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Abstract:

Free radicals associated with oxidative stress play a major role in amyotrophic lateral sclerosis
(ALS). By combining immuno-spin-trapping (IST) and molecular magnetic resonance imaging (mMRI),
in vivo trapped radical adducts were detected in the spinal cords of SOD1%%* transgenic (Tg) mice for
ALS. For this study, the nitrone spin-trap DMPO (5,5-dimethyl-1-pyrroline N-oxide) was administered
(i.p.) over 5 days prior to administration (i.v.) of an anti-DMPO probe [anti-DMPO antibody covalently
bound to an albumin (BSA)-Gd (gadolinium)-DTPA (diethylenetriamine pentaacetic acid)-biotin MRI
contrast agent] to trap free radicals. MRI was used to detect the presence of the anti-DMPO radical
adducts by a significant sustained increase in MR signal intensities (p<0.05) or anti-DMPO probe
concentrations measured from T, relaxations (p<0.01). The biotin moiety of the anti-DMPO probe was
targeted with fluorescent-labeled streptavidin to locate the probe in excised tissues. Negative controls
included either Tg ALS mice initially administered saline rather than DMPO followed by the anti-DMPO
probe, or non-Tg mice initially administered DMPO and then the anti-DMPO probe. The anti-DMPO
probe was found to bind to neurons via co-localization fluorescence microscopy. DMPO adducts were
also confirmed in disease/non-disease tissues from animals administered DMPO. Apparent diffusion
coefficients from diffusion-weighted images of spinal cords from Tg mice were significantly elevated
(p<0.001) compared to wild-type controls. This is the first report regarding the detection of in vivo
trapped radical adducts in an ALS model. This novel, non-invasive, in vivo, diagnostic method can be

applied to investigate the involvement of free radical mechanisms in ALS rodent models.
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Abbreviations:

Ab = antibody

ALS = amyotrophic lateral sclerosis

ADC = apparent diffusion coefficient

BBB = blood-brain-barrier

DWI = diffusion-weighted imaging

DMPO = 5,5-dimethyl-1-pyrroline-N-oxide

ESR = electron spin resonance

Gd-DTPA = gadolinium diethylenetriamine pentaacetic acid
IST = immuno-spin trapping

mMRI = molecular magnetic resonance imaging
RNS = reactive nitrogen species

ROS = reactive oxygen species

SOD1 = superoxide dismutase 1

T4 = longitudinal relaxation constant

TE = echo time

TR = repetition time



Introduction:

Non-regulated overproduction of reactive oxygen and nitrogen species (ROS/RNS) plays a
crucial role in many diseases, either as modulators of signal transduction or as a cause of tissue injury.
Understanding the extent and timing of events triggered by free radicals in vivo is important since these
are major determinants of disease evolution and prognosis. Monitoring in vivo radicals in rodent
neurological disease models by combining molecular magnetic resonance imaging (mMRI) and
immuno-spin trapping (IST) [1,2] technologies is possible for the first time.

Numerous studies indicate that oxidative stress, a result of an imbalance in levels of ROS and
anti-oxidative defense systems, plays a crucial role in amyotrophic lateral sclerosis (ALS). Evidence
exists that radicals play a major role in the pathogenesis of ALS [3]. For instance, it is known that
oxidative DNA damage [8-hydroxy-2-deoxyguanosine (8-OHdG)] is elevated in the spinal cords of
human-SOD1%%* transgenic (Tg) mice compared to wild-type mice [4,5]. It has also been demonstrated
that 4-hydroxy-2-nonenal (HNE)-modified proteins are formed in SOD1%%*A Tg mice [6]. It is thought that
highly reactive aldehydes, including HNE, are generated from the peroxidation of cellular membrane
lipids or circulating lipoproteins [6]. Protein carbonyls, which may result from reactive aldehydes, are
also elevated in spinal cords of SOD1%%** mice compared to controls [7]. Oxidative damage to proteins
also occurs in spinal cords of ALS patients [8]. It is suggested that oxidized Cu,Zn-superoxide
dismutase (SOD1) [9,10] or neurofilament light polypeptide 68 kDa [8] may be toxic to motor neurons
and contribute to ALS pathogenesis. ROS/RNS may directly oxidize nucleic acids, proteins,
carbohydrates and lipids, causing intracellular and intercellular perturbations in homeostasis, including
DNA mutations and interference with DNA repair [11]. High concentrations of lipid-derived electrophilic
products readily react with proteins, DNA and phospholipids, generating intra- and intermolecular toxic
covalent adducts that lead to the propagation and amplification of oxidative stress [11].

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 further assessed by
immuno-spin trapping (IST), a method that utilizes an antibody against DMPO [1,2,12-14]. It would be
important if the formation of oxidation products could be assessed in vivo and cause-consequence
relationships could be drawn from specific oxidative events. This would allow the correlation of the
detection of real time oxidative stress markers with specific longitudinal pathological conditions
associated with a particular disease.

mMRI relies on specific labelling of extracellular cell surface receptors or antigens with a
targeted contrast agent. The MRI contrast agent probe is targeted to a specific receptor or antigen by
an antibody (Ab). These compounds alter proton magnetization relaxation times at their sites of

accumulation, making them ideal for diagnostic purposes. Paramagnetic gadolinium (Gd)-based MR



contrast agents generate a positive signal contrast (T4 contrast) which enhances MR signal intensities
of water molecules that surround these agents in T;-weighted MR images. Gadolinium (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 detection
of elevated levels of various tumor markers [15-19] in glioma models. Of related importance to this
study, we recently used the anti-DMPO probe to assess radical formation in a mouse diabetes model
[20]. Here we have used a Gd-based, anti-DMPO probe with MRI detection to image membrane-
associated radical adducts in a mouse model for ALS.

In a novel approach, we have combined the morphological image resolution of molecular MRI
(mMRI) with the use of a Gd-DTPA-albumin-based contrast agent (see Fig. 1A) for signal detection with
the specificity of Abs for DMPO-radicals (anti-DMPO probe) to detect in vivo free radicals (see Fig. 1B).
1G93A

The anti-DMPO probe was used to assess in vivo free-radical formation within spinal cords of SOD

mice.

Methods:
Syntheses of DMPO-specific MRI contrast agents:

To recognize the DMPO-protein/lipid radicals, a mouse monoclonal 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 [21]. 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. [15]. Bovine serum albumin (BSA, Sigma) was dissolved in 0.1 M sodium
bicarbonate (pH 8.5). Sulfo-NHS-Biotin (Pierce) was dissolved in double distilled water (DDW) and was
added to BSA while stirring. The reaction mixture was stirred for 1 h at 4°C and an additional 2 h at
room temperature. The dialyzed product in 0.1 M Hepes buffer (pH 8.8) was reacted with diethylene-
triamine penta acetic-acid anhydride (DTPA, Sigma) suspended in dimethyl sulfoxide (DMSO) at room
temperature. DTPA was added, and the pH was adjusted (8.5) immediately after each addition with 5 N
NaOH. The mixture was stirred for 2 h at 4°C and extensively dialyzed against cold 0.1 M citrate buffer
(pH 6.5). Finally, gadolinium (Il1) chloride (GdCl3, Sigma) in 0.1 M sodium acetate buffer (pH 6.0) was
added gradually, and the mixture was stirred for 24 h at 4°C. The product, biotin-BSA-Gd-DTPA, was
extensively dialyzed against cold citrate buffer (0.1 M, pH 6.5) and then against DDW. A solution of
biotin-BSA-GADTPA was added directly to the solution of antibody (anti-DMPO, 200 ug/mL) for
conjugation through a sulfo-NHS-EDC link between albumin and antibody according to the protocol of
Hermanson [22]. Sulfo-NHS was added to the solution of biotin-BSA-Gd-DTPA and EDC. The solution



was mixed and reacted for 15 min at 25°C. This activated solution was added directly to the antibody
(anti-DMPO, 20 ug/mL) for conjugation. The mixture was left to react for at least 2 h at 25°C in the dark.
The product was lyophilized and subsequently stored at 4°C and reconstituted to the desired
concentration for injections in phosphate buffer saline (PBS). The final amount of the product, anti-
DMPO-biotin-BSA-Gd-DTPA, that was injected into the mice is estimated to be 20 pg 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 is estimated to be 232 kDa. As a control, normal mouse-IgG
(obtained from a healthy mouse population; Alpha Diagnostic International, San Antonio, TX, USA)

conjugated to biotin-BSA-Gd-DTPA (control IgG contrast agent) was synthesized by the same protocol.

In Vitro Characterization of Anti-DMPQO Probe:

Vials were prepared containing either primary mouse astrocytes alone, astrocytes with
hydrogen peroxide (H,O,) and DMPO, astrocytes with H,O, + DMPO + anti-DMPO probe, or water.
Cells (mouse astrocytes, CC-3187, Lonza Walkersville, Inc., Walkersville, MD, USA) were grown in
flasks in complete growth medium (ABM Basal Media, Lonza Walkersville Inc.) to confluency. Two to
three hours before treatment, the growth medium was replaced with serum-free medium. DMPO (40
mM) was added to appropriate vials, and after 15 min equilibrium, H,O, (50 yM) was added. In the
samples that contained all components, the anti-DMPO probe was added (2 ug, based on antibody
calculation), and cells were incubated for 45 min. Following incubation, cells were collected, washed

with PBS, centrifuged (3,000 rpm), and the pellet was resuspended in PBS for MR imaging.

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 ALS, a human-SOD1°%** Tg mouse model (Jackson Laboratories, Bar Harbor,
ME, USA; strain B6SJL-TGN-(SOD1 G93A)-1-Gur) was used which expresses human SOD1, in
addition to normal murine SOD1. The SOD®%** Tg mice were compared to a non-Tg control (B6SJLF2)
mice which express only murine SOD1. Transgenic mice were maintained in the hemizygous state by
mating SOD1%%** males with B6SJL-TGN females. The G93A mutation in SOD1 is representative of a
mutation found in 20-30% of familial ALS (FALS) patients [23,24]. The SOD1%"** Tg mice start
developing protein oxidation at ~90 days, with a substantial increase at ~115 days. Mice (n=5
SOD1%**mice) were given the anti-DMPO probe at 120 days of age. DMPO treatment commenced at

115 days to maximize the spin trapping of protein radicals prior to detection of DMPO-protein/lipid



nitrone adducts at 120 days. For controls, SOD1°%** mice (n=5) were administered saline instead of
DMPO, while non-transgenic mice (n=5) received DMPO.
For diffusion studies, a total of 15 SOD1%%** mice (n=5 for each of three time-points at 85, 110

and 120 days of age) and a total of 5 non-Tg mice (120 days of age) were used.

DMPO Administration:
DMPO (1.8 mM in saline; 125 pl volume) was administered i.p. 3 x daily (every 6 hours) for 5

days. DMPO administration started at 115 days of age. No untoward effects (e.g. hypothermia, weight

loss, pain at injection site, etc.) were observed following the DMPO injection period or upon necropsy.

Magnetic Resonance Techniques:

For the in vitro study, signal intensities were obtained using FLASH (Fast Low Angle SHot)
[repetition time (TR) 125.3 ms, echo time (TE) 6.0 ms, 256 x 128 matrix, 4 steps per acquisition, 4.00 x
4.00 cm? field of view (FOV), 1 mm slice thickness]. T; maps were obtained using a RARE (Rapid
Aquisition variable TR sequence (TR 200, 400, 800, 1200 and 1600 ms; TE 15 ms; 256 x 256 matrix; 2
steps per acquisition; 4.00 x 4.00 cm? FOV; slice thickness 1.0 mm). Pixel-by-pixel relaxation maps
were reconstructed from a series of Ti-weighted images using a nonlinear two-parameter fitting
procedure.

For animal studies, MR experiments were carried out under general anesthesia (1-2%
Isoflurane, 0.8-1.0 L/min O,). MR equipment included a Bruker Biospec 7.0 Tesla/30 cm horizontal-
bore imaging spectrometer. Anesthetised (2% Isoflurane), restrained mice were placed in an MR-
compatible cradle and inserted in a MR probe, and their spinal cords were localised by MRI. Images
were obtained using a Bruker S116 gradient coil (2.0 mT/m/A) and a 72 mm quadrature multi-rung RF
coil. Mice were imaged at 120 days of age.

For the mouse anti-DMPO study, multiple spinal cord 'H-MR images were taken in the sagittal
plane using FLASH [TR: 150.0 ms, TE: 6.0 ms, 256 x 128 matrix, 6 steps per acquisition, 5.00 x 2.56
cm? FOV, 1 mm slice thickness]. Mouse spinal cords were imaged at 0 (pre-contrast), 20, 40, 60, 120
and 180 min intervals post-contrast agent injection. Mice were injected intravenously with anti-DMPO or
nonimmune-IgG antibodies tagged with a biotin-Gd-DTPA-albumin-based contrast agent (200 pL/kg; 1
mg antibody/kg; 0.4 mmol Gd*/kg) [15]. Ti-weighted images were obtained using a variable TR
(repetition time) 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 T4 value of a specified
region-of-interest (ROI) was computed from all the pixels in the ROI by the following equation [25]

(processed by ParaVision 4.0, Bruker): S(TR) = So(1— e ™*'™), where TR is the repetition time (ms), So



is the signal intensity (integer machine units) at TR>>T; and TE=0, and T, is the constant of the
longitudinal relaxation time (ms). Relative probe (contrast agent) concentrations, C (M), were
calculated for each of the selected ROls using the following formula [25]: C « [1/ T4(after) — 1/
T,(before)], where 1/ T, (after) is the T, rate taken at different time points after injection of probes, and
1/ T4 (before) is the T4 rate taken before injection of probes.

For the diffusion-weighted study, multiple spinal cord 'H-MR image slices were taken in the
saggital plane using a multi-echo multi-slice, spin echo [TR 1.0 s, TE 11.61 ms (effective TE of 17.41
and 52.24 ms), 256 x 256 matrix, 4 steps per acquisition, 4.00 x 2.31 cm?FOV, 1 mm slice thickness].
DW images were taken using a DWI-SE pulse sequence (TR 1.0 s, TE 64.9 ms, Big delta 40.0 ms,
diffusion gradient duration 2.00 ms, 184 x 96 matrix, 6 steps per acquisition, 1.0 mm slick thickness).
The diffusion gradient strengths were 5.0, 20.0, 35.0 and 70.0 mT/m. The apparent diffusion coefficient
(ADC) was measured by fitting the logarithm of the relative signal intensity of the lumbar region of the

spinal cord tissue to the b-values, where the measured slope is the ADC.

Excised tissues:

The spinal cord was extracted as follows: mice were euthanized with CO,, the muscles along
the spine were cut, the vertebrae were cracked with rongeurs, the upper half of the vertebral column

was separated from the lower half, and then the spinal cord was removed.

Immunohistochemistry:

After the spinal cords were excised, they were cut and fixed in Z-fixative (Zinc Formalin:
Formaldehyde 10%, Zinc Sulfate hepatahydrate 1%) which enhances immuno-preservation. The spinal
cords were then washed with PBS and incubated with 15% sucrose before embedding in Optimal
Cutting Temperature (O.C.T.) compound and frozen in liquid nitrogen. Immunohistochemical staining of
DMPO-protein/lipid nitrone adducts was done by incubating tissue sections with anti-DMPO antibodies
conjugated to fluorescein isothiocyanate (FICT) in phosphate-buffered saline containing 0.1% v/v
saponin. To target the Gd-based anti-DMPO probe in fixed tissues, which were previously studied in
vivo for molecular MRI studies, cryosections were stained with Cy3-labelled streptavidin (016-160-085,
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA), which binds to the biotin moiety
of the albumin-Gd-DTPA-biotin contrast agent within the target tissue. For fluorescence staining of the
endothelial marker, CD31, a rat anti-mouse monoclonal antibody (PECAM-1, 550274, BD Biosciences,
San Jose, CA, USA) was used, along with a donkey anti-rat FITC secondary antibody (712-095-153,
Jackson ImmunoResearch Laboratories). For fluorescence staining of the neuronal marker, NrCAM, a
rabbit polyclonal antibody (anti-NRCAM, ab24344, Abcam, Cambridge, MA, USA) that reacts against



mouse, rat and human was used, along with a donkey anti-rabbit FITC (711-095-152, Jackson
ImmunoResearch Laboratories). Stained tissue slices were examined with a Nikon C1 confocal laser

scanning microscope (Nikon Instruments, USA).

Statistical Analyses:

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

statistically significant difference.

Results:

In vitro T, relaxation values for oxidative-stress-exposed mouse astrocytes in the presence of
the anti-DMPO probe are shown in Figure 2. T, relaxation was found to significantly decrease in vials
containing mouse astrocytes exposed to hydrogen peroxide to form radicals that were trapped with
DMPO and then tagged with the anti-DMPO probe compared to primary astrocytes alone (p<0.01),
astrocytes with hydrogen peroxide and DMPO (p<0.01), or water alone (p<0.0001), indicating the
specific detection of cells with membrane-associated radicals; in effect low molecular weight radicals
trapped with DMPO, were washed away prior to MR imaging.

When mMRI and a Gd-based, anti-DMPO molecular-targeting probe were used in a mouse
model for ALS, the MR signal intensities increased in the lumbar region of the spinal cords obtained
from T4-weighted MR images (see Fig. 3) compared to controls consisting of ALS mice administered
saline instead of DMPO and wild-type mice administered DMPO and the anti-DMPO probe. The
difference images between pre- and 120 min post-administration of the anti-DMPO probe depict
hypointense regions in the ALS mouse spinal cords (see Fig. 3Aiv). Figure 3 (Aiii, Aiv, Bi, and Bii)
depicts the specific uptake of the anti-DMPO probe in the spinal cord regions of a transgenic mouse
model for ALS, as illustrated by an increase in signal intensity in the lumbar region (red oval) shown in
the difference image [120 min post- minus pre-administration of the anti-DMPO probe) (Fig. 3Aiv or
Bii)]. Quantification of Sl differences are shown in Fig. 3D, indicating significantly higher MRI signals in
the ALS mice administered the anti-DMPO probe compared to the ALS mice administered saline
instead of DMPO (**p<0.01) or the non-ALS wild-type mice with the anti-DMPO probe (*p<0.05). Figure
3E shows the estimated anti-DMPO probe concentrations in ALS mice initially administered DMPO
followed by the anti-DMPO probe in the lumbar regions of mouse spinal cords as calculated from T,

relaxation differences between post- and pre- probe administration. Estimated anti-DMPO probe



concentrations were found to be 10.3 + 1.4 x 10° M in ALS mice, which were significantly increased
(p<0.0001) compared to controls (ALS mice given saline instead of DMPO and the anti-DMPO probe
(ALS-C): 3.8 + 0.5 x 10° M; or wild-type mice given both DMPO and the anti-DMPO probe (non-ALS-
D): 4.1+ 0.6 x 10 M).

Fluorescence detection of the anti-DMPO probe is shown in Fig. 4 (B). The fluorescent areas
observed are due to the presence of the anti-DMPO probe, which is detected in the spinal cords
(lumbar region; rectangular ROI) of only the ALS mice and not the non-Tg mice (Fig. 4A). Co-
localization images of the anti-DMPO probe with the endothelial marker, CD31, or a neuronal marker,
NrCAM, are shown in Figs. C and D, respectively. The anti-DMPO probe (red fluorescence) seems to
be not co-localized with CD31 (green fluorescence) (Figs. Ci and ii), however there is co-localization
(due to presence of yellow from combined red (anti-DMPO probe) and green (neuronal marker)) with
the neuronal marker, NrCAM (Figs. Di and ii).

IHC detection of DMPO-nitrone adducts in spinal cords of non-ALS and ALS mice are shown in
Fig. 5. A comparison of DMPO-adduct fluorescence images in a saline-treated (no DMPQO) ALS mouse
(Figs. 5Ai and ii) versus a ALS mouse spinal cord (Figs. 5Bi and ii) indicates that only the ALS mouse
treated with DMPO had increased levels of DMPO-adducts.

Figure 6 depicts morphological T,-weighted images and diffusion-weighted images of non-Tg
controls and ALS mice (Fig. 5A-C) as well as calculated apparent diffusion coefficients (ADC) for
controls compared to ALS mice at 85, 105 and 120 days of age during disease progression. Both the
T,-weighted MR images and the DW images indicate increased signal intensities in the lumbar region
of the spinal cord. ADC values (Fig. 5E) become elevated as the disease progresses, with a significant
increase in ADC at 120 days of age for ALS mice compared to controls (p<0.001) as well as a
significant increase at 120 days for ALS mice compared to earlier stages of the disease at 85 days
(p<0.01).

Discussion:

Once formed, macromolecular radicals react with nitrone spin traps producing nitroxide radicals
via a process called spin trapping. It is anticipated that only radical adducts that are membrane-
associated (e.g. protein and/or lipid radical adducts) will be targeted by the Gd-based, anti-DMPO
probe and detected by MRI, as any soluble DMPO-adducts will be metabolized and excreted, and the
probe construct was designed primarily for detecting primarily receptors or targets on a cell membrane.
Also in order to more widely distribute the probe through blood vessels following intravenous injection

albumin was added to the probe construct. The biotin moiety adds another option for conducting ex vivo
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florescence imaging for the same probe used in the mMRI evaluations. Although in vivo free radical
concentrations can not be determined absolutely from this study, estimated anti-DMPO probe
concentrations, which are proportional to levels of free radicals that react with DMPO, were found to be
significantly increased (p<0.0001), ~2-fold in ALS mice compared to controls [ALS mice given saline
instead of DMPO and the anti-DMPO probe or non-Tg mice given both DMPO and the anti-DMPO
probe) (Fig. 3)].

Since it is thought that the anti-DMPO probe mainly targets the cell surface, we speculate that
cell membrane-associated protein or lipid radicals that are trapped by DMPO could form protein- or
lipid-radical-DMPO adducts that can be detected by the anti-DMPO probe. However, it is possible that
the anti-DMPO probe could reach beyond the cell surface. For instance, we have previously published
results using a similar probe construct for assessing in vivo levels of inducible nitric oxide synthase
(iNOS), where in that study, transmission electron microscopy (TEM) of gold-labeled anti-iNOS
antibody was found to be located in the plasma membrane of rat C6 glioma cells taken from an
intracellular tumor [16]. As we detected in vivo levels of INOS in C6 rat gliomas with mMRI, we can
surmise that some of the anti-iINOS probe that was detected was located in the plasma membrane, and
therefore possibly some of the anti-iINOS probe was taken up by the cell. In this study, co-localization
fluorescence imaging data of the anti-DMPO probe and markers for endothelial cells or neurons
indicates that the DMPO-trapped radicals are associated with neurons and possibly other brain tissue
related cells, but not endothelial cells (Fig. 4). These images also indicate the possibility that the anti-
DMPO probe is not only on the cell surface, but may also be internalized (Figs. 4Cii and Dii). Further
studies to verify whether intracellular free radicals are trapped in vivo when the anti-DMPO probe is
administered will need to be further conducted.

Previous studies have used IST to predominantly detect protein radicals in vitro and ex vivo (but
not in vivo) using an antibody against the DMPO-nitrone adduct and microscopic fluorescence imaging.
For instance, in vitro studies by Ramirez et al. utilized IST to detect protein radicals produced by the
H>0O,-induced SOD1-system in the presence of (bi)carbonate [2,12]. This system produced a diffusible
carbonate radical anion that is thought to be mostly responsible for oxidizing crtitical residues, such as
tryptophan, resulting in SOD1 inactivity [2,12]. In another study where oxyhemoglobin was treated with
peroxynitrite or myoglobin was exposed to hydrogen peroxide, both in the presence of low DMPO
concentrations, predominantly cysteine residues were detected with IST and mass spectrometry,
however with high concentrations of DMPO, more tyrosyl radicals were found [26]. It is conceivable that
protein and lipid radicals in cell membranes produced by reaction with initiating radicals (e.g. *OH
(hydroxyl) radicals, *NO, (nitrogen dioxide) or CO;*" (carbonate) radicals [2,27,28]) can be trapped by
DMPO to form DMPO-radical adducts that could be detected by the anti-DMPO probe. It is known that

11



DMPO has previously been used to trap lipid radicals [29-31] and therefore IST could possibly be used
to detect DMPO-lipid radical adducts.

There have been studies by Mason’s group to establish if artifact formation could contribute to
DMPO-radical adduct formation, and it was determined that spin trapping with DMPO provided
authentic free radical signals with most substrates, and that DMPO was not very susceptible to artifacts
arising from non-radical chemistry (nucleophilic addition) [32,33]. It was pointed out that only in the
presence of cyanide, horseradish peroxidase and high concentrations of DMPO (100 mM), that cyanide
oxidation via the Forrester-Hepburn reaction (hydroxylamine formation and subsequent oxidation) could
occur in vitro [32,33], implying that non-radical chemistry is possible but may play a minimal role. If
some non-radical oxidation did occur in biological systems, the results obtained would not affect the
quantitative analysis of the data or any conclusions about the biochemical origin of the DMPO-radical
adducts [32,33]. In general, as disease progresses, there should be increased binding of DMPO-radical
adducts, whether obtained from radical or non-radical events, which can be detected in vivo by the anti-
DMPO probe.

Both severe protein and lipid oxidation have been previously demonstrated in SOD1%%** mice
[34]. It has been shown that there are elevated 3-nitrotyrosine levels in mitochondrial proteins from
SOD1%%* astrocytes [35], spinal cords of SOD1%*"R mice [36], as well as ALS patients [37]. It is also
known that 4-hydroxy-2-nonenal (HNE)-modified proteins are elevated in the spinal cord motor neurons
of SOD1%%** mice [6]. HNE is also elevated in the spinal cords of ALS patients [38]. Malondialdehyde
(MDA), a marker of lipid peroxidation, was also found to increase in spinal cords of SOD1%%** mice [39].

It has also been reported that there is increased nitration and oxidation of proteins in SOD1¢%%

mouse
spinal cords [40,41] and brains [42]. These findings strongly support the notion that both protein and
lipid radicals may possibly react with DMPO and the resulting DMPO protein/lipid radical adducts can
be recognized by the anti-DMPO probe.

Uptake of the anti-DMPO probe into spinal cord tissue is thought to be due to a disrupted blood-
spinal cord barrier and blood-brain barrier (BBB). Evidence indicates that both blood spinal cord barrier
and BBB are disrupted in spinal cords and brains, respectively, in SOD1%%* mice [43] and rats [44].
Disruption of the blood spinal cord barrier could allow the anti-DMPO probe to reach spinal cord tissue,
as is supported by detection of bound anti-DMPO probe by both in vivo mMRI and ex vivo fluorescence
imaging results. Previously, we used molecular MRI probes of a similar construct (Gd-DTPA-albumin-
antibody-biotin) that were able to enter the leaky blood-tumor-barrier in rodent gliomas [15-17].

ALS (also known as Lou Gehrig’s disease) is a fatal motor neuron disease affecting the motor
cortex, brainstem and spinal cord. Familial ALS (FALS) is exhibited in 10-15% of all ALS patients,

which affects some 60,000-100,000 people worldwide, with only a 1-5-year survival rate following
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disease onset [23,24]. A common SOD1 mutation that is associated with FALS is G93A, where an
alanine is substituted for glycine at residue 93, which is represented in 20-30% of FALS cases
[24,45,46]. Human-SOD1%%** mice have this mutation, and they develop severe motor neuron loss and
motor weakness starting at 100 days of age until ~130 days, when extreme paralysis and death occurs.
The pathogenesis of mutant SOD1 is thought to occur via the formation of carbonate radical anions,
altered folding and/or malfunctioning of the protein [47,48]. There is evidence that a complex interaction
between genetic and molecular factors result in damage to critical target proteins and organelles within
ALS motor neurons [49]. It is also known that protein oxidative damage is strongly associated with ALS-
specific changes in n-3 fatty acid concentrations, as well as mitochondrial dysfunction leading to
increased free radical production [50].

In SOD®*** mice, neurotoxic signaling from motor neurons is thought to promote microglial
overproduction of ROS, which may then lead to motor neuron death [10]. It has been shown that

astrocytes from SOD1°%A

mice are hypersensitive to neuroinflammatory cytokines and produce
increased protein oxidation in culture compared to non-Tg or wild-type SOD1-expressing glia [51]. It
has been shown that motor neurons are capable of generating peroxynitrite in ALS [52]. Mitochondrial
dysfunction has been found to be a key early element in the pathogenesis of motor neuron
degeneration in human-SOD1°%** mice [53], rats [33,54] and humans [55]. In an ex vivo study by
Cassina et al., immuno-staining for DMPO-adducts was done in the spinal cords of SOD®%* rats [35].
In our study, in vivo membrane-bound radicals were found to be elevated primarily in the lumbar region
of transgenic mice with ALS symptoms. DW imaging data also indicated increased ADC values due to

1°9%A mice. Extensive future studies will need to be done to

tissue injury in the lumbar region of SOD
establish the nature of the trapped DMPO adducts, possibly by detecting and identifying specific
oxidized proteins and/or lipids.

There are other imaging methods that have been used to detect radicals, including ESR,
fluorescence imaging, or Overhauser-enhanced MRI (OMRI). OMRI potentially offers a method of
detecting low concentrations of free radicals generated by specific biological processes; however,
spatial resolution and general radical detection is limited [56]. 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.

Here we combined mMRI and IST to show, for the first time, noninvasive, in vivo detection of
spin-trapped radicals in a mouse model for ALS. Using both mMRI and IST provides the advantage of
in vivo image resolution and spatial differentiation of regional events in heterogeneous tissues or
organs, and the regional targeting of free radical-mediated oxidation in a disease process. This method

can be applied to any radical-associated neuro-pathological condition for the in vivo diagnosis of

13



macromolecular protein and/or lipid radical levels, particularly if there is increased BBB or blood spinal

cord barrier permeability.
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Figure Captions:

Figure 1: Approach for combined in vivo mMRI and IST. (A) Anti-DMPO-albumin-Gd-DTPA-biotin
mMRI probe. (B) Immuno-spin trapping of protein radicals (*P) with anti-DMPO mMRI probe. DMPO is
injected i.p. to trap protein/lipid radicals and generate Nitrone-Protein/Lipid adducts. Anti-DMPO is

injected i.v. to target Nitrone-Protein/Lipid adducts, which can be visualized by mMRI.

Figure 2: In vitro assessment of the anti-DMPO probe in mouse astrocytes. (A) MRI signal intensities
(SI) (T4-weighted) and T4 maps (T1) of vials containing either (1) astrocytes alone, (2) astrocytes +
hydrogen peroxide (H,O,) + DMPO (A+HP+DMPO), (3) astrocytes + H,O, + DMPO + anti-DMPO probe
(A+HP+D+P) or (4) water. (B) T, relaxation values (ms) of vials containing samples 1-4 described
above. Values are represented as mean + S.D.. There was a significant decrease in T, relaxation for
samples containing astrocytes + H,O, + DMPO + anti-DMPO probe compared to astrocytes alone
(p<0.01), astrocytes with H,O, and DMPO (p<0.01) or water (p<0.0001). n=5 for all groups.

Figure 3: Molecular MRI (mMRI) detection of DMPO-trapped radical adducts (as detected by the anti-
DMPO probe) in an ALS Tg mouse model. Representative T;-weighted MR images of an ALS
transgenic mouse spinal cord at pre- (Ai), 25 (Aii) and 120 min (Aiii) in vivo post-administration of the
anti-DMPO probe. The post-contrast image obtained 120 min post-administration of the anti-DMPO
probe (Aiii) and the difference image [Aiii (image at 120 min post-administration of anti-DMPO probe)
minus Ai (pre-administration image)] (iv) show an enhanced region (dark gray areas) in the lumbar
region of the spinal cord (red oval region). (B) Difference images obtained from images at 120 min post-
administration of the anti-DMPO probe minus the pre-administration image [raw MR image (i), and
thresholded image (ii)] of an ALS mouse (ALS-D) administered the anti-DMPO probe. (C) Difference
images [raw MR image (i), and thresholded image (ii)] of a non-ALS mouse administered the anti-
DMPO probe (non-ALS-D). (D) Histogram of MRI signal intensity (Sl) differences in ALS mice initially
administered DMPO and then the anti-DMPO probe (ALS-D), ALS mice administered saline and the
anti-DMPO probe (ALS-C) (DMPO control), and non-Tg mice administered DMPO and the anti-DMPO
probe (non-ALS-D) (disease control). Data is represented as mean + S.D.. There was a significant
increase in the MR image signal intensity difference for ALS mice administered both DMPO and the
anti-DMPO probe compared to the ALS mice administered saline (no DMPO) and the anti-DMPO probe
(p<0.01) or wild-type controls administered DMPO and the anti-DMPO probe (p<0.05). (E) Estimated
anti-DMPO probe concentrations (M) calculated from T, values in lumbar regions of mouse spinal cords
in ALS (ALS mice initially administered DMPO followed by the anti-DMPO probe, ALS-D; and ALS mice
initially administered saline instead of DMPO followed by the anti-DMPO probe, ALS-C) and non-Tg
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controls (non-ALS mice initially administered DMPO followed by the anti-DMPO probe, non-ALS-D).
There was a significant increase in the anti-DMPO probe concentration (M) for ALS mice administered
both DMPO and the anti-DMPO probe compared to the ALS mice administered saline (no DMPO) and
the anti-DMPO probe (p<0.0001) or wild-type controls administered DMPO and the anti-DMPO probe
(p<0.0001). n=5 for all groups.

Figure 4: Ex vivo detection of the anti-DMPO probe in the spinal cords of ALS Tg mice. Fluorescence
image of streptavidin-Cy3 (red) which binds to the biotin moiety of the anti-DMPO probe in non-ALS
mice (A) and ALS mice (B). (A) non-ALS mouse (- ALS) administered DMPO and subsequently given
the anti-DMPO probe. (B) ALS mouse (+ ALS) administered DMPO and subsequently given the anti-
DMPO probe. Note that anti-DMPO probe levels are elevated in ALS mouse (compared to wild-type or
non-ALS mouse). (C) Fluorescence images of the anti-DMPO probe (red) and the endothelial marker,
CD31 (green). Outlined areas in (i) are enlarged in (ii). Note that there is no co-localization of the anti-
DMPO probe with endothelial cells. (D) Fluorescence images of the anti-DMPO probe (red) and the
neuronal marker, NrCAM (green). Outlined areas in (i) are enlarged-in (ii). Note co-localization (yellow)
of the anti-DMPO probe with some neuronal cells. For images in (C) and (D) magnification bars for 50

um (i) and 10 pm (ii) are shown.

Figure 5: Ex vivo detection of DMPO nitrone adducts in the spinal cords of ALS Tg mice.
Immunohistochemistry (IHC) images of DMPO adducts from excised tissues of animals administered
DMPO (no anti-DMPO probe) in non-ALS (- ALS) mouse (Ci,ii) and ALS (+ ALS) mouse (Di,ii). In both
of these mice no anti-DMPO probe was administered. Enlarged images shown in (ii) are taken from
regions outlined in corresponding (i) images. Note elevated DMPO adducts in ALS mouse (compared

to non-ALS mouse). DAPI (blue) stains cell nuclei.

Figure 6: MRI detection of inflammation in lumbar regions of ALS mice. (A) Representative To-
weighted MR image of a non-Tg control mouse (120 days of age). (B) Representative diffusion-
weighted (DW) image of a control mouse. (C) Representative T,-weighted MR image of an ALS mouse
(120 days of age). (D) Representative DW image of an ALS mouse. Note increased signal intensities
(oval regions) in lumbar region of ALS mouse with T,-weighted MR and DW images. Anatomical
assignments are: (1) spinal cord, (2) heart, (3) liver, (4) stomach, and (5) intestines. (E) Apparent
diffusion coefficients (ADC x 10* mm?/s) measured from the lumbar regions of control mice (120 days
of age) and ALS mice at 85, 105 and 120 days of age (mean + S.D.). There was a significant increase
in ADC in ALS mice at 120 days of age compared to controls, as well as a signicant increase for ALS

mice at 120 days compared to 85 days of disease progression. n=5 for all groups.
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Research Highlights

In vivo, non-invasive detection of free radical-related processes

Combination of immuno-spin trapping and molecular magnetic resonance imaging
Application in transgenic mouse model for amyotrophic lateral sclerosis (ALS)

In vivo detection of free radical adducts in lumbar region of spinal cord

Validation of trapped radical adducts with ex vivo fluorescence microscopic imaging
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