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Abstract

Myeloperoxidase (MPO) has paradoxically been found to be able to both activate matrix 

metalloproteinases (MMPs) as well as inhibit MMPs. However, these regulatory effects have not 

yet been observed in vivo and it is unclear which pathway is relevant in vivo. We aim to track 

MPO regulation of MMP activity in living animals in neuroinflammation. Mice induced with 

experimental autoimmune encephalomyelitis (EAE), a mouse model of neuroinflammation and 

multiple sclerosis were treated with either the MPO-specific inhibitor 4-aminobenzoic acid 

hydrazide or saline as control. Mice underwent concurrent magnetic resonance imaging (MRI) 

with the MPO-specific molecular imaging agent MPO-Gd and fluorescence molecular tomography 

(FMT) with the MMP-targeting agent MMPsense on day 12 after induction. Biochemical and 

histopathological correlations were performed. Utilizing concurrent MRI and FMT imaging, we 

found reduced MMP activity in the brain with MPO inhibition, demonstrating MPO activity 

positively regulates MMP activity in vivo. In vivo MMPSense activation and MMP-9 activity 

correlated with MPO-Gd+ lesion volume and disease severity. This was corroborated by in vitro 
assays and histopathological analyses that showed MMP activity and MMP-9+ cells correlated 

with MPO activity and MPO+ cells. In conclusion, multimodal molecular imaging demonstrates 

for the first time MPO regulation of MMP activity in living animals. This approach could serve as 

a model to study the interactions of other biologically interesting molecules in living organisms.
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Introduction

Among a wide variety of proteolytic enzymes, the matrix metalloproteinase (MMP) family, 

comprising over 20 enzyme subtypes, has received much attention in neuroinflammatory 

diseases. Multiple clinical studies have shown a correlation between elevated MMP 

expression and poor outcome in neurological diseases [1–3]. Blood-brain barrier (BBB) 

disruption is usually followed by infiltration of leukocytes, which can aggravate immune 

reactions along with microglial activation. The entry of leukocytes into the CNS is 

dependent on several factors, including the expression of MMPs, which degrade the 

extracellular matrix (ECM) proteins of the basal lamina that surrounds blood vessels [4].

MMPs are endopeptidases characterized by a conserved Zn2+ binding motif in the catalytic 

domain and several conserved protein domains [5]. MMP expression is transcriptionally 

regulated by a variety of factors, including pro-inflammatory cytokines, growth factors and 

hormones. During inflammation, leukocyte traffic through tissue barriers is only possible if 

these cells are equipped with proteases to remodel the extracellular matrix (ECM). MMPs 

are therefore crucial effector molecules of inflammatory cells [3]. In particular, MMP-9 is an 

important immune effector molecule in multiple sclerosis (MS) pathogenesis [6,4], and is a 

key protease involved in MS, experimental autoimmune encephalomyelitis (EAE), and 

neuroinflammation [7]. It functions in cell migration through connective tissues and vessel 

walls and damages the BBB. It also lyses protein substrates, such as myelin proteins, cell-

adhesion molecules, cytokines and chemokines that are relevant in MS and other 

neurological diseases [6]. In murine EAE, both MMP-2 and MMP-9 are upregulated during 

the development of the disease syndrome [1]. However, how MMPs are regulated in vivo by 

endogenous factors in living organisms has not yet been studied.

One potential modulator of MMP activity is myeloperoxidase (MPO). MPO is a potent 

oxidative mediator found in leukocytes [8]. It is the most abundant component in azurophilic 

granules in neutrophils and is also expressed in other cells in the myeloid line, especially 

Ly-6Chigh monocytes [9] and activated microglia/macrophages [10]. By generating oxidizing 

species such as hypochlorous acid (HOCl), MPO has been found in in vitro studies to be 

able to activate MMPs, both directly by modifying MMPs [11] and indirectly by inhibiting 

tissue inhibitors of metalloproteinases (TIMP) [12]. Paradoxically, MPO activity can also 

directly inhibit MMPs by altering the active domain [13]. These regulatory effects have not 

yet been observed in vivo and it is unclear which mechanism is relevant in vivo. Therefore, 

in this study, we aim to track MPO regulation of MMP activity in vivo using a multimodal 

molecular imaging approach in experimental autoimmune encephalomyelitis (EAE), a 

mouse model of neuroinflammation and the clinical disease multiple sclerosis.
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Materials and Methods

Experimental autoimmune encephalomyelitis (EAE)

The protocol for animal experiments was approved by the institutional animal care 

committee. 110 mice were used for the experiments (Fig S1). EAE was induced in SJL 

female mice (7–10 weeks old, NCI/Frederick’s) with proteolipid protein (PLP139–151, 

Cat#63912, AnaSpec, Fremont, CA). 1mg of PLP and 4mg M. tuberculosis H37RA 

(231141, Diflo, Detroit, MI) were dissolved in 0.5ml dH2O and 0.5ml complete Freud’s 

adjuvant (F5881, Sigma-Aldrich, St Louis, MO). The content was emulsified by a tissue 

homogenizer (Cat#15-338-420, Fisher Scientific, Waltham, MA) for 3 minutes at 

15,000rpm. Each mouse received 100μl of the PLP emulsion (subcutaneously, 25μl each in 

the bilateral inguinal and axillary regions). On day 0 and day 2, 0.1μg pertussingen (P7208, 

Sigma-Aldrich) in 0.2ml of PBS was injected intravenously. Animals were weighed and 

monitored at least daily after immunization. Since daily dosing of mice with a potential 

therapeutic often delays the onset of EAE and decreases severity of EAE due to stress of the 

procedures, we performed sham injections (400 μl saline) for 4 to 7 days before EAE 

induction to reduce the effects of stress. When the saline-treated group reaches the first 

paralytic episode (~day 12) the mice were used for the experiments below.

Therapeutic intervention

After EAE induction, mice in the treatment cohort received the specific irreversible MPO 

inhibitor 4-aminobenzoic hydrazide (ABAH) (40 mg/kg, A41909, Sigma-Aldrich,) by 

intraperitoneal injection twice a day. We injected the same volume of saline (vehicle) for 

another group as control.

In vivo fluorescence molecular tomographic imaging and image fusion

Fluorescence molecular tomography (FMT2500, PerkinElmer, Waltham MA) is a non-

invasive optical imaging method that generates 3-dimensional images of fluorescent signals 

in deep tissues. Mice received 2nmol of MMPSense-680 (10126, PerkinElmer) via tail vein 

injection on day 11 after immunization (the onset of disease) and were imaged 18–24 hours 

later. The sensor is optically silent in the unactivated state, becoming highly fluorescent 

when activated. The probes are based on polymeric scaffolds that can be cleaved by the 

target protease, resulting in the release of fluorochromes and fluorescence generation 

(dequenching). MMPSense-680 excitation and emission wavelength are 680nm and 710nm, 

respectively. Mice were anesthetized by inhalation of isoflurane 24h after administration of 

the probes, and hair from head and neck was removed by shaving and chemical depilation, 

and rendered immobile in a multimodal imaging cartridge [14] with 8 fillable fiducial 

markers built in, 4 on the bottom and 4 on the top. The fiducial markers are automatically 

added to the FMT image after reconstruction since the multimodal imaging cartridge is 

always in the same position in the scanner. A scan region was selected over the brain, and 

comprised approximately 30 scan points. Imaging took approximately 5 minutes per mouse. 

Following imaging mice were transferred to MRI for co-registration imaging.
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In vivo molecular magnetic resonance imaging (MRI)

We then performed MPO-Gd (bis-5HT-DTPA-Gd) molecular MRI imaging [15,16]. In 

addition to revealing the burden of MPO-positive plaques, the degree of MPO-Gd 

enhancement is a marker for MPO-derived oxidative stress in vivo [17]. The catalytic 

activation of the MPO-Gd agent oxidizes the 5-hydroxytryptamide (5HT) moieties results in 

agent oligomerization and protein binding that shorten T1 relaxivity and increase tissue 

retention of the activated agent [16,18]. MR imaging was performed using a 4.7 T MRI 

scanner (Bruker Biosciences, Billerica, MA) with a 6 cm and a 2.2 cm volume coil under 

respiration-monitored isoflurane anesthesia. After filling the fiducials with water, the 

multimodal imaging cassette was placed into a custom-built holder that fits into the 6 cm 

volume coil and imaged with a RARE T1-weighted scan (TR = 1200 ms, TE=14.1 ms, 8 

averages, RARE factor 4, 256 × 256 × 24 matrix, 0.234 × 0.234 × 1.2 mm voxels). The 

mouse was removed from the cassette and a catheter was placed in the tail vein and 

positioned on the normal animal bed. The brain was then imaged with the 2.2 cm volume 

coil for higher resolution images. Pre- and post-contrast spin-echo T1-weighted images (TR 

=800s, TE=13s, four signal acquired, acquisition time of 6 min 57s, matrix size 192×192, 

field of view 2.5×2.5cm2, slice thickness 0.7mm and 16 sections were acquired) were 

obtained at 0, 15, 30, 45, and 60 minutes after intravenous administration of 0.3 mmol/kg of 

MPO-Gd.

Image fusion

For image fusion, the brain on the 6.0 cm volume coil MR images (after lanczos interpolated 

into the same voxel dimension as the higher resolution MR image) and the 2.2 cm volume 

coil images were segmented manually. A rigid affine registration using the maximum of the 

sum of a voxel by voxel multiplication of the two images as a similarity measure was used to 

register these images based on the binary images of the brain. The 6.0 cm MRI T1-weighted 

image was again lanczos interpolated using the affine parameters obtained from the 

registration. Finally, by using the multimodal fiducial markers of the imaging cassette, a 

simple affine registration is performed using these as control points by transforming the 

FMT image using lanczos interpolation. The fusion was performed in this manner to 

maintain the integrity of the high resolution MPO-Gd MR images. Image processing and 

visualization were performed in Amira (Thermo Fisher Scientific, Waltham, MA) and 

Matlab (Mathworks, Natick, MA) software.

Biochemical and histopathologic experiments

Please see Supplemental Methods for additional detail on the following experiments.

Flow cytometry—Excised brain specimens were evaluated for the presence of MMPs in 

neutrophils, monocytes, macrophages/microglia, and lymphocytes.

MPO activity assays—Excised brain specimens were evaluated for MPO activity by 

using 10-acetyl-3,7-di-hydroxyphenoxazine (AAT Bioquest, Sunnyvale, CA) at an excitation 

wavelength of 535 nm and an emission wavelength of 590 nm.
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Histopathological analyses—Fresh-frozen sections of brains were evaluated for the 

presence of MPO and MMP-9. For each section, we counted the total number of cells 

positive for either MPO or MMP-9 over the entire brain slice (60–70 high power fields). For 

each mouse, three different slices were analyzed and averaged.

MMP-9 activity assay and in vitro stimulation with MPO enzyme—MMP-9 

activity was assayed using SensoLyte 520 MMP-9 assay kit (AnaSpec, Fremont, CA). Naïve 

brain extracts were stimulated in vitro by human neutrophil myeloperoxidase (10μg/ml, 

cat#426-10, Lee Solution, St Louis, MO) and then collected for the MMP-9 activity assay.

Image and statistical analysis

Contrast-to-noise ratios (CNR) were computed for each region of interest (ROI, Fig S2) 

according to the formula: CNR = (ROIlesion − ROImuscle)/SDnoise, where ROIlesion is the ROI 

of a lesion. ROImuscle indicates the background, and SDnoise is the standard deviation of 

noise from an ROI measuring empty space [14]. The precontrast CNR was subtracted from 

the CNR at each time point to correct for any inherent T1 signal prior to contrast 

administration. Because early enhancement represents mostly leakage through blood-brain 

barrier breakdown while delayed enhancement is derived from agent retention caused by 

MPO activation, we computed in vivo MPO activity (lesion activation ratio, LAR) by 

dividing the CNRs of lesions on delayed (60 minutes) over the those of early (6 minutes) 

contrast-enhanced images [15,19]. ROIs with LAR ≥ 1.8 [15] represent areas of elevated 

MPO activity and were included in the quantitative LAR analysis. This lesion analysis was 

performed over all the brain slices for each mouse by measuring the LAR of suspected areas 

of enhancement. For volumetric analysis, the area of the MPO+ lesions was multiplied by 

the slice thickness to arrive at the lesion volume. FMT data analysis was performed on 3-

dimensional tomographic data obtained in the 680 imaging channel. 3D data were 

reconstructed using a normalized Born approach. Three-dimensional volume of interest was 

drawn over the entire brain by referencing the MRI data [14]. Data were calculated as mean 

concentration in nM and total amount in picomoles. Two readers (YZ and JWC, radiologists, 

each with more than 10 years of experience performing similar analysis) blinded to the 

group identities performed the analysis. The data were tested for normality using the 

D’Agostino-Pearson normality test, and for equality of variances using the Bartlett’s test. If 

normality and equality of variances are not rejected at the 0.05 significance level, the group 

means were compared using parametric analysis, such as t-test and ANOVA. For non-

normally distributed data, nonparametric tests such as Mann-Whitney U test were used. A P-

value < 0.05 was considered to indicate a statistically significant difference. Correlations 

analyses were performed using the Pearson’s correlation test. All results were reported with 

standard errors of measurement, except where otherwise indicated. All statistical 

computations were performed using Prism 5.0 (GraphPad Software, Inc, La Jolla, CA).

Results

MMP activity in activated myeloid cells in EAE mice

We first determined the source of MMP activity in the EAE brain. At 12 days after 

immunization, the brain accumulated different types of leukocytes and 34% ± 5% of these 
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cells were MMP+ (Fig 1a). These cells constituted the primary source of MMP activity in 

EAE mice (Fig 1b). Taking into account the abundance of each cell type in the brain to 

derive the enzyme activity of single cells (mean fluorescence intensity, MFI), microglia/

monocytes/macrophages (MMM) cells had the highest MFI per cell of the myeloid cell 

subsets (Fig 1b), indicating that MMM cells have the highest MMP expression. Moreover, 

MMM cells also dominate the overall contribution to MMP expression (Fig 1c). Within the 

MMM populations, most of the MMP activity was derived from Ly-6Chigh cells (73%), 

which are activated, inflammatory macrophage/microglia, but much less from Ly-6Clow 

resident microglia (27%) (Fig 1d).

MPO and MMP-9 activity in EAE

MPO activity correlated with disease severity (r = 0.42, P = 0.014, n=30, Fig 2a). MMP-9 

activity from MMM cells also positively correlated with disease severity (r = 0.62, P = 

0.038, n=9, Fig 2b). Interestingly, MPO activity and MMP-9 activity strongly correlated 

with each other in brain extracts of EAE mice (Fig 2c, r =0.97, P < 0.0001, n=10). 

Therefore, we next sought to determine how these biomarkers interact in living animals.

Noninvasively mapping of MPO and MMP activity in vivo with concurrent MRI and FMT

As expected, molecular MPO imaging showed fewer lesions in ABAH-treated EAE mice 

compared to saline-treated EAE mice (Fig 3a). Correspondingly, the mean MPO-Gd 

activation (LAR) decreased with MPO inhibition (Fig 3b left panel, 5.4 ± 1.5 vs 2.2 ± 0.5, P 
= 0.04, n=10 per group). There was a significant positive correlation between MPO-Gd CNR 

with clinical scores (r = 0.63, P = 0.01, n=7, Fig 3c upper panel). Similarly, mean MMP 

activity quantified from FMT images also positively correlated with clinical score (r = 0.88, 

P = 0.001, n=10, Fig 3c lower panel).

Interestingly, FMT-MRI fused imaging found in vivo MPO-Gd and MMPsense signal co-

localized in both ABAH-treated and saline-treated mice (Fig 3a). In ABAH-treated EAE 

group, the mean MMPsense concentration was significantly lower at 29.4 ± 4 nM (n=10) vs. 

41.1 ± 4 nM in the saline-treated EAE group (n=10) (Fig 3b middle panel, P= 0.003). 

Activated total MMPSense (pmol) was similarly significantly decreased in ABAH-treated 

EAE mice compared to saline-treated mice (Fig 3b right panel, P= 0.04). Therefore, there 

was concordant reduced MMP activity in brains of EAE mice after MPO inhibition. In 

addition, a significant positive correlation was observed between MPO-Gd+ lesion volume 

and mean MMPsense concentration (r = 0.74, P = 0.01, n=9, Fig 3d).

MPO inhibition affects MMP-positive cells

We next assessed what effects MPO inhibition has on MMP-secreting cells. On flow 

cytometry, we found that with MPO inhibition, the number of cells positive for MMP 

activity in EAE mice (34% ± 5%) decreased in the ABAH-treated group (15% ± 3%, 

P=0.009, n=5 per group, Fig 4a). Both the number of MMM cells and neutrophils ((1.1 

± 0.1) ×106 vs (0.5 ± 0.1) ×106, P = 0.008 and (0.03 ± 0.01) ×106 vs (0.01 ± 0.004) ×106, P 
= 0.03, Fig 4b, respectively) significantly decreased with MPO inhibition. Furthermore, 

within the MMM populations, both the number of MMP-positive inflammatory 

macrophages/microglia and resting microglia also decreased with MPO inhibition ((7.8 
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± 1.1) ×105 vs (2.9 ± 0.8) ×105 of inflammatory macrophage/activated microglia in saline 

and ABAH-treated group, P = 0.036; (3 ± 0.4) ×105 vs (1.7 ± 0.2) ×105 of resident microglia 

in saline and ABAH-treated group, P = 0.04, n=5 per group, Fig 4c).

Further corroborating the above results, immunohistochemistry showed that there were 

fewer MPO+ (1371 ± 411 vs 528 ± 133, P = 0.023, n=5 per group, Fig 5a–b upper panel) 

and MMP-9+ cells (469 ± 123 vs 209 ± 38, P = 0.019, n=5 per group, Fig 5a–b low panel) in 

EAE animals when MPO was blocked by ABAH compare to saline-treated group (Fig 5a, 

quantified in 5b, P = 0.023 and P = 0.019 respectively). The majority of MPO+ cells co-

localized with MMP-9+ cells on immunofluorescence (Fig 5c), although MMP expression in 

some cells appeared to be less compared to that of MPO. We found the number of MPO+ 

cells highly correlated with the number of MMP+ cells (r = 0.91, P < 0.0001, n=6, Fig 5d).

In vitro validation of MPO regulation of matrix metalloproteinase

We further validated our in vivo findings on MPO regulation of MMP activity in EAE using 

in vitro assays. We first verified that ABAH reduced the MPO activity in the EAE brain 

(saline: 0.023 ± 0.002 U/mg vs. ABAH: (0.018± 0.001 U/mg, Fig 6a, P = 0.018, n=5 per 

group). Similar to the in vivo findings, EAE animals treated with ABAH to block MPO 

activity showed significantly reduced MMP-9 activity compared to that in saline-treated 

controls (5.8 ± 0.2 uM vs 4.7 ± 0.4 uM, P = 0.016, n=5 per group, Fig 6b). Notably, treating 

naïve brain extracts with purified human MPO resulted in significant induction of MMP-9 

activity compared to saline-treated control extracts (1.3 ± 0.04 uM vs 1.5 ± 0.1uM, P = 0.03, 

n=5 per group, Fig 6c).

Discussion

In the present study, we confirmed for the first time in living animals that MPO and MMPs 

are directly correlated with each other in a neuroinflammatory disease model. We 

demonstrate MPO positively regulates MMP activity in vivo. Moreover, myeloid cells 

contribute to most of the MMP activity in EAE, and changes in MPO activity affected MMP 

activity and MMP+ cells in EAE in a concordant manner. MMP activity from FMT imaging 

colocalized with MPO-Gd MR imaging. These imaging metrics also correlated with clinical 

symptoms. Thus, combined MRI/FMT imaging of MPO and MMP activity can provide 

localization and quantification information on the inflamed lesions in the brain, and may 

predict disease severity.

Since we found that MPO positively regulates MMPs in vivo and in vitro, this revealed that 

in vivo in neuroinflammatory conditions such as EAE, MPO and its products predominately 

regulates MMPs by the activation pathways [12,20] instead of the inhibition pathway 

[13,21]. Interestingly, several in vitro studies had demonstrated that MPO-generated HOCl 

activates purified MMPs at ratios between 10 and 40 of HOCl:MMPs, but causes 

inactivation of MMPs at >40:1 ratios [22–24]. Our results revealed higher MMPsense signal 

in the saline-treated EAE mice compared to ABAH-treated mice, suggesting that >40:1 ratio 

was not achieved in the EAE brain to cause MPO to inhibit MMP activity. The most likely 

explanation for our results would be that the HOCl:MMP ratio stayed within 10–40:1 both 
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without and with MPO inhibition. In that scenario, MPO activity and MMP activity would 

be positively correlated, as we observed.

Myeloid cells are important sources of MPO, MMP and TIMP in EAE [25]. Macrophage 

infiltration is required for EAE and if blocked, can prevent disease [26]. We found that 

inflammatory myeloid cells contribute to most of the MMP activity, which in turn correlated 

well with clinical scores. On immunofluorescence imaging, most of the MPO+ cells co-

localized with MMP+ cells. However, a few cells were only MPO+ but did not express 

MMP. This indicates that only a subset of MPO+ cells express MMP. Given that prior 

studies found that MMP in the inflamed brain is mainly made by infiltrating myeloid cells 

[27], these MPO+ only cells are likely resident microglia. MMP-9 has previously been 

reported to be up-regulated in both mouse and rat EAE [28,29]. When we inhibited MPO 

with the specific irreversible MPO inhibitor ABAH, MMP activity was also inhibited, as 

seen in both in vivo imaging and in vitro activity assays. Thus, MPO-rich inflammatory 

macrophages/microglia likely promote inflammation and tissue destruction through the 

activation of MMPs, which disrupt BBB and further the inflammatory cascade to exacerbate 

clinical outcomes. On the other hand, inhibiting MPO activity decreased MMP activity and 

BBB breakdown, resulting in decreased leukocytes infiltration and improved clinical 

outcomes. Taken together, our results add a mechanistic link between MPO, inflammation/

leukocyte recruitment, and MMPs in EAE.

A limitation of our study is that while MMPsense is sensitive and specific to MMPs, it 

detects multiple different MMPs, including MMP-2, -3, -9, and -13. Thus, whether MPO 

affects only one (e.g., MMP-9) or many of these MMPs in vivo is currently unknown. 

Another limitation is that EAE is an artificial neuroinflammatory disease in animals, and 

may not correspond to any human disease. However, EAE has been widely used to study 

neuroinflammation and MS, and treatment drugs for MS have been developed using EAE, 

suggesting that EAE is a relevant disease model for at least multiple sclerosis. While 

fluorescent imaging currently has limited depth of penetration, theoretical studies suggested 

that near infrared signal used by probes such as MMPsense can penetrate through large 

human organs [30]. Recent development has seen fluorescent imaging of atherosclerosis 

using a catheter based detector system [31]. Thus, future technological advances will likely 

further improve its clinical utility. Furthermore, nuclear imaging agents for MMPs have also 

been recently developed [4].

The combined use of MPO MRI and MMP FMT imaging noninvasively informed on the 

relationship between MPO and MMP activity in vivo and correlated these in vivo 
inflammatory markers with disease severity. The results of our study attest to the sensitivities 

of these technologies in discriminating between different levels of inflammatory burden and 

suggest a role in assessing treatment efficacy. In conclusion, multimodal molecular imaging 

demonstrates for the first time in vivo MPO regulation of MMP activity in living animals 

and offers a sensitive and quantifiable approach to assess and track disease activity in 

experimental neuroinflammatory models relevant to neurological diseases such as MS. This 

approach could serve as a model to study the interactions of other biologically interesting 

molecules in living organisms.
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Fig. 1. Myeloid cells are the main source of matrix metalloproteinase (MMP) activity in EAE
a Cell surface markers used to subdivide cells into various subsets of leukocytes in the brain 

of saline-treated control EAE mice 12 days after immunization. Numbers denote percent 

MMP-positive cells in the saline (34%± 5%) group (Red line: percent MMP-positive cells in 

sham mice; Blue line: percent MMP-positive cells in EAE mice). b Flow cytometric analysis 

revealed MMP activity mainly derived from microglia/monocytes/macrophages (MMM) in 

brains of EAE mice (53%). c MMP mean fluorescence intensity (MFI) per cell for different 

cell types in brain, as identified by flow cytometry. MMM cells contribute to most of the 

MMP activity (96%). d The percentage of MMP positive cells in inflammatory macrophages 

and resident microglia, 73% and 27% respectively. SSC = side scatter; neu. = neutrophils; 

MMM =microglia/monocytes/macrophages; MFI = mean fluorescence intensity; Inf. mac = 

inflammatory macrophages; Res. Mic = resident microglia
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Fig. 2. MPO and MMP-9 activity correlate with disease severity and that the two are strongly 
correlated
a Peroxidase activity correlated with clinical score (n = 30). b MMP activity from microglia/

monocytes/macrophages in vitro correlated with clinical score (n = 8). c MMP-9 activity 

positively correlated to peroxidase activity (n=10, data were obtained by using Pearson 

correlation analysis, r indicated Pearson correlation coefficient). MPO=myeloperoxidase, 

MMP=matrix metalloproteinase.
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Fig. 3. 
In vivo mapping and regulation of MPO on MMP activity using MRI/FMT multimodal 

imaging.

a Representative MRI/FMT fusion images show that in vivo MPO and MMP activity both 

increased in EAE mice and both MPO and MMP activity were partially blocked with the 

MPO inhibitor 4-aminobenzoic acid hydrazide (ABAH). b MPO-Gd activation from MRI 

decreased with MPO inhibition, n=10 per group, Mann-Whitney test, left panel). Mean 

fluorescence of MMPsense signal between saline-treated and ABAH-treated EAE mice 

(n=10 per group, Mann-Whitney test, middle panel). Total activated MMPsense probe 

significantly decreased with MPO inhibition in EAE mice (Mann-Whitney test, right panel). 

c Contrast-to-noise ratio (CNR) from MRI images correlated with clinical score (n=7) 

(upper panel). MMP activity from FMT images (mean MMPsense concentration) positively 

correlated with clinical score. (n=10, Pearson correlation analysis) (low panel). d MPO-Gd+ 

lesion volume positively correlated with MMPsense concentration (n=9, data were obtained 

by using Pearson correlation analysis, r indicated Pearson correlation coefficient). All data 

are means ± standard errors of measurement. CNR = contrast noise ratio, LAR = lesion 

activation ratio, MPO=myeloperoxidase, MMP=matrix metalloproteinase.
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Fig. 4. The effects of 4-aminobenzoic acid hydrazide (ABAH) on MMP+ cells
a Cell surface markers used to subdivide cells into various subsets of leukocytes in the brain 

of saline-treated control and ABAH-treated EAE mice 12 days after immunization. Numbers 

denote percent MMP-positive cells in saline (34%± 5%) versus ABAH group (15%±3%) 

(P=0.009, n=5 per group, two-tailed student t-test) (Red line: percent MMP-positive cells in 

sham mice; Blue line: percent MMP-positive cells in EAE mice). b Total MMP positive cell 

counts in brain. There are significant differences between saline and ABAH group in cell 

number of microglia/monocytes/macrophages and neutrophils (Mann-Whitney test, **P = 

0.007 and **P = 0.04). c Contribution of cell types to MMP activity in EAE based on results 

in a and b. MMP=matrix metalloproteinase.
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Fig. 5. MPO and MMP-9 positive cells are reduced with MPO inhibition
a Photomicrographs (immunohistochemistry, scale bar = 200 μm [original magnification, × 

100]) from the cerebellum showed that MPO (upper panel) and MMP-9 (low panel) positive 

cells are decreased with MPO inhibition. b Quantification of (a) (n=5 per group, Mann-

Whitney test). The average total number of positive cells from the entire brain on three 

different sections for each mouse was used for quantification. c Photomicrographs 

(immunofluorescence staining, scale bar = 500 μm [original magnification, × 400], 

cerebellum) showed most of MPO positive cells co-localized with MMP positive cells. d 

MPO-positive cells correlated with MMP positive cells (n=6, Pearson correlation analysis, r 
indicated Pearson correlation coefficient). MPO=myeloperoxidase, MMP=matrix 

metalloproteinase.
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Fig. 6. In vitro validation of MPO regulation of matrix metalloproteinases
a MPO activity decreased with MPO inhibition (P = 0.018, n=5 per group, Mann-Whitney 

test). b MMP-9 activity decreased with MPO inhibition in EAE (P = 0.016, n = 5 per group, 

Mann-Whitney test). c MMP-9 activity was significantly elevated with MPO (10ug/ml) 

stimulation in vivo (P = 0.03, n = 5 per group, Mann-Whitney test). All data are means ± 

standard errors of measurement. MPO=myeloperoxidase, MMP=matrix metalloproteinase, 

ABAH=4-aminobenzoic acid hydrazide.
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