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Abstract

Aim: Imaging mass cytometry (IMC) affords simultaneous immune-labelling/
imaging of multiple antigens in the same tissue. Methods utilizing multiplex data
beyond co-registration are lacking. This study developed and applied an innova-
tive spatial analysis workflow for multiplex imaging data to IMC data determined
from cardiac tissues and revealed the mechanism(s) of neutrophil-mediated post-
myocardial-infarction damage.

Methods: IMC produced multiplex images with various redox/inflammatory
markers. The cardiac peri-infarct zone (PIZ) was determined to be up to 240 um
from the infarct border based on the presence of neutrophils. The tissue region
beyond the infarct was defined as the remote area (RA). Image] was used to
quantify the immunoreactivity. Functional assessments included infarct size, cell
necro/apoptosis, total thiol assay and echocardiogram.

Results: Expression of damage markers decreased in order from the infarct
area to PIZ and then RA, reflecting the neutrophil density in the regions.
Concentrically spaced “shoreline contour analysis” around the cardiac infarct
extending into the PIZ showed that immunoreactivity for damage markers de-
creased linearly with increasing distance from the infarct, concomitant with a
decreasing neutrophil-myeloperoxidase (MPO) gradient from the infarct to the
PIZ. Stratifying by concentric bands around individual MPO*-signal identified
that the immunoreactivity of haem-oxygenase-1 (HO-1) and phosphorylated-p38
mitogen-activated protein kinase (pP38) peaked near neutrophils. Furthermore,
spatial dependence between neutrophils and markers of cardiac cellular dam-
age was confirmed by nearest-neighbour distance analysis. Post-infarction tissue
exhibited declined functional parameters that were associated with neutrophil
migration from the infarct to PIZ.

Conclusion: This image-based quantitative protocol revealed the spatial asso-
ciation and provided potential molecular pathways responsible for neutrophil-
mediated damage post-infarction.

See related editorial: Sedmera D. 2022. Mass cytometry imaging in physiology Acta Physiol (Oxf). e13822.
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1 | INTRODUCTION

Acute myocardial infarction (AMI) affects almost 3%
of the global population.! The current paradigm for
acute treatment is through the use of percutaneous cor-
onary intervention to open the occluded coronary artery
and achieve reperfusion of the ischaemic myocardium.
However, this practice is associated with ischaemia/reper-
fusion injury,> which can stimulate host tissue damage,
remodelling of the myocardium and negatively impact the
clinical outcome.’ One pathological process that has be-
come a focus is the acute infiltration of the neutrophils
into the infarct area and peri-infarct zone (PIZ) after AMI.
This PIZ is also termed the penumbral region surrounding
the primary infarct region, and is also referred to as the
area-at-risk, where viable cardiomyocytes can be subject
to neutrophil-mediated host damage.*” For example, my-
eloperoxidase (MPO), an enzyme expressed by all neutro-
phils, is enzymatically active producing the potent oxidant
hypochlorous acid (HOCI) in the myocardium post AMI;
the MPO level is linked to the frequency of adverse events
including cardiac dilatation, ventricular dysfunction®’
and cardiac arrhythmia.®

The deleterious effects of neutrophil-derived myo-
cardial damage are potentially accelerated by enhanced
oxidative stress and post-translational protein modifica-
tion leading to enzyme dysfunction and the promotion
of pro-inflammatory signalling cascades*’ in the affected
cardiomyocyte. However, the exact molecular pathways,
biochemical changes and how best to monitor these
changes to elucidate the key pathogenic mechanism(s)
post-AMI remain unclear. Whether opportunities exist for
therapeutic advances based on targeting immune cells is
now a focus for current research.'’

Multiplex immunohistochemistry by imaging mass
cytometry (IMC) can facilitate the elucidation of molec-
ular pathways involved in cellular damage and the re-
sultant compensatory response due to the fact that this
novel research tool allows the simultaneous detection of
multiple antigens in one tissue section.'’ The technique
of IMC ablates and vaporizes tissue that is labelled with
heavy metal-conjugated antibodies, which are then de-
tected by time-of-flight mass spectrometry, generating
high-resolution multiplex images (Figure S1). Presently,
application of this technique is primarily limited to immu-
nological and cancer pathologies, which takes advantage
of IMC by employing myriads of cell surface markers to
identify unique cell populations through co-registration.

imaging mass cytometry, myeloperoxidase, myocardial infarct, neutrophil, oxidative damage

The study of organ pathology and pathophysiology, how-
ever, relies on elucidating the interplay between subcel-
lular markers that do not necessarily colocalize. To date,
there is no protocol readily available that explores the
spatial relationship among a variety of markers from a
heterogenous group of cells beyond their colocalization.
Development of such an innovative protocol that can be
easily integrated into a routine image analytical procedure
will greatly extend the use of IMC to the physiology and
pathology fields.

The primary aim of this work was to develop a robust
but time-efficient analytical protocol and associated work-
flow to ascertain an array of protein changes linked to pro-
inflammatory damage in inflamed tissue, taking account
of the spatial relationship of a range of biological markers
in order to infer their biological roles, using the freeware,
ImageJ (https://imagej.nih.gov/ij/). Consequently, our
secondary aim was to determine whether this protocol
can independently reveal, for the first time, the extent of
neutrophil-mediated damage to myocardial tissue in a rat
AMlI/reperfusion model by assessing the spatial relation-
ship between neutrophils and a range of markers of cel-
lular damage and activation within this setting, including
neutrophil marker MPO,"? the inflammatory mediator tu-
mour necrosis factor alpha (TNF), the pro-inflammatory
markers phospho-P38 mitogen-activated protein kinase
(pP38) and NF-kB-p65 phospho-ser276 (pP65), the oxi-
dative damage marker malondialdehyde (MDA), acute
phase antioxidant enzyme haem oxygenase-1 (HO-1)
and glutamate cysteine ligase catalytic subunit (GCLC),
the accompanying rate limiting enzyme in the synthesis
of reduced glutathione, both integral parts of the nuclear
factor erythroid 2-related factor 2 (Nrf2)-mediated antiox-
idant response.

2 | RESULTS

2.1 | Histology, MPO activity and
confirmation of antibody specificity in the
infarcted rat heart

The presence of a myocardial infarction was confirmed by
haematoxylin and eosin (H&E) histology in rats assigned
to the AMI group (Figure 1A) compared with the surgical
sham. The histological sections of myocardium also guided
the selection of a region of interest (ROI) for IMC imag-
ing such that the ROI contained the infarct, PIZ and RA
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FIGURE 1 Areal definition and shoreline contour analysis workflow. (A) H&E histology of the myocardial infarct (above the black
line). The yellow square indicates an example of ROI selection. Scale bar = 100 pm. (B) Designation of the Infarct area, PIZ and RA via DNA
intercalation channel. Scale bar = 50 um. (C) Neutrophils (MPO* immunoreactivity, cyan) in the infarct and PIZ but not RA. Hence the

location of neutrophils determines that the PIZ extends up to 240 pm from the infarct border. Scale bar = 50 pm. Navy immunoreactivity:

nuclei. (D) Analysis workflow; details in the methods Section 4.7
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regions as shown in the representative region outlined by
the yellow square. Under the “nuclear channel” for IMC
images where the nuclei were marked with a DNA inter-
calator (Figure 1B), the infarct area on the top right was
precisely identified based on the lack of cellular structural
integrity of the cardiomyocytes and the irregular shapes of
the nuclei. Consistent with the rapid recruitment of innate
immune cells following acute myocardial damage,"* IMC
detected infiltrating neutrophils within the infarct and in
the region immediately surrounding the infarct. The area
0-240 um from the infarct border was designated the peri-
infarct zone (PIZ) and the area >240 um from the infarct
border denoted the remote area (RA), where the border
between the infarct and PIZ and the border between PIZ
and RA were highlighted in yellow. Such designation is
because IMC immunoreactivity assessment of the myocar-
dium indicated the presence of large numbers of infiltrat-
ing neutrophils located within the infarct zone, with fewer
neutrophils in the peri-infarct zone and rarely present be-
yond 240 pm from the infarct border (Figure 1C).

This method of regional division was subsequently
used to facilitate the recognition of potential associations
between neutrophils and other protein targets in the same
pathologically relevant myocardial zones. By contrast, the
inflammatory response in samples obtained from the sur-
gical sham was located only at the outermost border of the
myocardium, closest to where the pericardium was dam-
aged with the appearance of normal myocardial predomi-
nating in hearts from this treatment group (data not shown).

In order to first validate the use of metal-conjugated
antibodies in this IMC study, the individual immunore-
activity of all antibodies employed was compared with
corresponding specific immunofluorescence signal inten-
sities recorded using standard fluorescence microscopy.
A selection of antibodies that target markers relevant to
AMI has previously been reported to be elevated in isch-
aemia/reperfusion injury*'*'? in order to elicit the evi-
dence of different aspects of neutrophil-MPO-mediated
damage during the acute phase of AMI. Specifically, we
imaged MPO (Figure S2A), HO-1 (Figure S2B), GCLC
(Figure S2C), pP38 (Figure S2D), pP65 (Figure S2E),
TNFa (Figure S2F) and MDA (Figure S2G). These repre-
sentative images demonstrate the immunofluorescence
labelling (top, labelled “IF”) and the corresponding metal-
conjugated immune labelling (bottom, labelled “IMC”);
identical pattern for each of the antibodies studied, used
as a single-label and mass-analysed at high (20x) and low
(10x) resolution for comparison. Overall, we observed
near identical patterns of tissue labelling for both fluo-
rescence and metal-labelled antibodies, with comparable
subcellular localization and overall comparable punctate
morphologies within the various regional zones of the
heart tissue assessed.

2.2 | IMC multiplex analyses of
myocardial tissues

Application of IMC to rat heart tissue sections produced
multiplex images with specific patterns of immunore-
activity for each of the protein markers used (Figure 2).
The transition boundaries between the infarct and PIZ
and between PIZ and RA are denoted by the yellow lines
in the representative micrographs (Figure 2 panels A-K).
Figure 2A showed MPO and the pro-inflammatory marker,
phosphorylated P38 (pP38—Figure 2A-C red signal),
which displayed immunoreactivity throughout the infarct,
PIZ and RA regions. In subsequent high-powered images,
pP38" immunoreactivity was clearly discernible in both
the nucleus (as evident by the overlap of blue nuclear sig-
nal in Figure 2B, arrowed) and cytoplasm in many of the
cells in the infarct region, PIZ and RA (Figure 2A,B and
Figure S2D), yielding a pattern suggestive of MAPK acti-
vation and nuclear translocation. Interestingly, almost all
MPO"* immunoreactivities were also positive for pP38,
with a consistent pattern of co-localization for these two
labels (Figure 2C). Since all neutrophils express MPO,"
this pattern strongly indicates MAPK activation in both
neutrophils and host cardiomyocytes as a post-damage
response. This notion is further supported by the obser-
vations that differential size of the pP38 staining between
the MPO* and MPO™ cells suggests expression in cells of
different morphology (ie, a different cell type—in this case
cardiomyocyte vs neutrophils), as does the polymorphic
appearance of the neutrophil (MPO™") blue-staining nuclei.
Colocalization of MPO* and nuclear immunoreactivity was
assessed using the “Plot Profile” function in ImageJ, which
measures the grey scale intensity along the lines of interest
(Figure 2D, yellow lines). A representative plot of the grey
scale values is shown in Figure 2E. The fact that every sin-
gle peak of MPO" immunoreactivity has a corresponding
peak nuclear intensity indicates that the detected MPO™
immunoreactivity is of cytoplasmic origin as opposed to
exocytosed granules.

Contrary to the expectation that damage markers would
be highly expressed within the infarct region, pP65 immu-
noreactivity was detected primarily outside the infarct re-
gion, with little evidence of NfkB transcriptional activation
detected within the infarct zone (Figure 2F); this may reflect
the degree of rapid necrosis occurring in the primary in-
farct zone limiting cells from mounting this targeted molec-
ular response. By contrast, examination of the antioxidant
response element, HO-1, revealed that this enzyme formed
a punctate cytoplasmic localization pattern mainly within
the infarct region (Figure 2 panels G, K), with HO-1 im-
munoreactivity observed to a lesser extent within the PIZ.
Images shown in Figure 2H-K demonstrate co-registration
of MPO, TNF, GCLC and MDA immunereactivity. Unlike
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FIGURE 2 Multiplex imaging data. (A) Immunoreactivity of pP38 and MPO in the same tissue section and field of view as Figure 1B;
the transition from the infarct to PIZ and from PIZ to RA denoted by the yellow lines. (B) Co-registration of pP38 and nuclear staining in
the infarct (arrow heads). (C) Immunoreactivity of pP38 immediately adjacent to that of MPO (arrow heads). (D) An example of line-profile
assessment where the intensity was measured under the MPO and nuclear channel along the yellow lines. (E) Representative line-profile

data. (F-K) Multiplex imaging of immunoreactive signals. Scale bars = 50 pm

HO-1, these other protein biomarkers co-labelled with the the likely central cause of oxidative stress that elicited sub-
MPO™ neutrophil signal indicating neutrophils were the sequent host cellular damage and antioxidant responses in
primary source of pro-inflammatory TNF signalling and the vicinity of these infiltrating cells.
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2.3 | Regional comparison of relative
signal intensities

Since a majority of MPO* immunoreactivities were located
within the infarct and PIZ, the RA portion of heart tissue
was employed as the internal control for the subsequent
analyses to aid in the spatial assessment of neutrophil-
related myocardial damage. The mean percentage area of
MPO immunoreactivity decreased from ~0.6% in the infarct
zone to ~0.4% in the PIZ and further still to a significant de-
crease down to ~0.2% in the RA zone (Figure 3A), consistent
with the decrease in the number of infiltrating neutrophils
across these regions of the affected myocardium. The same
relationship was also observed using signal frequency,
which decreased from ~4.5 in the infarct zone to ~2.5 in the
PIZ and to ~0.8 in the RA zone, and using InDen, which
decreased sequentially from ~5 in the infarct to ~3.5 and
finally ~0.3 within RA (Figure S3A,D). Similarly, the im-
munoreactivity for the antioxidant response element HO-1
and the pro-inflammatory marker pP38 decreased progres-
sively from the infarct to PIZ to RA (Figure S3B,C,E,F),
and also decreased significantly from PIZ to RA when nor-
malized against the immunoreactivities in the infarct area
(Figure 3B,C). This association between neutrophils and
biomarkers of cellular response/activation reinforced the
pathological potential of inflammation in the PIZ region in
ongoing myocardial damage. This was not observed in the
RA, where the myocardium remained free of both cellular
infiltration and evidence of cardiomyocyte activation/dam-
age, as demonstrated by the lack of MPO immunoreactivity
in the RA region as shown in Figures 2A and 3E.

2.4 | Infarct border shoreline
contour analysis

Using concentric contour bands that are 40 um wide, a
“shoreline contour” analytical approach was adopted to
analyse the spatial distribution of biological markers in
PIZ at varying distance from the border of the infarct.
Figure 3D,E outlines the concept of shoreline analysis
when selecting channels that specify the nuclear® and
MPO" immuno-fluorescent responses, respectively. Using
the three independent analytical methods outlined above,
measurement of the markers within bands revealed a po-
tential link between the myocardial damage/activation
shown post-AMI and the extent of infiltrating neutrophils.
For example, using the values in the infarct and RA as ref-
erences, the signal frequency and InDen for MPO immuno-
reactivity within a given shoreline band decreased linearly
as bands moved progressively away from the defined in-
farct border, diminishing by ~75%-80% in the most distal
band measured (Figure 3F and Figure S4 for exemplar

linear regression analyses). The same staggered decrease
in MPO immunoreactivity holds true for measurement
of percentage area (Figure S3G). This differential distri-
bution reflects a graded infiltration of neutrophils into
the infarct and the PIZ, as represented graphically, with
the MPO signal diminishing in the overlaying shoreline
contours as they reduce in number away from the infarct
zone (Figure 3H). Similarly, the HO-1 and pP38 immuno-
reactivity also decreased linearly with increasing distance
from the border of the infarct with all three measurements
(compare Figure 3 panels F, G; Figures S3G,H and S4 for
linear regression), which maps closely with a similar de-
cline in MPO immunoreactivity. Of note, the majority of
linear regression analyses showed a strong (R* > 0.8) mod-
erate (R* > 0.6) relationship between density of the bio-
markers and distance from the infarct border (Figure S4),
signifying their spatial distribution.

Next, this relationship between redox/inflammatory
markers and distance was correlated against the relation-
ship between MPO and distance. Statistically significant
correlation (P < .05) was shown to exist between MPO
and HO-1 expression as well as between MPO and pP38
expression, as assessed by the extent of signal frequency
(Figure 4A,B), indicating the number of individual cells
expressing the relevant biomarkers follow the same gra-
dient in the PIZ. When both the intensity of each indi-
vidual immunoreactive centre and the total area of these
centres were taken into account through application of
the InDen measurement, strong (R* > 0.85) and highly
significant (P < .01) correlations were determined be-
tween MPO and HO-1 expression as well as between
MPO and pP38 expression (Figure 4C,D). However, the
correlation between areas alone, ie, corresponding com-
parison of the percentage area, did not reach statistical
significance although this remained a moderate trend
(Figure 4E,F). This does not mean that the percentage
area measurement is inferior to the InDen approach, as
aforementioned strong and significant correlation ex-
ists between individual biomarkers and distance from
the infarct border (Figure S4). Rather, the presence of
anomalies (labelled 80 um in Figure 4E,F) indicated
the limitation of traditional correlation: exaggeration
of deviation from the line of best fit. This is where cor-
relating the slightly lower-than-best-fit values of MPO
percentage at 80 um (Figure S4G) and higher-than-best-
fit values of HO-1 and pP38 percentage area at 80 pm
(Figure S4H,I) from simple biomarker-distance correla-
tion produced outlier data that can potentially skew
the linear relationship. Overall, this accumulated data
support the hypothesis that infiltrating neutrophils in
the myocardium mediate host damage in the PIZ and
highlight the need for an independent, confirmatory as-
sessment, as described below.
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2.5 | Neutrophil border shoreline distance from each neutrophil (Figure 5C,D). This suggests
contour analysis neutrophils did not directly contribute to the expression

levels of a majority of the damage markers monitored here,
Despite the relatively large number of neutrophils, there =~ which most likely arose from the initial myocardial ischae-
was no obvious association between percentage area and mia due to experimental coronary vessel occlusion.?*?
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However, upon inspection of the trend from each biological
replicate, as indicated by each line that connects the indi-
vidual values, there are subtle decreases in peak responses
when comparing data at 50 and 20 um distance. This phe-
nomenon was also observed using the InDen approach
for analyses (Figure S3LJ). Given the size of cardiomyo-
cytes, a peak within the band 10-20 wm from a neutrophil
is expected, but whether neutrophils contributed to those
damage biomarkers requires an assessment with a method
that can differentiate the effects from acute myocardial is-
chaemia; a process that is presently outside the scope of
this study. Regardless, the low levels of pP38 detected at
10 um (Figure 5D) is most likely due to exclusion of pP38
immunoreactivities that overlap with MPO signals, with
the latter signal stemming primarily from the neutrophils
accumulating in the tissue post-AMI.

2.6 | Nearest-neighbour distance (NND)
for interaction analysis

Adjusting the parameters for the NND analysis allowed
the programme to filter out non-specific immunoreactive
signals (Figure S5). From the series of markers examined
here, the antioxidant response element HO-1 showed the
greatest degree of spatial interaction with MPO in the
PIZ, as evidenced by the different shapes of observed and
model fit (Figure 6B, blue and green lines, respectively)

compared with context (red) with determination of a high
interaction strength value = 36 (Figure 6B). The observed
NND distribution demonstrated a higher probability
density (blue curve) than context when the distance was
between 5 and 25 pm, indicating some of the HO-1* im-
munoreactivities within 25 pm of each MPO* immunore-
activity might stem from neutrophil-mediated activities.
This is consistent with the peak HO-1" immunoreactivity
density being within the shoreline band 20 pm from each
neutrophil (Figure 5D). However, the distinction should
be made that for NND, only the nearest HO-1" signal
for each MPO* signal was taken into account, while the
shoreline bands around each MPO™ signal map incorpo-
rated all the HO-1* immunoreactivity. Therefore, the dis-
crepancy between a significant MPO-HO-1 NND spatial
interaction and a trend in the shoreline bands, which did
not reach statistical significance may be because a signifi-
cant proportion of HO-1 expression stems from the initial
ischaemia due to acute tissue hypoxia®® rather than the
sequence of reperfusion injury and subsequent neutrophil
recruitment. This means that a portion of the HO-1 signal
detected within the concentric bands around individual
neutrophils stems from the initial hypoxic insult to the
myocardium and, therefore, does not display any spatial
inter-relationship with neutrophils, overall rendering a
non-significant trend.

Within the primary infarct region, which is the
major site of myocardial injury, a less strong but
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significant MPO-HO-1 NND interaction was observed
with strength = 6.2 (Figure S6A). Combining the de-
gree of HO-1 spatial interaction with MPO in all zones
(infarct, PIZ and RA) produced a weaker but significant
spatial relationship with interaction strength value = 4.9
(Figure S6B); this decreased interaction was attributed
to the lack of association in the RA where HO-1 is pres-
ent (Figure 3B) as a result of global oxidative stress while
neutrophils rarely migrated beyond the limit of the PIZ.
The spatial interaction between MPO and pP38 was also
confirmed in the PIZ (Figure 6C), infarct (Figure S6C)
and all areas combined (Figure S6D) with interaction
strength values >1. The MPO-pP38 NND association
was comparable to the MPO-HO-1 association but con-
sistently less strong for any given or combined area. One
reason is that, similar to HO-1, a greater proportion of
pP38 expression might be attributed to the initial isch-
aemic insult*** as observed in the global presence of
pP38 expression (Figure 2A) and its relatively high den-
sity (Figure 3C) in the RA. Statistical analyses of the
corresponding interaction curves demonstrated a signif-
icant interaction (P < .01 for MPO-pP38 in the infarct
and P < .001 for the remainder of tissue regions) for
all the above NND analysis, validating the assessment
of interaction strength and further supporting the pres-
ence of an interaction between MPO™ neutrophils and
the other biomarkers in the damaged myocardium.

As mentioned previously, pP65 immunoreactivity was
primarily located in the RA, with only moderate pP65

immunoreactivity in the PIZ, while NFxB activation (as
measured by phosphorylation of P65) was rarely detected
in the infarct zone (Figure 2F). The small sample size of
pP65 in the PIZ resulted in a poorly defined (undulat-
ing) signal for the MPO-pP65 NND distribution curve
(Figure 6D). When considering the PIZ region alone or
all three regions combined, no spatial interaction was in-
dicated as the estimated NND curve clearly overlapped
with the context curve and the interactive strength values
were only marginally above 0 (Figure 6E); furthermore,
there was no statistical significance (P > .05) between the
interaction curves in any of the regions, again suggesting
that transcriptional activation of NFkB was independent
of MPO and potentially a consequence of global oxidative
stress brought on by the ischaemic insult.

2.7 | Relationship between measures of
myocardial neutrophil-MPO and altered
cardaic function after experimental

heart attack

Next, the footprint of myocardial neutrophil-MPO was as-
sessed for correlations with biomarkers of the pathophysiol-
ogy of the AMI. Production of hypochlorous acid (HOCI) by
MPOin biological tissuesyields the protein oxidation marker
3-Chlorotyrosine (3-CI-Tyr). The ratio of 3-Cl-Tyr:total ty-
rosine levels is widely used as an in vivo marker of MPO ac-
tivity. Liquid chromatography-mass spectrometry revealed
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FIGURE 6 Nearest-neighbour distance (NND) analysis. (A) Rationale of NND. Blue dots are mapped onto a group of red dots. The
distance between the nearest non-overlapping blue dot for each red dot is NND. (B) NND distribution of between each MPO* and HO-1*
immunoreactivity in PIZ. “Context” (red): NND distribution from two random, independent groups of dots. “Strength”: the strength of
spatial interaction (0 is absence association, 0-1 is indeterminant, >1 is strong association). (C) NND distribution between MPO* and pP38*
immunoreactivity. (D, E) A lack of spatial association between pP65" and MPO" immunoreactivity

a significant increase in 3-CI-Tyr levels in the AMI group
relative to the surgical sham (Figure 7A), consistent with
active MPO (from infiltrating neutrophils) damaging pro-
teins within the infarct region and PIZ. Of note, the basal
3-CI-Tyr levels from the sham group was due to opening of
the pericardium during the sham surgery, which resulted
in low-level inflammation and hence fewer infiltrating neu-
trophils. On the other hand, total thiol levels, which rep-
resent the combination of low-molecular weight reduced
glutathione (GSH) and protein thiol residues, were signifi-
cantly reduced in the AMI group (Figure 7B). This reflected
the increased global oxidative stress that can be attributed
to ischaemia, followed by reperfusion and consequently the
activity of neutrophil-derived MPO.

Cardiac function can be represented by two parame-
ters of echocardiology, ejection fraction (EF) and fractional

shortening (FS), both of which measures the cardiac mus-
cle contractility. Thus, functional data were obtained from a
parallel study where the experimental AMI and reperfusion
was induced using the same protocol vs sham. Under these
identical experimental conditions, both EF (Figure 7C) and
FS (Figure 7D) decreased at 28 days post-AMI, demonstrat-
ing the deleterious effects on cardiac output.

These various biomarkers provided data to conduct
a series of point-by-point analysis. For example, plot-
ting total thiol levels against the corresponding 3-Cl-Tyr
levels for each individual cardiac specimen (Figure 7E)
yielded a strong and statistically significant linear rela-
tionship. This correlation suggests that MPO activity is
potentially a major contributor to enhanced oxidative
stress in damaged cardiac tissue 24 hours post-AMI,
which alters tissue levels of the reduced thiols. In
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addition, the size of the infarct area in each specimen
was calculated as the infarct ratio, ie, the area of the in-
farct divided by the total area of the cardiac cross sec-
tion. By treating the RA as the internal control for each
individual heart, the level of MPO InDen in the infarct
was normalized by the level of MPO InDen in the corre-
sponding RA to determine the relative increase of MPO
immunoreactivity for each specimen; this parameter was
termed “MPO elevation” (Figure 7F) and was reflected
by the degree of neutrophil infiltration histologically in
the same heart tissues. The infarct ratio was not mathe-
matically related to MPO elevation, but the infarct ratio
increased with increasing MPO elevation as indicated by
a monotonic distribution. This is completely consistent

Migrated MPO%

Migrated MPO%

of involvement of the neutrophils determines the final
infarct size.?® However, MPO elevation only accounts
for the presence of neutrophils in the infarct, and its
levels were not associated with other biological param-
eters such as total thiol levels that are determined from
the combined infarct, PIZ and to a lesser extent the RA
tissue. After reperfusion of the infarct, neutrophils ex-
travasate and entered the infarct area that is supplied by
the occluded vessel and then migrated outward to the
PIZ. Since neutrophils also damage the viable cardiomy-
ocytes in the PIZ, which can ultimately lead to adverse
cardiac remodelling and inferior cardiac function,*® the
percentage of the neutrophils that have achieved migra-
tion to this region was defined as follows:

Migrated MPO % = (MPO* signal PIZ — MPO* signal RA) / (MPO™ signal INF + MPO" signal PIZ — MPO" signal RA) s 100,

with the formation of the infarct occurring primarily
during the ischaemic phase of AMI, while the degree

where INF, PIZ and RA represent the MPO InDen lev-
els in the infarct, PIZ and RA, respectively. Migrated
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MPO% showed a strong correlation with total thiol levels
(Figure 7G), suggesting that a higher percentage of migrat-
ing neutrophils are activated to yield MPO-derived oxidants
that are associated with a lower total thiol level. As indicated
above, the total thiol level was measured using the cardiac
tissue homogenate derived from the infarct area, PIZ and
to a lesser extent RA. However, since the infarct consists of
necrosed tissue with low thiol levels due the prior ischaemic
damage, we interpret that the measured total thiol level is
more representative of remaining thiols within viable cells
and connective tissues from the PIZ. Therefore, the associa-
tion between a decreased thiol level and migrated MPO% is
concordant with the secondary oxidative damage caused by
activated neutrophils in the PIZ independent of the initial
ischaemic damage.

Finally, assessment of the degree of cell death in the
infarct region with Terminal deoxynucleotidyl transferase
(TdT) dUTP Nick-End Labelling (TUNEL) yielded a neg-
ative association between TUNEL" density and migrated
MPO%. This strong negative correlation is interpreted as
lower a number of neutrophils in the infarct contributing
to a low rate of cell death with a majority of the loss in car-
diomyocyte viability accountable in the initial ischaemic
phase of AMI. Once again, this outcome is consistent with
the literature where neutrophil activities can lead to cell
death and eventually increase the infarct size.”” The divi-
sion of the three areas (infarct, PIZ and RA) and quantifi-
cation of neutrophil migration, however, emphasized the
fact that neutrophils exert local effects, with ongoing tis-
sue damage limited to their relative density and proximity
in the tissue region.

3 | DISCUSSION

To the best of the authors’ knowledge, this is the first
study that applies IMC in the pathology of acute myo-
cardial inflammation resulting from experimental AMI
in rodents. Here, we presented an efficient and economi-
cal workflow analysis for assessing non-colocalizing
immunoreactivities, consisting of regional analysis,
shoreline contour analysis and NND analysis, which can
be applied on any multiplex image data set and easily
integrated into the image analysis routine using ImageJ.
The analysis utilizes the “Distance Map” function from
ImageJ which allows distance-mapping of the objects
in the image by pixels, and the full analytical protocol
requires less than half an hour per image. This analysis
workflow can be applied to any multiplex set of tissue
antigens analysed by IMC. A strength of this approach
is identification of the spatial relationships between the
non-colocalizing antigens that extend beyond simple sig-
nal co-registration.

The current model of myocardial infarction consists
of two phases of damage, ie, the initial ischaemic phase
and the reperfusion phase. Clinically, the ischaemic
phase occurs spontaneously and is difficult to develop
targeted treatment, while the reperfusion phase consists
of standard percutaneous coronary intervention with-
out preventative measures against reperfusion damage.
Neutrophil-MPO, an important contributor to the post-
reperfusion myocardial damage, is responsible for post-
AMI ventricular dysfunction®’ and arrhythmia,® and
represents one of the ideal therapeutic targets as MPO
inhibition can be administered while recruitment of
the neutrophils to the infarct occurs at the 6-24 hours
post-reperfusion time frame. Hence this study aims to
extend the understanding of the molecular pathways
downstream of MPO activities using MPO as a reference
point in the spatial analyses.

In this study, regional analyses and shoreline contour
band analyses revealed that the total levels of damage marker
expression correlate with the expression of MPO" immu-
noreactivities, ie, the number of infiltrating neutrophils.
However, one potential explanation is that this correlation is
because both MPO* immunoreactivity and damage marker
immunoreactivity correlate with their distance from the bor-
der of the infarct. Therefore, NND analysis was introduced
as a method independent of the location of the antigens
relative to the infarct. Unlike traditional immunoreactivity
analysis which takes into account every signal, NND analy-
sis has the advantage that it is able to determine spatial de-
pendence based on the single “nearest neighbour.” This is
extremely important in the pathology of AMI where there
are two phases of damage marker expression. For exam-
ple, a small percentage of pP38 expression that arises from
neutrophil activities at 6-24-hour post-reperfusion could be
indistinguishable from the pP38 expression due to the ini-
tial ischaemic phase and reperfusion damage. Here, NND
analysis has shown that a proportion of the pP38*- and HO-
1*-immunoreactivities is spatially related to neutrophils,
especially when these protein epitopes are within 25 pm of
each neutrophil. In contrast, pP65" immunoreactivity is not
related to neutrophils. Combining these analyses and patho-
logical role of neutrophils, it can be deduced that neutrophil
activities are responsible for the elevated expression of dam-
age markers and exacerbate the inflammatory and oxidative
damage in the myocardium after AMI. However, the causal
relationship can only be verified by depletion studies (eg,
using MPO gene deletion in mice).

Subsequent results from combining functional assess-
ments and IMC multiplex data support the hypothesis of
neutrophil-mediated damage in the PIZ. Compared with
surgical shams, AMI-reperfusion leads to increased MPO
activities, more severe oxidative damage and worse cardiac
function. Importantly, the correlation between total thiol
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levels and 3-Cl-Tyr suggested that MPO activity was respon-
sible for exacerbation of oxidative stress. Furthermore, as
measured by migrated MPO%, the presence of neutrophils
was associated with increased cell death locally. Taken
together, these associations determined here provides an
insight into the struggle between damage to local tissue
and host defence/response aimed at enhancing myocardial
viability®’; a diminished capacity to recover viable myocar-
dium may be linked to progression to heart failure.?®

3.1 | Immunoreactivity expression in
myocardial infarction

In our 24 hours-post AMI model, the use of MPO as the
marker for neutrophils is not affected by the presence of
macrophages or monocytes that are recuited to the myo-
cardium at later stages. In the case for monocytes, these do
not express MPO® but require induction® to produce sig-
nificant levels of MPO. Regardless, minimizing the num-
ber of cell markers reduces the chance of interference.
While the pattern of ischaemia-reperfusion injury reflects
the clinical scenario, it can, to some extent, confound the
study of biomarkers due to their differential temporal ex-
pression. For example, MAPK pP38 can be upregulated
in the first phase in response to ischaemia* and in the
second phase due to MPO activity.**! Similarly, HO-1 can
be upregulated in myocardial hypoxia*® (phase one) via
transcriptional activation of hypoxia-inducible factor-1
(HIF-1).2 Therefore, analyses aiming to establish the
relationship between neutrophils and biomarkers neces-
sarily need to discriminate between potential dual im-
pacts associated with temporally separated primary and
secondary expression in AMI. Coupling co-localization,
shoreline analysis and NND analysis, with tissue demar-
cation into three distinct regions (infarct, PIZ and RA),
offer the power to detect biomarkers related specifically
to neutrophils that are recruited to these regions. This is
because these methods rely on the spatial distribution of
biomarkers, which differentiates the global expression in
phase one from the sporadic expression clustered around
neutrophils.

Notably, MPO immunoreactivity co-registered with
the pro-inflammatory marker TNF, the oxidative dam-
age marker, MDA, and the acute-phase antioxidant
enzyme, GCLC. Neutrophils express TNF to induce
inflammation,*® but increased expression of the redox
markers, GCLC and MDA, is likely to represent direct
damage to nearby cardiomyocytes as a result of MPO
activity yielding the potent oxidant hypochlorous acid
(HOCI). Upon degranulation, MPO catalyses the pro-
duction of HOCI (and other hypohalous acids®*) that
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are implicated in host tissue damage. Clearly, HOCI is
the major and most potent oxidant species generated
by neutrophils in appreciable amounts within inflamed
biological tissues.”’ The two-electron oxidant, HOCI,
reacts with a range of biomolecules,”’ and this high
level of non-specific reactivity towards biological reduc-
tants** confines its diffusion to only within 1 um of the
site of generation. Therefore, the redox markers may be
tightly associated with MPO activity and reflect MPO-
mediated damage, which explains the colocalization
of MPO-, TNF-, MDA- and GCLC-immunoreactivities.
Hence, these markers were not selected for contour
shoreline mapping because the primary application of
this technique was designed for non-colocalizing signals
(an advantage over standard approaches that are limited
to colocalizing outputs).

3.2 | The myocardial response to
oxidative stress

With increased oxidative stress, nuclear factor (erythroid-
derived 2)-like 2 (Nrf2), a master transcription factor,
binds to the antioxidant response cis-element (ARE) in the
promoters that enhance the expression of antioxidant en-
zymes, including HO-1 and GCLC.*** The resulting car-
dioprotective effects are absent in Nrf2-knockout mice."’
The activation of Nrf2-GCLC/HO-1 pathway was also
described in response to hypochlorous acid challenge in
a dose-dependent manner in vitro, which promotes cell
survival.’’** Although the IMC analyses here could not
report the expression of Nrf2 due to a lack of suitable anti-
body for rat tissue, the intimate spatial association between
neutrophils and antioxidant enzymes GCLC and HO-1
demonstrated here is suggestive of a cellular response to
MPO-mediated HOCI production. Such a paradigm is sig-
nificant to the PIZ where the cardiomyocytes remain viable
after AMI, unlike the necrotic cells in the infarct, and thus
may be subject to further damage and cardiac remodelling.
Clinically, the viability of the peri-infarct zone is a power-
ful predictor of post-AMI mortality,* while polymorphism
in antioxidant enzymes, such as GCLC, is associated with
poor outcome after myocardial infarction.'* Our data also
suggest that future interventions aimed at inhibiting this
form of damage may lead to the identification of new ther-
apeutic strategies in the post-AMI phase of recovery.
Studies have reported elevated expression of NF-xB
pP65 that mediates myocardial damage in the same AMI
model and time point of 24 hours post-infarction.'® Here
we noted that pP65-immunoreactivity (as a surrogate for
NF-kB activation) was rarely detected in the infarct zone,
while pP65-immunoreactivity was more evident in the PIZ
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and RA. This result runs contrary to the expectation that
the infarct represents the centre of damage and necrosis
and should express highest levels of acute damage mark-
ers. This discrepancy might stem from the different time
course of NF-xB expression inside and outside the infarct
zone with the cellular response to acute damage occurring
prior to the time these hearts were harvested. In support
of this notion, pP65 expression, signifying translocation of
NF-«B to the nuclear envelope of the activated cells, re-
portedly occurs with a window of 10-20 hours post stimu-
lation.*’ Since damage in the infarct area starts during the
initial ischaemic phase and neutrophil migration to the
damaged myocardium occurs approximately 4-6 hours
after reperfusion and continues for the next 24-48 hours"?
then it is feasible that heart retrieval at 24 hours post-
surgery may have missed the pP65 expression window for
within-infarct detection. Nevertheless, the data obtained
here suggest that pP65 expression is independent of infil-
trating neutrophils and this cellular response is likely due
to other stimuli including localized oxidative stress due to
impaired oxygenation.41

3.3 | Translational relevance

Given the pathological relevance of neutrophils we ob-
served and its association with adverse post-AMI events
such as cardiac dilatation, ventricular dysfunction6 and
arrhythmia,® it follows that MPO may be a useful thera-
peutic target. In fact, a recent study has reported that MPO
inhibition improves ventricular function and remodelling
after experimental AMI.” Notably, the detrimental effects
of MPO reactivity is not limited to AMI, but a variety of con-
ditions featuring acute immune cell infiltration or chronic
inflammation, as MPO inhibition appeared beneficial
in murine disease models including chronic obstructive
pulmonary disease,** bowel inflammation*® and stroke.**
Taken together, these findings highlight the pathological
significance of MPO-mediated tissue damage.

3.4 | Limitations and future work

Limitations of the current study include the following: (a)
IMC is a novel technique that requires antibody conjugation
with heavy metals. Therefore, the antibody-reactivity to the
required tissue and specificity need to be established and val-
idated in each case. Antibodies that cross-react over several
animal species may not produce robust immunoreactivities
(such as the case of the polyclonal antibody raised against
Nrf2) and, (b) Expansion of this method to couple with cor-
responding cardiac tissue from MPO knock-out (KO) mice
and/or specific pharmacological inhibitors of MPO activity

are necessary to identify downstream pathways subsequent
to MPO activation and provide strong evidence for the cau-
sality of MPO-mediated post-AMI adverse cardiac remodel-
ling and the deterioration of cardiac function.®

3.5 | Conclusion

In conclusion, the current study described a spatial re-
lationship analysis protocol (refer to general workflow
shown in Figure 1) for non-colocalizing immunoreactiv-
ities that can be applied in any multiplex imaging tech-
niques, especially in the application of IMC. Through
combining this protocol and signals that co-register, our
results suggest that neutrophil activities are associated
with redox/inflammation damage within and around
the infarct following AMI. The advantage of this pro-
tocol is that it can reveal spatial interactions indepen-
dently without a requirement for depletion studies.

4 | MATERIAL AND METHODS

4.1 | Animal model

All animal work was performed with compliance to
ARRIVE guidelines of animal experimentation, with ethi-
cal approval from the local SLHD AEC (2017/032). Male
Wistar rats (~150-200 g body weight) were purchased
from Animal Resources Centre (Perth, WA, Australia),
transported and acclimated for 7 days prior to random as-
signed into two groups designated as the surgical SHAM
(n = 5) and AMI (n = 5) group(s). Where required, rats
were anesthetized with 5% isofluorane/in oxygen carrier
gas then intubated and maintained on 2%-3% isofluorane
using a ventilator with close monitoring; depth of anaes-
thesia in each rat was confirmed with repeated toe pinch.
To avoid the eye drying during the procedure, rats were
treated by gentle application of Paralube’ prior to surgery.
Next, the chest was shaved to expose the skin in the upper
left region. Antiseptic was applied (Betadine) in the
upper through to mid rib area with a clean swab, and an-
aesthesia was applied by local injection (Lidocaine, 0.5%
v/v solution 3 minutes before surgery, maximum volume
0.2 mL). Experimental AMI/R was induced by exposing
the heart between the 4th and 5th rib and left coronary
artery ligation (30 minutes) performed according to the
established protocol®® with reperfusion (removal of liga-
tion) and recovery of each animal taking place in isolated
cages with an operating heat mat for 24 hours. Where re-
quired, hearts were collected for subsequent analysis with
euthanasia performed by anaesthesia overdose (5% v/v
isofluorane).
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4.2 | 3-Chloro-tyrosine (3-Cl-Tyr)
quantification

The modified amino acid 3-CI-Tyr is a specific biomarker
for MPO activity as HOCI chlorinates tyrosine resides
on proteins. Levels of 3-Cl-Tyr were quantified by liquid
chromatography-mass spectrometry according to the
published protocol.*® Detection of 3-Cl-Tyr and unmodi-
fied tyrosine and corresponding labelled internal stand-
ards was performed on a Shimadzu LCMS8050 coupled
with Nexera X2 LC system.

4.3 | Histological assessment of
myocardial architecture

Haematoxylin and eosin (H&E) staining was performed
using parallel thin-tissue sections of 5 um, taken from
formalin-fixed (10% v/v) and paraffin-embedded hearts. A
ZEISS Axio Scan.Z1 Slide Scanner was employed for high-
resolution scanning of the entire tissue section. The size
of the infarct and the cross-sectional area of the myocar-
dium was measured by the number of pixels on Imagel
and compared at 50 um from the pericardium. The infarct
ratio was calculated from the infarct size divided by the
cross-sectional area.

4.4 | Antibodies and
immunofluorescent staining

FEight commercial, polyclonal antibodies (detailed in
Table S1) that target myeloperoxidase and other specific
markers of oxidative stress and inflammatory response
were used to perform singleplex immunofluorescence mi-
croscopy using sequentially sectioned heart tissue. Slides
were deparaffinized, rehydrated and underwent antigen
retrieval using a decloaking chamber (Biocare Decloaking
Chamber™ Pro) with sodium citrate buffer pH 6.0.
Endogenous peroxidase activity was blocked by addition
of 3% v/v hydrogen peroxide diluted in Tris-buffered sa-
line (100 mM) containing Tween 20 (0.5% v/v Tween 20;
referred to as TBST) for 10 minutes, followed by blocking
with 3% w/v bovine serum albumin dissolved in TBST for
40 minutes at 22°C on the bench.

To validate the specific reactivity of the antibodies
in rat heart tissue, primary antibodies were diluted in
a preparation of antibody diluent (TBST + 0.05% w/v
BSA, 0.05% v/v Triton-X) and incubated with the tissue
section (1 hour, 22°C; final dilution ranging 1/200-1/100
v/v; refer to Table S1) before incubation with the ap-
propriate secondary antibodies (1 hour, 22°C) (DAKO
Envision HRP-conjugated anti-rabbit K400311 or Alexa
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Fluor anti-mouse A-11020; final dilution 1:250 v/v).
Where HRP-conjugated secondary was used, OPAL620
fluorophore (Perkin Elmer FP1498) was used to visual-
ize the immune positive signal. Finally, all slides were
counterstained with 4',6-diamidino-2-phenylindole
(DAPI) spectral (Perkin Elmer FP1498). A Zeiss Axio
Scope 4305 fluorescent microscope was used for imag-
ing, and Zen Blue 2.5 software was used for image cap-
turing and subsequent processing.

4.5 | Antibody conjugation and antigen
labelling for imaging mass cytometry

A “Maxpar Antibody Labelling Kit” (Fluidigm) was used
to conjugate a unique heavy metal element that is absent
in the tissue to each of the antibodies (Table S1; protocol
from Fluidigm, file PRD002 Version 11). Briefly, an anti-
body cocktail containing all eight conjugated antibodies
each at the optimal concentration, as demonstrated in
single-plex immunofluorescence (Table S1), was incu-
bated with tissue sections (12 hours, 22°C). Iridium DNA
Intercalator (Fluidigm 201192) in 1:400 v/v TBST was
incubated (5 minutes, 22°C) to stain nuclei within the
myocardium.

4.6 | IMC signal regional analysis

All subsequent image analysis was performed using the
freeware “ImageJ]” from the NIH (http://imagej.nih.gov/
ij). Three independent approaches were used to quantify
a specific label signal, including (a) “percentage area”
which corresponded to the percentage area occupied by
a specific label signal within a designated total areal re-
gion of the myocardium; (b) “signal frequency,” which
employed a count of contiguous signal pixels in a given
myocardial area/region, used to denote the number of
immunoreactive centres detected; and (c) “Integrated
Density” (InDen) which multiplies the area of each im-
munoreactive signal and its density (on a scale of 0-255)
within a given myocardial area/region, measured directly
by using ImageJ. An expanded description of the proto-
col for IMC signal regional analysis has been included in
the supplemental methods with details of all parameters
employed.

Based on the DNA-intercalator channel which shows
the cytoplasmic structure and locations of nuclei, as shown
in Figure 1B, the border of the infarct was drawn using
the “Freehand Selection” function from ImageJ to create
a ROL The ROI was then overlaid onto other channels for
comparison of signal frequency inside and outside of the
infarct. The “Distance Map” function (explained in detail
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in the next section) was used to outline the area ranging
progressively further away from the identified infarct bor-
der (at distances 0-240 wm), defined as the PIZ. The re-
maining imaged tissue more than 240 um from the infarct
border was defined as the remote area (RA). Finally, the
percentage total area occupied by specific immunereactiv-
ities was measured by “Particle Analysis” for the distinct
regions: infarct, PIZ and RA, respectively.

4.7 | Shoreline contour analysis—
mapping to the infarct border

A “shoreline contour” analytical approach was adopted
to allow a rigorous spatial analysis of biological markers.
Thus, beginning with the closely mapped edge of the outer
infarct border, ie, the beginning of the PIZ, a series of con-
centric shoreline contour bands, each 40 um in width, was
progressively projected outwards onto the tissue image
with each contour stepped away from the infarct. To
achieve this goal using freeware ImageJ (NIH; http/www.
imagej.nih.gov/ij/), we developed the workflow using the
“Distance Map” function (Figure 1D). First, the infarct re-
gion was identified based on cellular morphology under
the nuclear channel (Figure 1B), and it was enclosed by
the “free hand” tool to become ROI. Under the “binary
mode,” the ROI selection was applied onto other chan-
nels that showed immunoreactivities to create a “mask”
over the infarct region using “Mask” function, resulting
in the infarct region being black (RGB 255,255,255). Then,
the entire image was “inverted,” with the infarct region
being white (RGB 0,0,0) and the rest of the image black.
Next, the conversion from pixels and binary intensity to
micrometres was achieved using “Distance Map” func-
tion. This created an area that decreased its intensity by
1 for every micrometre further away from the ROI. This
image was duplicated, and different intensity threshold
values, ie, shades of grey, were set to create masks of the
same shape but different sizes. Specifically, to achieve a
band width of 40 um, the threshold values were set at RGB
(40,40,40) or higher, in increments of 40 each time up to
RGB (240,240,240), thus forming the shorelines extending
from the infarct border up to 240 um away. The “XOR”
formula under “Image Calculator” function was run be-
tween the above masks to create concentric bands, which
were used to select the immunoreactivity within each
band using “AND” formula. Finally, the signal identified
was quantified using a “Particle analysis” approach.

As in the previous section, the three independent
methods were performed to quantify the immunoreactiv-
ities of the specific signals within each segmented band.
Each shoreline band had the same area and therefore the
signal frequency was used for linear regression as shown

in Figure S4. However, since the values in the infarct
and RA were added for reference in the data shown in
Figure 3F,G, the signal frequency was then divided by the
corresponding ROI area to validate these comparisons.

4.8 | Shoreline analysis—
mapping the border surrounding
infiltrating neutrophils

The same process of shoreline analysis was applied around
each neutrophil (Figure 5A,B). The location of neutro-
phils and their borders were defined by combining MPO™*
immune reactivity and the DNA intercalation channel.
“Freehand Selection” was used to draw an ROI around
each neutrophil and all ROIs were combined (Combine
ROI function) before procession to the same workflow of
overlaying ROIs onto other channels as described above.
For example, representative images shown in Figure 5A
illustrate HO-1- (white)labelled immunoreactivity with
overlaying borders of neutrophils (yellow) from the same
tissue section. Next, concentric shoreline contour bands
(10 um separation) were drawn around each individual
neutrophil (Figure 5B) in order to demonstrate a poten-
tial association with the damage markers. Refer to sup-
plemental methods for detailed parameters.

4.9 | Nearest-neighbour distance
(NND) analysis

Subsequent to the shoreline contour analysis, a second in-
dependent interaction analysis was performed using the
MosaiclA function plugin for ImageJ to conduct an NND
analysis,”*® which maps one assigned group of immu-
noreactive signals onto another and calculates the NND
between immunoreactive centres (eg, shown schemati-
cally by the two-headed arrows linking immune reactive
centres, Figure 6A). The observed distribution of NND was
then compared with a range of mathematical equations
representing different types of spatial interactions*”** and
the best fit was plotted against the observed data for com-
parison. Spatial dependence is indicated when the shape of
the observed NND distribution is similar to the mathemati-
cal model fit, but differs from “Context” that is defined as
the NND distribution from two hypothetical, independent
groups of immunoreactive centres. The strength of de-
pendence was reported by the plugin where a value of 0
indicates no interaction; a designation of 0-1 represents a
weak or no interaction while a value >1 strongly indicates
the presence of nearest neighbour interaction. The plugin
then performed a statistical test to assess the likelihood of
interaction for each of the paired of proteins by ranking
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the observed NND distribution against K Monte—Carlo
samples of point distributions with the cut-off of 0.95K-th
in the ranking.*”** An expanded detailed description of the
protocol has been included in the supplemental methods.

410 | Assessment of total myocardial
thiol levels

Levels of reduced glutathione (GSH) was measured spec-
trophotometrically as reported previously* by reaction
of homogenates with 5,5'-dithio-bis (2-nitrobenzoic acid)
(DTNB, 1.5 mg/mL) at 412 nm. Serial dilutions of GSH
in potassium phosphate EDTA buffer (KPE) were used to
create a standard curve. Cell homogenates were prepared
in 0.1 M KPE (pH 7.5) before being loaded into a COSTAR
96 well flat bottom plate. A mixture of DTNB: glutathione
reductase solution (1:1 ratio) was added to each well for
30 seconds followed by p-NADPH; absorbance was read at
412 nm every 30 seconds for 2 minutes.

411 | TUNEL staining of non-viable
cell levels

Cell necrosis and apoptosis in myocardial tissue sections
were detected using a TUNEL fluorometric kit (Promega,
NSW, Australia). The slides were deparaffinized in xylene
and rehydrated through a series of graded alcohols, fixed
in paraformaldehyde in PBS (4% v/v), washed in PBS and
permeabilized in 20 ug/mL proteinase K (22°C; 10 min-
utes). Subsequent to further fixation in paraformaldehyde
(4% v/v), the slides were incubated with equilibration buffer
(22°C; 10 minutes) then with rTdT incubation buffer [90%
Equilibration Buffer, 10% Nucleotide Mix, 2% rTdT Enzyme
(37°C; 1hour)]. Reaction was stopped by immersion in
2xSSC, and nuclei were counterstained by 1:600 Spectral
DAPI (PerkinElmer, USA) in TBST. ZEISS AXIO SCOPE
upright fluorescent microscope (Zeiss, NSW, Australia) was
used for imaging. The TUNEL" density was calculated by
the measured intensity of fluorescence normalized against
the section area on MetaMorph® image analysis software
(version 7.6; Molecular Devices, San Jose, CA, USA).

412 | Echocardiogram assessment of the
cardiac function

A transthoracic echocardiogram in the parasternal short-
axis position at the mid-ventricle level was performed at
4 weeks post-AMI using rats from a parallel study that un-
derwent the same AMI-reperfusion protocol. A SonoSite
Edge II Ultrasound System (Bothell, WA, USA) with a
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HSL25x%/13-6 MHz transducer (Fujifilm Sonosite, Bothell,
WA, USA) was used for echocardiogram assessment. Left
ventricular end-systolic diameter (LVESD) and left ven-
tricular end-diastolic diameter (LVEDD) were measured in
M-mode. Three independent recordings were performed
in triplicate for each individual rat, and their mean values
were used to calculate the fractional shortening (FS) and
ejection fraction (EF) according to the following formulae:

FS(%) = [(LVEDD — LVESD)/(LVEDD)] x 100,

EF(%) = [(LVEDD? — LVESD?) / (LVEDD?)] x 100.

4.13 | Statistical analysis

All statistical analysis except NND analysis was per-
formed on GraphPad Prism 7.04. Data sets for SHAM
and AMI cohorts were confirmed to be normally dis-
tributed as follows: comparison of the 3-CI-Tyr:Tyr ratio
from the sham/AMI group and all regional comparison
were adjudged normal by the Shapiro-Wilk test (alpha
set at 0.05 with outcome P > .05 thereby rejecting the
null hypothesis); shoreline data were also judged to be
normally distributed by both the Shapiro-Wilk (P > .05)
and Kolmogorov-Smirnov tests (P > .1). After testing
for data normalcy, data sets were compared with ei-
ther one-way ANOVA (parametric test) performed for
regional analysis when comparing the absolute values
of signal frequencies among the infarct, PIZ and RA,
while a paired t-test (parametric test) was used to com-
pare signal frequencies in the PIZ and RA normalized
against the infarct from the same microscopic slide. An
unpaired ¢-test was used to compare the 3-Cl-Tyr:Tyr ra-
tios, total thiol levels and echocardiogram parameters
from the sham and AMI groups. Linear regression was
used for all shoreline analysis. In all cases P < .05 was
considered to be statistically significant.
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