be detected in target
tissues (such as the brain), as the body would distribute these to
the blood circulation and excretory organs. In both our diabetes
and our ALS studies, in which most of the mouse body was

simultaneously imaged for the presence of the anti-DMPO probe,
we found that anti-DMPO probe could be detected via natural
distribution in the stomach, intestines, and bladder, as well as
major blood vessels such as the vena cava, in addition to sustained
detection in the target organs (e.g., lungs, liver, kidneys, spinal
cord) studied [17,25].

Diverse molecular mechanisms of inflammation and cellular
damage have been implicated in the pathogenesis of sepsis and
multiple organ failure, including those related to generation of
cytokines, eicosanoids, and ROS/RNS, such as nitric oxide (�NO),
superoxide anions, or peroxynitrite [3]. It is well known that an
underlying mechanism of sepsis involves oxidative damage due to
the generation of free radicals [1–5,28–30]. Oxygen-derived free
radicals generated during reperfusion after ischemia or hypoxia, or

Fig. 5. Ex vivo detection of the anti-DMPO probe and DMPO–nitrone adducts in the brains of septic mice. Ex vivo fluorescence images of streptavidin–Cy3, which binds to
the biotin moiety of the anti-DMPO probe in the brains of (A) mice with CLP-induced sepsis or (B) a control sham, 90 min after administration of the anti-DMPO probe. These
mice were both administered DMPO and the anti-DMPO probe. Scale bars, 50 mm. Image (A) indicates that the anti-DMPO probe levels in the septic animal are higher than in
the sham animal (B), because of the increase in fluorescence for the anti-DMPO probe. Nuclei are stained blue (DAPI), indicating similar cell concentrations in each sample.
Ex vivo immunohistochemistry images of DMPO adducts in the brain of (Ci, ii) a mouse with sepsis and (Di, ii) a sham control. Images (C) and (D) were obtained from animals
not administered the anti-DMPO probe but only DMPO to assess the level of DMPO adducts detected with immuno-spin trapping with a mouse monoclonal anti-DMPO
antibody and a secondary antibody, an anti-mouse IgG–Texas red conjugate. Brain tissues were obtained 3 h after the last DMPO injection to simulate the same timing for the
anti-DMPO studies. Note the increased levels of DMPO adducts in the septic animal, shown by increased fluorescence, compared to the sham animal. Cell nuclei are labeled
blue (DAPI). Enlarged images shown in (ii) are taken from regions outlined in corresponding (i) images.
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activated neutrophils associated with sepsis, are known to be media-
tors of tissue injury [3]. It is also known that lipoperoxide concentra-
tions dramatically increase after endotoxin exposure [3]. It is thought
that NF-κB plays a central role in modulating the expression of
immunoregulatory mediators involved in oxidative stress and conse-
quently in sepsis [5].

Importantly, oxidative damage is thought to be a major player
in the long-lasting cognitive impairment observed in sepsis
survivors [7]. Apoptosis and bioenergetic failure from ROS/RNS
causing structural membrane damage and mitochondrial dysfunc-
tion, respectively, are thought to be some of the major underlying
mechanisms of sepsis-associated encephalopathy and subsequent
cognitive impairment [31]. Neuro-oxidative–nitrosative stress may
play a major role in the molecular mechanisms underlying brain
dysfunction in sepsis [31]. Sepsis is also known to induce brain
mitochondrial dysfunction by causing an uncoupling of oxidative
phosphorylation [32]. It is also known that alterations in cerebral
microcirculation, including decreases in capillary density and
leukocyte movement along the capillaries, contribute to the
pathogenesis of severe sepsis [33]. In fact, a study by Gavins
et al. showed that during sepsis there is a decrease in circulating
leukocytes, an increase in the rolling and adhesion of leukocytes in
brain microvasculature, a corresponding increase in brain myelo-
peroxidase activity, as well as an increase in blood–brain barrier
(BBB) permeability [34]. It is also known that TNF-α increases BBB
permeability, perhaps by augmenting matrix metalloproteinase-9
[35]. Sepsis is known to be associated with excessive production of
TNF-α [36].

Perhaps the increased BBB permeability allows the anti-DMPO
probe to target oxidized macromolecules in septic brain cells.
It could be conceivable that the increased MRI signal changes are
simply due to the increased amount of anti-DMPO probe in the
septic brains due to the compromised BBB; however, we have

previously established that an IgG-isotype contrast agent in
various neurological diseases does not remain in brain [26] or
spinal cord [25] tissue because of nonspecific binding, and there-
fore any anti-DMPO probe present in the septic mouse brain
should be bound to oxidized tissue. We have also shown with
ex vivo immuno-spin trapping that there is an enhanced fluores-
cence signal (at least 3 h after the last administration of DMPO)
due to the presence of DMPO–radical adducts, which binds to the
fluorescently labeled anti-DMPO antibody (Fig. 5C, i and ii).
Also the presence of the anti-DMPO probe, targeted by streptavi-
din–Cy3 (90 min after the administration of the anti-DMPO probe) in
septic mouse brains, illustrated in Fig. 5A, supports the sustained
presence of the anti-DMPO probe, i.e., any unbound anti-DMPO
probe would have been cleared out �30 min postadministration
(based on previous studies we conducted [25,26]).

Also of interest, Fig. 3A illustrates the diffuse distribution of the
anti-DMPO probe in the brain of a septic animal, compared to a
nonseptic mouse with an intact BBB, which allows the anti-DMPO
probe to stay only within major blood vessels (Fig. 3B). For the
septic mice, in which the BBB is compromised, it is thought the
anti-DMPO probe is able to reach specific brain targets because of
the presence of increased DMPO–radical adducts. It should also be
noted that once the anti-DMPO probe reaches its tissue targets
(e.g., brain, liver, and lungs), it is diluted from the blood (as shown
with decreased probe distribution within brain blood vessels in
Fig. 3A). In the sham controls, the intact BBB does not allow the
anti-DMPO probe to go into brain tissue, and the lack of free
radicals in these animals throughout the body results in very little
binding of the anti-DMPO probe to oxidized tissues, resulting in
excess anti-DMPO probe circulating in the vasculature (as seen
in Fig. 3B). Previously we found in the CLP-sepsis model that
there is neuronal damage and accumulation of vasogenic edema,
as detected by MR spectroscopy assessment of a decrease in

Fig. 6. Ex vivo detection of the anti-DMPO probe in the liver and lung regions of septic mice. Fluorescence images of streptavidin–Cy3, which binds to the biotin moiety of
the anti-DMPO probe, in the (A) liver and (C) lung tissues of a mouse with CLP-induced sepsis, or the (B) liver and (D) lung tissues of a control sham mouse, administered
DMPO and then the anti-DMPO probe. Note that elevated streptavidin–Cy3 fluorescence occurs only in tissues of the mouse with sepsis. Scale bars, 50 mm.
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N-acetylaspartate, a neuronal-specific metabolite, and an increased
signal intensity from a T2-weighted morphological MR image,
respectively [37].

Previous studies by others have shown that the lipid peroxida-
tion product, HNE, is elevated in the brains of baboons exposed to
endotoxin, which leads to sepsis, and that the HNE generated
affects the BBB and regulation of cerebral blood flow [38]. 3-NT,
often associated with protein oxidation, also has been found to be
elevated in brain tissue of LPS (lipopolysaccharide)-induced sepsis
[39]. In our study, we have also found increased HNE and 3-NT in
CLP-induced septic brains as observed by Western blot assess-
ments of these two markers (Fig. 7). Our data, and results obtained
by others, support the notion that processes associated with sepsis
induce the oxidation of macromolecules such as proteins and
lipids (Fig. 7). The 3-NT and HNE data also indirectly support the
in vivo data regarding the binding of the anti-DMPO probe to
oxidized macromolecules in septic encephalopathy, and perhaps it
may be speculated that the types of DMPO-trapped macromole-
cular radicals that the anti-DMPO probe targets may possibly be
oxidized proteins and/or lipids; however, this would have to be
further studied.

It is important to note that there are varying levels of anti-
DMPO-induced MRI enhancements in different brain regions of
septic mice (see Fig. 3C). In a study by Semmler et al. [40], in which
they induced septic encephalopathy with LPS in rats, it was
established that total and neuronal cell counts decreased in the
cortex and hippocampus. An earlier study by the same group
determined that the hippocampus and midbrain had increased
apoptosis due to sepsis [41]. If increased free radical levels

correlate with increased neuronal loss, then the results of Semmler
et al. may explain why we detect higher levels of the anti-DMPO
probe in the hippocampus and medial cortex of septic mice
compared to shams. In a study by Zhan et al. [42], in which CLP
was used to induce sepsis, regional intracellular calcium in the
hippocampus of septic rats was elevated compared to sham
controls. It is known that elevated cytosolic calcium levels can
compromise the BBB integrity [43]. We reported above that septic
encephalopathy results in alterations in cerebral microcirculation,
which may affect regional changes in BBB permeability. This may
also explain some of the regional changes seen in the detection of
the anti-DMPO probe in septic encephalopathy.

Conclusions

Here we used a combination of mMRI and IST to show for the
first time noninvasive in vivo detection of radicalized macromo-
lecules in a neurological pathology associated with sepsis. It is
speculated that only radical adducts that are cell-membrane-
bound (e.g., protein and/or lipid radical adducts) will be targeted
by the Gd-based anti-DMPO probe and detected by MRI. Using
both mMRI and IST provides the advantage of in vivo image
resolution and spatial differentiation of regional events in hetero-
geneous tissues or organs and the regional targeting of free
radical-mediated oxidation of cellular membrane components.
This method can be applied toward any radical-associated patho-
logical condition for the in vivo and in situ assessment and
localization of the process of radicalization of macromolecules.

Fig. 7. Ex vivo detection of oxidized lipid and protein end products. Western blot gels (i) and Western blot quantification (ii) for (A) HNE and (B) 3-NT levels in mouse brains
(hippocampus region) 6 h after CLP-induced sepsis or sham control. HNE and 3-NT band intensities were normalized to cyclophilin. Values are represented as means 7 SD.
Both HNE and 3-NT were significantly elevated in septic (CLP) mice (n Z 4) compared to sham controls (n Z 4) (np o 0.05 for both).
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