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Inflammatory demyelinating plaques are the pathologic hallmark of active multiple sclerosis and often precede

clinical manifestations.Non-invasive early detection of active plaques would thus be crucial in establishing pre-

symptomatic diagnosis and could lead to early preventive treatment strategies. Using murine experimental

autoimmune encephalomyelitis as amodel ofmultiple sclerosis, we demonstrate that a prototype paramagnetic

myeloperoxidase (MPO) sensor can detect and confirm more, smaller, and earlier active inflammatory lesions

in living mice by in vivo MRI. We show that MPO expression corresponded with areas of inflammatory cell

infiltration and demyelination, and higher MPO activity as detected by MPO imaging, biochemical assays, and

histopathological analyses correlated with increased clinical disease severity. Our findings present a potential

new translational approach for specific non-invasive inflammatory plaque imaging.This approach could be used

in longitudinal studies to identify active demyelinating plaques aswell as tomore accurately track disease course

following treatment in clinical trials.
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Introduction

Multiple sclerosis (MS), the leading cause of non-traumatic

neurological disability in young adults (Noseworthy et al.,

2000), is characterized by the formation of demyelinating

plaques in the CNS from an immune-mediated inflamma-

tory response induced by lymphocytes, macrophages and

microglia (Noseworthy et al., 2000; Bruck, 2005; Frohman

et al., 2006; Imitola et al., 2006). In the active stage of the

disease, macrophages/microglia are abundant in perivascu-

lar locations (Noseworthy et al., 2000). Inflammatory

plaques form early in MS and often precede clinical symp-

toms (Frohman et al., 2003; Miller et al., 2005). Early

diagnosis with prompt treatment has been found to delay

relapse (Jacobs et al., 2000) and decrease axonal loss

from inflammation (Bruck, 2005; Kutzelnigg et al., 2005;

Frohman et al., 2006). Currently, active disease is inferred

from contrast enhancement identified on MRI. However,

it is widely recognized that these MRI techniques have

limitations because contrast enhancement reflects break-

down in the blood–brain barrier (BBB) with leakage of

paramagnetic chelates rather than active inflammation,

and the two may not always correspond. In particular,

MS lesions at all stages demonstrate some BBB breakdown

(Cotton et al., 2003), and lesions can remain enhanced 1 to

13 weeks after the onset of clinical symptoms (Bruck et al.,

1997; Cotton et al., 2003). Furthermore, to be detectable

by contrast enhanced MRI, a lesion needs to have signifi-

cant breakdown of the BBB to allow micromolar accumula-

tion of conventional gadolinium (Gd) agents. However,

early demyelinating lesions may only have subtle BBB
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impairment, insufficient for a large amount of Gd agents to

extravasate. As such, contrast-enhanced MRI has been

found to underreport active MS lesions (Filippi et al., 1996;

Kidd et al., 1999) and correlate poorly with immunological

markers (Giovannoni et al., 2000). Therefore, a non-

invasive method to detect and confirm acute inflammatory

plaques in patients suspected of MS would allow prompt

diagnosis and preventive treatment before irreversible

disabilities occur.

Myeloperoxidase (MPO), one of the most abundant

enzymes secreted by inflammatory cells (Bradley et al.,

1982) including neutrophils, macrophages and microglia, is

found in active MS plaques (Nagra et al., 1997). Individuals

with higher MPO expression have increased susceptibility

to MS (Chataway et al., 1999; Zakrzewska-Pniewska et al.,

2004). MPO generates highly reactive molecular moieties,

such as hypochlorite, tyrosyl radicals and aldehydes and can

cause local damage and further activate the inflammatory

cascade (Heinecke, 1997). MPO would thus be a good

imaging target for the detection and confirmation of active

inflammation in MS.

In the present study, we use a prototype MPO-activatable

paramagnetic sensor (Chen et al., 2006) to show that MPO-

targeted MR imaging can increase our ability to detect more

and confirm smaller and earlier active demyelinating lesions.

When converted by MPO in the presence of hydrogen per-

oxide (e.g. from NADPH oxidase), the sensor is radicalized

and forms oligomers of higher longitudinal relaxivity (R1),

and in addition can covalently bind to proteins, again

accompanied by R1 increases (Fig. 1). These MPO-induced

chemical changes result in markedly increased MR signal on

T1-weighted MRI sequence and improved pharmacokinetics

because converted products are locally retained.

Methods
Experimental autoimmune

encephalomyelitis (EAE)
The protocol for animal experiments was approved by the

institutional animal care committee. SJL female mice 6–10 weeks

of age were obtained from Jackson Laboratories (Bar Harbor,

ME). A total of 40 SJL mice were used for this study. Five mice

were used as controls with sham induction by injecting saline

instead of proteolipid protein. EAE in the remaining 35 mice was

induced with synthetic proteolipid protein (PLP139–151, Axxora,

CA) according to Greer et al. (1996). Briefly, 2mg of PLP and

8mg M. tuberculosis H37Ra (Difco, MI) were dissolved in 1ml

H2O, and then combined with 1ml of complete Freud’s adjuvant

(Sigma-Aldrich, MO), and transferred to a 3ml glass syringe

connected to another 3ml glass syringe via a 20-G needle

connector. The content was emulsified by transferring between

the two syringes while on ice. Each mouse received 100ml of the

PLP emulsion (25 ml each in the bilateral inguinal and axillary

regions). On days 0 and 2, 0.1 mg of pertussinogen dissolved

in 200ml of PBS was injected intravenously via the tail vein.

The animals were monitored at least daily with the following

clinical grading: 0 = normal, 1 = complete tail limpness with no

limb weakness, 2 = hind limb weakness but no obvious paralysis

on ambulation, 3 = partial hind limb paralysis, 4 = complete hind

limb paralysis, 5 =moribund.

Imaging agents
The chemicals were purchased from Sigma-Aldrich (St Louis,

MO). The MPO-sensitive imaging agent bis-5-hydroxytryptamide-

diethylenetriamine-pentaacetate gadolinium (bis-5HT-DTPA(Gd))

was synthesized according to Querol et al. (2005) Briefly, DTPA-

bisanhydride was reacted with serotonin in dimethylformamide in

the presence of an excess of triethylamine. The product bis-5HT-

DTPA was isolated by recrystallization from methanol and

acetone. Complexation with gadolinium was performed in the

presence of 1% citric acid (w/w), and purified by high perfor-

mance liquid chromatography. DTPA(Gd) (Magnevist) was

purchased from Berlex Laboratories (Berlex, NJ).

Blood half-life
Six C57BL/6 mice were injected with 100 mCi of 111In-bis-5HT-

DTPA. Blood was extracted at 1, 10, 30, 60, 240, 480 and

1400min after injection and radioactivity measured on a 1480

Wizard gamma counter (Perkin-Elmer, MA).

Fig. 1 Structure of the MPO agent and mechanism of action. In the presence of MPO, the agent is radicalized and forms higher
relaxivity oligomers, which can also bind to proteins.
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Histopathological analyses

Detection of demyelination
Fresh-frozen sections of brains were prepared by embedding the

tissue in OCT and snap-frozen with isopentane on dry ice.

Demyelination of axons was detected with the luxol fast blue stain,

which binds to phospholipids of myelin to result in a blue

staining. Five micrometres fresh-frozen sections were incubated

with 0.1% of luxol fast blue solution at room temperature

overnight and differentiated in lithium carbonate and 70% ethyl

alcohol. Quantification of demyelination was performed by tracing

the areas resistant to the luxol fast blue stain and dividing the

resultant area by the total white matter area. The tracing was

performed using the software OsiriX (version 2.7.5, www.osirix-

viewer.com).

Immunohistochemical analyses
Five micrometres sections of fresh-frozen tissues were examined

for the presence of myeloperoxidase (rabbit polyclonal antibody;

AbCam, MA) and macrophages/microglia (mac-3, BD Biosciences,

CA). The avidin–biotin peroxidase method was employed. The

reaction was visualized with 3-amino-9-athyl-carbazol substrate

(AEC, Sigma Chemical, Mo). Tissue sections from healthy animals

were used as controls. Haematoxylin–eosin staining was also

performed to study the overall morphology. All sections were also

counterstained with haematoxylin. Images were captured with

a digital camera (Nikon DXM 1200-F, Nikon Inc., NY).

Double immunofluorescence confocal microscopy
To show co-localization of MPO and macrophages/microglia,

we performed dual channel fluorescence confocal microscopy.

The same antibodies were used as for immunohistochemistry.

Secondary antibodies were detected with streptavidin conjugated

with Texas Red (MPO) and streptavidin coupled to FITC (Mac-3)

(both 1:100, Amersham, NJ) and an avidin/biotin blocking kit

(Vector Laboratories, CA) to prevent cross-reaction of the anti-

bodies. A Nikon 80i microscope and an Axiovert 200M inverted

confocal microscope (Carl Zeiss, NY) equipped with an LSM

Pascal Vario RGB Laser (Arg 458/488/514 nm, HeNE 543 nm,

HeNe 633 nm) were used. Summation of projection of all

background-corrected slices was produced using the LSM 5

Pascal Software (v 3.2WS). Final images were colour-coded

green for FITC and red for Texas Red.

Western blot analysis
To confirm the presence of MPO in the brains, mice were

sacrificed, brains homogenized and proteins extracted in 1%

cetyltrimethylammonium bromide (Sigma-Aldrich, MO) in PBS

w/v. The resultant suspension was sonicated for 30 s and then

underwent three cycles of freeze-thaw in liquid nitrogen.

Subsequently, the suspensions were centrifuged at 14 000 rpm

for 15min, and the supernatant used for protein analysis

(Bicinchoninic acid kit, Sigma-Aldrich, MO). The blots were

performed using a monoclonal rabbit anti-MPO (Upstate, CA),

1:1000 dilution, and a rabbit polyclonal ß-Actin antibody (Abcam,

MA), 1:5,000 dilution using chemiluminescence detection. Thirty

micrograms of protein from the samples were loaded and ß-Actin

was used as a loading control.

MPO activity assay
To quantify MPO activity and to correlate the activity to clinical

disease severity, we performed MPO activity assays according

to the method established by Klebanoff et al. (1984) against

guaiacol using a UV/vis spectrometer (Varian Cary 50 Bio

UV-Vis spectrometer, CA) at 470 nm. Mouse brains were prepared

as described earlier for Western blot analyses. Forty micro-

grams of protein were used for each assay. The units of

activity were computed according to the following formula:

Activity = (�OD�Vt� 4)/(E��t�Vs), where �OD=change

in absorbance; Vt = total volume; Vs = sample volume; E (extinc-

tion coefficient) = 26.6mM�1; �t= change in time.

Imaging
MR imaging was performed using a 4.7 T Bruker Pharmascan MRI

scanner with a mouse brain coil under respiration-monitored

isoflurane gas anaesthesia (Bruker Biosciences, Billerica, MA).

Some animals were also imaged on a 7 T Bruker Pharmascan MRI

scanner (Bruker Biosciences, Billerica, MA) to demonstrate that

the MPO sensor can report MPO activity at higher field strengths

due to improved pharmacokinetics after MPO activation, which is

independent of field strength. Comparison between MPO imaging

and DTPA(Gd) imaging was also performed at the same field

strength for each animal. Pre- and post-contrast spin-echo

T1-weighted images (TR= 800, TE= 13, four signal acquired,

acquisition time of 6min 57 s, matrix size 192� 192, field of view

2.5� 2.5 cm2, slice thickness 0.7mm and 16 sections were

acquired) were obtained after the administration of 0.3mmol/kg

of either agent. Post-contrast imaging was obtained sequentially

for at least 60min after contrast administration. To minimize

differences resulting from lesion progression between imaging

sessions, we randomized the order of the agent administration,

with half of the animals administered with the MPO sensor first,

and the other half of the animals administered with the conven-

tional agent first. We also only imaged those animals that did

not change clinical staging between the imaging periods. Both

MPO-imaging and DTPA(Gd) imaging were performed within

24 h of each other, with a minimum of 6 h between agent

injections to ensure clearance of the previously injected agent,

resulting in an average time between different agent administra-

tion of 15.1� 8.5 h.

Statistical analysis
Contrast-to-noise ratios (CNR) were computed for each region

of interest (ROI) according to the formula: CNR= (ROIlesion –

ROInormal brain)/SDnoise, where ROIlesion is the ROI of an enhanc-

ing lesion, ROInormal brain indicates the ROI of an unaffected area

of the brain, and SDnoise is the standard deviation of noise from

an ROI measuring empty space. The resultant curves were

compared using the paired permutative Kolmogorov–Smirnov

test, which does not assume normal distributions. A P-value50.05

was considered to be statistically significant.

Comparisons of lesion detection and lesion burden were

performed by visually counting the number of and area of

enhanced lesions over the entire brain for each mouse by two

independent observers blinded to the injected agent (JWC and

MOB), and the results were averaged. Only parenchymal lesions

were included in the analyses. For volumetric analysis, the area

of the lesion was multiplied by the slice thickness to arrive at the

MPO imaging in murine EAE Brain (2008), 131, 1123^1133 1125
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lesion volume. The resultant data were analysed with the student

t-test. MPO activity assay was also analysed with the two-tailed

student t-test. The number of animals used for each part of

the study was chosen to achieve 90% power. A P-value 50.05

was considered to indicate a statistically significant difference.

All results were reported with standard deviation, except where

indicated. All statistical computations were performed using a

statistical software package (R, version 2.4.1, R Foundation for

Statistical Computing, Vienna, Austria).

Results
MPO is present in the brains of MS model

mice and correlates with disease severity

Experimental autoimmune encephalomyelitis (EAE) is an

animal model of MS most often used in experimental

and clinical trials. To determine baseline levels of MPO we

performed Western blotting on whole brain specimen of

mice with and without EAE. Control mice have negligible

MPO heavy chain levels while MPO was markedly

up-regulated in EAE mice (Fig. 2a). We next assessed

MPO enzymatic activity in EAE mice at different stages of

disease progression. In control mice, no significant MPO

activity was detected in the brain. In EAE mice, MPO

activity in the brain was substantially higher (from 4.8 to

55 U/mg of protein, with an average of 26 (SEM 8.2) U/mg

of protein). When stratified by clinical staging, there was a

statistically significant difference between the MPO activity

of stages 0–1 (no limb weakness) and stages 2–3 (with limb

weakness) (Fig. 2b, P= 0.012). There was increased percent

demyelination at increasing clinical disease severity (Fig. 2c,

R
2= 0.93, P= 0.0021). When the individual animal’s

MPO activity was plotted against its corresponding clinical

disease stage (Fig. 2c), we found a positive correlation

(R2= 0.73, P= 0.014).

Areas of increased MPO activity co-localized

with demyelination and tissue destruction

In EAE mice sacrificed at clinical stages 2 and 3, there

were multiple areas of macrophage/microglia accumulation,

a finding most pronounced in the cerebellum. Macrophage/

microglia accumulated primarily around microvascular

structures and contained MPO (Fig. 3). In one of the

mice a lesion was detected by MPO imaging as early as day

5 after induction in the cerebellum (Fig. 3a). The areas of

demyelination in the white matter corresponded well to

areas identified by MPO and the MR images obtained with

Fig. 2 MPO in EAE. (a) Western blotting confirmed the presence of MPO heavy chain in the brain specimen of mice induced with EAE.
(b) Biochemical analysis of the MPO activity as a function of clinical staging demonstrated that higher clinical staging is associated
with increased MPO activity. (c) There was increased demyelination at increasing clinical disease severity (R2=0.94, P=0.0021).
(d) MPO activity of each animal versus its clinical disease stage. A positive correlation was found with R2=0.73, P=0.014.

1126 Brain (2008), 131, 1123^1133 J.W.Chen et al.
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the MPO sensor (Fig. 3b). Double immunofluorescence

labelling (Fig. 4a) showed co-localization of MPO positive

cells to macrophage/microglial cells, confirming macro-

phage/microglial cells as the source of MPO. Confocal

microscopy (Fig. 4b) further demonstrated widespread

architectural distortion and loss of normal white matter

in areas of macrophage/microglia accumulation and MPO

expression (Fig. 4b). MPO and inflammatory cells infil-

trated not only white matter but also affected the cortex

(Fig. 3). Similar findings have been reported in mouse, rat

and marmoset monkey EAE models (Pomeroy et al., 2005;

MacKenzie-Graham et al., 2006; Merkler et al., 2006;

Storch et al., 2006), and in human MS (Kidd et al., 1999;

Kutzelnigg et al., 2005).

Active lesions show increased enhancement

and retention of the MPO sensor

To determine whether MPO imaging would allow in vivo

sensing of active inflammation we performed serial compar-

ative MRI studies using the MPO sensor and the conven-

tional agent DTPA(Gd). Similar to previous studies,

Fig. 3 MPO imaging and histopathological correlation. (a) A lesion in the cerebellum positive for the MPO sensor, and corresponded
to MPO and macrophage/microglia positive areas on histopathology. Note the increased enhancement at 90min compared to at 6min.
This lesion was detected by MPO imaging on day 5 after induction. Imaging was performed at 4.7T. (b) A large area in the cerebellum
with marked delayed enhancement that corresponded to areas positive for MPO and macrophages/microglia. The areas of
demyelination corresponded closely to MPO positive areas and areas exhibiting delayed enhancement on MPO imaging. Imaging
was performed at 7T.

MPO imaging in murine EAE Brain (2008), 131, 1123^1133 1127
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there was diffuse breakdown in the BBB seen by both

DTPA(Gd) and MPO imaging, particularly in the cerebel-

lum and the brainstem (Seeldrayers et al., 1993; Floris et al.,

2004). With the conventional contrast agent DTPA(Gd)

there was an initial increase and subsequent rapid loss

of enhancement over time (Fig. 5c), similar as reported

clinically. In contradistinction, because of activation by

MPO, imaging with bis-5HT-DTPA(Gd) showed higher

increase in contrast at the same dosage as DTPA(Gd) and

in addition demonstrated prolonged tissue enhancement

persisting over at least 60min (Fig. 5c). Some representative

examples are shown in Fig. 5a and b where many lesions

were detected by MPO imaging but not by conventional

contrast enhanced MRI. Delayed MPO images confirmed

MPO activation by demonstrating persistent enhancement

(examples given by arrows in Fig. 5a). Comparing the

immediate post contrast images, conventional MRI showed

a more diffuse, less well-defined pattern of enhancement

(Fig. 5b), while MPO imaging demonstrated a more

discrete enhancement pattern (Fig. 5a) that reflected focal

Fig. 4 Macrophages/microglia are the primary source of MPO. (a) Double immunofluorescence microscopy of a perivascular
lesion shows that MPO co-localized with macrophages/microglia. (b) Confocal microscopy confirmed MPO correlated
with macrophages/microglia. In addition, there was widespread architectural distortion in MPO positive areas.
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areas of inflammation corresponding to inflamed perivas-

cular lesions histopathologically (Fig. 4a). In addition,

delayed images demonstrated widespread retained enhance-

ment (Fig. 5), indicating more diffuse MPO infiltration,

similar to histopathological results (Fig. 3). Furthermore,

larger lesion volume determined on delayed MPO images

correlated with higher MPO activity (R2= 0.72, Fig. 5d) and

corresponded to higher clinical disease severity (P= 0.0052,

Fig. 5e). Furthermore, enhancing areas measured from

MPO imaging correlated better (R2= 0.96, P= 0.002,

Fig. 5f) with percent demyelination than those measured

from conventional imaging (R2= 0.65, P= 0.098, Fig. 5f).

Areas of persistent enhancement on MPO imaging thus

represented areas with elevated MPO expression and

activity, and co-localized to regions of increased inflamma-

tion with macrophage/microglia infiltration, demyelination,

and disruption of the normal brain structure. Given the

short blood half-life of the non-activated MPO-sensitive

Fig. 5 Representative MPO versus DTPA(Gd) imaging. Both MPO imaging and conventional imaging (top versus bottom) represented
the same animal at the same level. Three representative animals are shown. In the first two animals (left to right), conventional gadolinium
was administered first followed by MPO sensor. In the last animal, the MPO sensor was administered first, followed by conventional
gadolinium. (a) MPO imaging demonstrated more lesions on early post contrast images compared to conventional imaging, shown in
(b). In addition, delayed enhancement confirmed MPO-mediated activation with the resultant prolonged pharmacokinetics. Arrows identify
several focal active inflammatory lesions that are confirmed on the delayed MPO images. Note that some of the lesions detected by
MPO imaging were either absent or barely perceptible, even retrospectively, on conventional DTPA(Gd) imaging. (b) Conventional
DTPA(Gd) imaging for comparison. Imaging was performed at 4.7T. (c) Time course evaluations of normalized CNR (nCNR) revealed
increased contrast enhancement and prolonged pharmacokinetics in mice EAE lesions when imaged with the MPO sensor compared to
the nonspecific DTPA(Gd). (d) Lesion volume measured from delayed MPO imaging correlated with MPO activity (R2=0.72, P=0.034).
(e) Larger lesion volume measured on delayed MPO images corresponded to worse clinical disease. (f) Enhancing area from MPO
imaging correlated significantly better with percent demyelination (solid black line, R2=0.96, P=0.002) than did conventional imaging
(dashed gray line, R2=0.65, P=0.098).
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agent bis-5HT-DTPA(Gd) monomer [5.4� 0.9min, similar

as DTPA(Gd)], the prolonged retention is consistent with

MPO-agent activation and protein binding. While there is

protein binding once the MPO sensor is activated, resulting

in prolonged enhancement, we found that within 6 h after

injection, the MRI signal changes had reverted to back-

ground (Fig. 5a/b, third animal from the left) potentially

allowing for serial/longitudinal imaging.

MPO imaging improves sensitivity

of lesion detection

There was consistently improved lesion detection by

MPO imaging compared to conventional MRI (Fig. 6a).

MPO imaging was able to detect more lesions (Fig. 6a,

P= 0.0013) and much smaller lesions (about 40% smaller,

P= 0.031, Fig. 6b). Furthermore, MPO imaging detected

lesions at an earlier time point (e.g. Fig. 5, third animal

from left) where more lesions were detected and confirmed

by MPO imaging but not by conventional DTPA(Gd)

imaging performed 6 h later where some of the lesions

detected by MPO imaging were either absent or barely

perceptible, even retrospectively. Correlative MPO histo-

pathology confirmed the improved imaging sensitivity

by MPO imaging (Fig. 6c).

Discussion

In the present study, we demonstrate that a small molecule

myeloperoxidase substrate can be used to non-invasively

image active inflammatory, demyelinating lesions in the

CNS. Similar to previous studies (Nagra et al., 1997;

Chataway et al., 1999; Brennan et al., 2001), we have found

that MPO, being a key modulator of inflammation

Fig. 6 MPO imaging increases lesions detection sensitivity. (a) MPO imaging detected more lesions, and (b) MPO imaging detected
smaller lesions. (c) Correlative MPO histopathology to imaging for the first and third mice shown in Fig. 5 illustrates the increased
lesion sensitivity of MPO imaging compared to conventional imaging.

1130 Brain (2008), 131, 1123^1133 J.W.Chen et al.
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(Klebanoff, 1967, 1970; Heinecke, 1999), is closely related to

active demyelination. Additional biochemical assays indicate

that MPO enzyme activity is markedly increased in active

inflammatory lesions. Our histopathological results reveal

extensive MPO infiltration, consistent with previous find-

ings that MPO can transcytose after secretion (Baldus et al.,

2001; Tiruppathi et al., 2004). These findings validate the

approach of targeting MPO to monitor active inflammation

and demyelination in vivo.

Both the DTPA(Gd) and the inactive MPO sensor have

similar R1 relaxivity (both about 4.5mM�1 s�1 at 1.5 T).

Both conventional DTPA(Gd) and the MPO sensor reach

the CNS through breakdown in the BBB. However,

DTPA(Gd) relies on relatively large local concentrations

to be detectable by MRI and also does not possess any

tissue or molecular specificity (Bruck et al., 1997; Cotton

et al., 2003). On the other hand, in a separate study, we

have found that in mouse model of myocardial infarction,

the MPO sensor was able to distinguish between wild-

type mice with full MPO expression, heterozygous MPO-

deficient mice with intermediate MPO expression and

MPO-knockout mice with no MPO expression, thereby

demonstrating high specificity to the enzyme myeloperox-

idase (unpublished data). The increased lesion detection

sensitivity and specificity seen on MPO imaging result from

MPO-mediated activation of the MPO sensor that leads

to signal amplification and persistent enhancement in

actively inflamed areas. The increased sensitivity of MPO

imaging allowed the detection and confirmation of earlier

and less severe lesions with more subtle breakdown in

BBB compared to conventional gadolinium imaging

[Figs 3a (early lesions) and 6c (small lesions)]. Therefore,

unlike conventional, non-specific imaging agents, MPO

imaging not only indicates BBB breakdown, but also the

presence of actual inflammation. Specifically, MPO oxidizes

the 5-hydroxytryptamide (5-HT) moieties on the MPO

sensor into free radicals, which then combine to form

oligomers up to 5 unites in length (Chen et al., 2006) and

bind to proteins (Querol Sans et al., 2006). The resultant

increase in molecular size and molecular dynamics generate

a large increase in R1 relaxivity (shortened T1 relaxation

time) and increase in MR signal intensity on T1-weighted

MRI sequence (Chen et al., 2006). Furthermore, the larger

molecular size and protein binding of the activated sensors

cause retention of these products at sites of higher MPO

activity, which has been confirmed by previous isotope

studies (Querol Sans et al., 2005; Chen et al., 2006).

However, because we found that the activated MPO sensor

was cleared from the brain within 6 h after administration,

the protein-bound, activated MPO agents are likely digested

and released by proteases that are present at sites of

inflammation. While increasing the dose of DTPA(Gd) may

increase lesion detection sensitivity, DTPA(Gd) cannot

definitively confirm if the detected lesions represent active

inflammation. Collectively, these properties of the MPO

sensor allow earlier detection of active inflammatory,

demyelinating lesions, and confirm areas of MPO activity

non-invasively. The power of MPO imaging lies not only

in its increased sensitivity from MPO-mediated signal

amplification, but more importantly, in its ability to non-

invasively confirm with high specificity the presence of

pathology—that of elevated MPO activity and the presence

of active inflammation.

We have shown that MPO imaging corresponds to areas

of MPO expression and secretion, and represents regions

of inflammation with macrophage/microglia infiltration,

demyelination, and tissue disorganization. Interestingly, not

all mac-3 positive cells (microglia/macrophages) contained

MPO (Fig. 4b). These cells may represent a sub-population

of macrophage/microglia that does not participate directly

in inflammation (e.g. the M2 sub-population) (Stein et al.,

1992; Gordon, 2003; Mosser, 2003). Recently, several

groups have demonstrated that ultrasmall superparamag-

netic iron oxide (USPIO) nanoparticles can be used to

non-invasively image macrophages in rodent EAE and

human MS brains (Xu et al., 1998; Dousset et al., 1999;

Rausch et al., 2003; Floris et al., 2004; Berger et al., 2006;

Brochet et al., 2006; Dousset et al., 2006). It is likely that

a combination of MPO imaging and macrophage imaging

would allow the non-invasive identification and tracking of

these different sub-populations of macrophages/microglia

to further our understanding of their different roles in

demyelinating diseases. While the current study used para-

magnetic Gd in the MPO-sensitive chelator, it is possible

to exchange the metallic cation for PET (64Cu) or SPECT

(111In) detectable tracers. These comparative studies are

ongoing and may offer additional insight into disease

processes and further improve sensitivity. The MRI studies

performed here had high spatial resolutions but were

essentially identical to clinical pulse sequences. Thus, MPO

imaging should be easily deployed in the community since

no specialized pulse sequence or new equipment is needed.

Our results could have several implications in the clinical

setting. MPO imaging could be useful to screen susceptible

individuals in the presymptomatic stage, leading to earlier

treatment to decrease neurodegeneration and consequent

morbidity. In addition, in established MS patients, MPO

imaging could be used to better match clinical symptoms to

improve relapse detection as well as more accurate temporal

monitoring of active disease and therapeutic response.

While this study used a higher dosage compared to the

clinical human dose [0.3mmol/kg versus 0.1mmol/kg for

both DTPA(Gd) and MPO sensor], because mouse MPO

is only about 10–20% as active as that of human MPO

(Rausch and Moore, 1975), we expect that in humans the

increase in sensitivity would be even more pronounced

than demonstrated in our study. While formal toxicity

and stability studies are on-going, preliminary data thus

far revealed no adverse events in mice serially injected

with 5-fold the normal dose, and we found that the

gadolinium chelation in the MPO sensor is more stable

than that of DTPA(Gd) in zinc transmetallation assays
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(unpublished data). Therefore, enzymatic imaging targeting

MPO points to a promising new technology for non-

invasive confirmation of active inflammatory lesions in MS,

potentially not only improve disease diagnosis and treat-

ment assessment in the clinical setting, but may also lead to

better evaluation of drug development and clinical trials

of new therapies.
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