JACC: BASIC TO TRANSLATIONAL SCIENCE

VOL. 8, NO. 2, 2023

© 2023 THE AUTHORS. PUBLISHED BY ELSEVIER ON BEHALF OF THE AMERICAN
COLLEGE OF CARDIOLOGY FOUNDATION. THIS IS AN OPEN ACCESS ARTICLE UNDER

THE CC BY-NC-ND LICENSE (http://creativecommons.org/licenses/by-nc-nd/4.0/).

STATE-OF-THE-ART REVIEW

Mechanisms of the “No-Reflow”

Phenomenon After Acute

Myocardial Infarction

Potential Role of Pericytes

Sanjiv Kaul, MD,* Carmen Methner, PuD,? Zhiping Cao, PuD,* Anusha Mishra, PuD*"

HIGHLIGHTS

e Pericytes contract during myocardial ischemia resulting in capillary constriction and no reflow.

« Reversing pericyte contraction pharmacologically reduces no reflow and infarct size.

o These findings open up an entire new venue of research aimed at pericyte function.

SUMMARY

Pericytes contract during myocardial ischemia resulting in capillary constriction and no reflow. Reversing pericyte contraction
pharmacologically reduces no reflow and infarct size. These findings open up an entire new venue of research aimed at
altering pericyte function in myocardial ischemia and infarction. (J Am Coll Cardiol Basic Trans Science 2023;8:204-220)
© 2023 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

All knowledge, like all ignorance, deviates from
the truth in an opportunistic direction’
—Gunnar Myrdal'

here have been several reviews on the no-
reflow phenomenon in recent years,”*

including an authoritative one by Kloner
et al>* who have remained active in the field for the
past 45 years. The current review is selective by
design and attempts to revisit some pertinent older
observations on microvascular flow after reperfusion
on which newer findings regarding the role of peri-
cytes on the no-reflow phenomena might shed more

light. It also questions whether pericytes may play a

wider role in myocardial ischemia and infarction in
addition to their role in no reflow. The review will
leave many questions unanswered, which would
lend themselves to future investigation.

HISTORICAL MILESTONES

The no-reflow phenomenon pertains to lack of
parenchymal microvascular perfusion despite resto-
ration of arterial blood flow after ischemia. Table 1
lists the historical milestones related to the no-
reflow phenomenon in experimental models of
ischemia/infarction. Although the term “no reflow”
was coined by Majno et al® based on findings in the

From the *Knight Cardiovascular Institute, Oregon Health and Science University, Portland, Oregon, USA; and the ®Jungers Center
for Neurosciences Research, Department of Neurology, School of Medicine, Oregon Health and Science University, Portland,

Oregon, USA.

The authors attest they are in compliance with human studies committees and animal welfare regulations of the authors’
institutions and Food and Drug Administration guidelines, including patient consent where appropriate. For more information,

visit the Author Center.

Manuscript received May 20, 2022; revised manuscript received June 13, 2022, accepted June 13, 2022.

ISSN 2452-302X

https://doi.org/10.1016/j.jacbts.2022.06.008


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jacbts.2022.06.008
https://www.jacc.org/author-center
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2022.06.008&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 8, NO. 2, 2023
FEBRUARY 2023:204-220

brain in 1967, the finding of sluggish tissue flow after
reversal of ischemia was first described by Harman® in
1948. He noted slow penetration and retention of dye
in skeletal muscle of rabbits 3 hours after restoration
of arterial flow following 3 hours or more of ischemia.
The histopathological findings included extensive
tissue edema with leukocyte infiltration and dilated
capillaries containing erythrocytes but no thrombi.
No venous obstruction was noted.

In 1959, Sheehan and Davis’ described “failure of
reflow” after restoration of arterial blood flow to the
ischemic rabbit kidney. Whereas erythrocyte stagna-
tion within capillaries was noted immediately after
reperfusion, thrombi appeared an hour later. Similar
to Harman, they found the prevalence of failed reflow
to increase with longer periods of ischemia, and it was
seen in almost all kidneys with >3.5 hours of
ischemia. In 1966, Kovacs et al® presented similar
findings in the adrenal gland after 1 hour of ischemia.

Krug et al® described no reflow in the cat heart in
1966. They found infrequent no reflow after 30 mi-
nutes of coronary occlusion, but no reflow was seen in
one-half the animals after 1 hour of coronary occlu-
sion and in all animals after 2 hours of coronary oc-
clusion. They injected acridine orange to define the
risk area and light green dye to demarcate the
perfused bed after reperfusion in the beating heart
and then defined risk area and no reflow post-
mortem. In the example from their work in Figure 1A,
the dark area containing neither acridine orange nor
the green dye was defined as the region of no reflow.
Immediately after reperfusion, they found interstitial
and intercellular edema, and in animals lasting 1-6
hours after reperfusion, they noted capillaries packed
with erythrocytes, but no thrombi (Figure 1B)]. Hence,
apart from the duration of arterial occlusion, the time
allowed for reperfusion also seemed to affect the
incidence of no reflow. They also noted myocardial
hemorrhages in association with ruptured capillaries.
These phenomena may be related to increased capil-
lary permeability caused by ischemia or reperfusion,
or both.

In 1968, Ames et al'® provided an in-depth analysis
of brain perfusion after arterial blood flow restoration
in rabbits undergoing global brain ischemia. Regions
of no reflow increased in size with the duration of
ischemia, but unlike the skeletal muscle, heart, ad-
renals, and kidney, no reflow could be seen after as
early as 5 minutes of ischemia with almost the entire
cerebral hemisphere affected after only 15 minutes of
ischemia. Administration of heparin had no effect on
the no-reflow size but perfusing the brain with blood-
free solution before inducing ischemia showed com-
plete filling of capillaries with dye. When such brains

Kaul et al

No Reflow in Acute Myocardial Infarction

were then perfused with a red blood sus-
pension, no reflow was again noted, indi-
cating that only certain-sized particles (such
as erythrocytes) exhibited reduced flux in the
no-reflow zone.

In 1974, Kloner et al** described the ul-
trastructural changes in coronary no reflow

in a large animal model. They subjected dogs
to myocardial ischemia varying from 20 to
120 minutes. One-half of the myocardial biopsies
showed microvascular changes, which were promi-
nent with occlusion periods of >1 hour. In no
instance was microvascular damage seen without
tissue changes, and microvascular damage always
lagged behind tissue damage. Some platelet rem-
nants and areas of hemorrhage were also noted.
Figure 1C is an example of an electron micrograph
from their paper" in a dog with 90 minute of coro-
nary occlusion followed by 20 minutes of reperfu-
sion. A capillary is seen with an erythrocyte filling
the entire lumen. In general these ultrastructural
findings previous  histopathologic
observations.

confirmed

Early on, several mechanisms were proposed for no
reflow. For instance, in the brain, Majno et al® re-
ported swollen astrocyte feet compressing the capil-
laries externally. External pressure from interstitial
edema was also suggested as a contributing factor.>"!
Endothelial damage and blebbing were reported in
the brain by Majno et al® and in the heart by Kloner
et al."' Leukocytosis is also seen with tissue damage,
although leukocyte adherence occurs principally in
the venules, and initial studies of no reflow did not
report tissue venous obstruction.”'® More recently,
Yemesci et al'” showed that compared with capillaries
in normal tissue, capillaries in the no-reflow zone in
the brain had a beaded appearance. The narrower
regions between “beads” corresponded to the

ABBREVIATIONS
AND ACRONYMS
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CHP = capillary hydrostatic
pressure

MBF = myocardial blood flow

MCE = myocardial contrast
echocardiography

NG2 = neural glial antigen-2

Experimental Models of Ischemia/Infarction

TABLE 1 Timeline of Historical Events Related to the No-Reflow Phenomenon in

Year Author(s) Event

1948 Harman® Sluggish reflow in ischemic skeletal muscle

1959 Sheehan and Davis’  Failure of reflow in ischemic kidney

1966 Kovacs et al® Poor reperfusion in ischemic adrenal gland

1966 Krug et al® Poor reflow in the ischemic heart

1967 Majno et al® Used the term “no reflow" for the first time in ischemic brain

1968 Ames et al'® In-depth description of no reflow in the brain, including
ultrastructural findings

1974 Kloner et al" Ultrastructural changes related to coronary no reflow

2009 Yemesci et al'? Capillary constriction caused by pericytes in brain no reflow,
which is inhibited by antioxidants

2017 O'Farrell et al®® Pericytes implicated in coronary no reflow and their relaxation

by adenosine reduced no reflow in the heart
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FIGURE 1 Pathognomonic Findings Related to the No-Reflow Phenomenon
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(A) An example from the first description of no reflow in the cat heart by Krug et al,” where they injected acridine orange in the beating heart
to define the risk area and light green dye to define the perfused bed after reperfusion. Then risk area and no reflow was defined post
mortem. The dark area with clearly demarcated borders not staining with either acridine orange or green dye denotes the no-reflow zone. This
animal had undergone 2 hours of coronary occlusion followed by 3 hours of reperfusion.® Bar = 5 mm. Reproduced with permission of the
American Heart Association. (B) An example of histopathologic findings in another animal in the same study by Krug et al,® where the heart
was examined 6 hours after reperfusion following 2 hours of coronary occlusion. Myocardial capillaries are dilated, partially ruptured, and
packed with erythrocytes.® Bar = 40 um. Reproduced with permission of the American Heart Association. (C) The first ultrastructural findings
in coronary reflow reported by Kloner et al'' from a dog heart undergoing 20 minutes of coronary occlusion and 90 minutes of reperfusion.
The capillary walls are thin and packed with an erythrocyte, and there is an intraluminal membrane-bound body."" Reproduced with
permission of the American Society for Clinical Investigation. (D) Images taken by Yemesci et al'? with differential inference contrast mi-
croscopy from the brain of mice undergoing ischemia and reperfusion versus sham surgery. Unlike the control mouse where capillaries appear
regular, capillaries in the mice undergoing ischemia reperfusion have a beaded appearance. The narrower regions between "beads" in the
experimental animal corresponds to the presence of pericytes on the abluminal surface of capillaries.’” Bar = 20 um. Reproduced with
permission of the publisher. RSCA = region supplied by coronary artery (risk area).

presence of pericytes on the abluminal surface of work taken with differential inference contrast
capillaries. They reported that pericytes contract microscopy.
during ischemia and remain contracted during
reperfusion. Figure 1D represents an image from their constriction at pericyte locations was seen

In 2017, O’Farrell et al*® confirmed that capillary

in
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coronary no reflow in a rat model of myocardial
ischemia and reperfusion. They noted that 40% of
capillaries had no reflow at pericyte locations, where
capillary diameter was reduced by 37%. Furthermore,
they showed that adenosine increased capillary
diameter by 21% at pericyte locations, decreased
capillary block by 25%, and increased perfusion vol-
ume by 57%.

In the clinical setting of acute myocardial infarc-
tion, because reperfusion is mainly attempted with
balloon angioplasty followed by stent placement,
thrombus and/or atheroma debris are likely to be
embolized to the myocardial microcirculation during
the procedure.'* Platelet activation can also occur in
situ in the microcirculation under low-flow condi-
tions.”’> These extraneous particles are likely to
cause patchy zones of no reflow that are confined to
the vascular territory of the infarct-related artery.'*"
These patches of no reflow can, therefore, occur at the
same time and within the same region as no reflow
caused by prolonged ischemia and reperfusion. Cli-
nicians have focused on reversal of these iatrogenic
causes of no reflow'®?* without appreciating that no
reflow is likely to occur in infarcted regions even
without manipulations of the infarct-related artery.
The iatrogenic causes of no reflow and their treat-
ment are beyond the scope of this review.

TISSUE PERFUSION IN NO REFLOW

Earlier pathologic studies using dyes to discern no
reflow showed regions with clearly demarcated
edges.”'° However, nutrient blood flow to tissue after
reperfusion is complex and varies both spatially and
temporally as quantified using radiolabeled micro-
spheres and myocardial contrast echocardiography
(MCE). Radiolabeled microspheres (usually 11-13 pm
in diameter) used for myocardial blood flow (MBF)
measurements are injected in the left atrium and
lodge in small myocardial arterioles. When tissue is
analyzed post mortem in a y well counter, the amount
of radioactivity in each piece of tissue can be con-
verted to flow in mL-min~'.g'.**

MCE uses small gas-filled microbubbles about one-
half the size of erythrocytes whose microvascular
rheology is identical to that of erythrocytes.?#*> They
can be detected by specially designed ultrasound
equipment.?® When injected intravenously, a major-
ity of the microbubbles pass unhindered through the
lungs and opacify the left ventricular cavity on ul-
trasound examination. They also enter all organs in
proportion to flow to those organs and their spatial
distribution on ultrasound examination reflects the
spatial distribution and density of microvessels in
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those organs, 90% of which represent capillaries in
the heart.”” The spatial resolution of MCE is 0.5-
1.0 mm depending on the ultrasound frequency used
and is orders of magnitude superior to that of radio-
labeled microspheres. Cardiac magnetic resonance
has also provided valuable insights into the no-reflow
phenomenon.?®

In a pioneering study, Cobb et al*° injected radi-
olabeled microspheres at 15 seconds, 15 minutes, 4
hours, and 3 days in separate dogs undergoing
reperfusion after 2 hours of coronary occlusion.
Starting from hyperemia immediately after reperfu-
sion, they noted a progressive decline in resting
MBF over time that corresponded to the extent of
myocardial injury at that time. Several subsequent
studies were published in the canine model of cor-
onary ischemia and reperfusion using radiolabeled
microspheres, with all showing temporal and
spatial alterations in MBF within the infarct zone
after reperfusion.’°3® The greatest reduction in
resting MBF after reperfusion occurred in the
endocardium.3°-34-3°

Ambrosio et al*' noted greater no reflow with
longer durations of reperfusion after 90 minutes of
coronary occlusion. Johnson et al®** studied the
pressure-flow relation during maximal exogenous
vasodilation and found that the ischemic bed showed
reduced vasodilatory reserve even after only 40 mi-
nutes of ischemia. Importantly, they noted that the
decrease in coronary conductance was directly pro-
portional to the extent of myocardial necrosis. Van-
haecke et al®® reported similar findings and reiterated
the role of exogenously administered adenosine for
unmasking the reduced coronary conductance seen in
reperfused tissue.

Building on these findings Villanueva et al** re-
ported on MCE findings at different time points after
reperfusion in dogs undergoing 3 hours of coronary
occlusion. The regions showing reduced contrast
enhancement at rest were generally located in the
endocardium and underestimated the eventual
infarct size at various intervals after reflow. But when
exogenous vasodilation was used, the region with
reduced contrast enhancement compared with the
normal myocardium correlated very well with infarct
size. Figure 2 illustrates examples from 2 dogs with
infarctions at different locations. Resting perfusion
defects varied with time but with dipyridamole they
corresponded to the infarct topography. Thus, all re-
gions within the ischemic bed that ultimately
underwent myocardial necrosis had reduced micro-
vascular reserve after reperfusion.>*#3> These findings
were confirmed using radiolabeled microspheres
(Figure 3A).
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FIGURE 2 In vivo Short-Axis MCE Images From Dogs During Reperfusion Following Coronary Occlusion and Infarct Size After

15 min 15 min +ladehosine

B3

Infarct size

In vivo short-axis myocardial contrast echocardiographic (MCE) images from dogs during 3 hours of reperfusion following 3 hours of coronary
occlusion as well as infarct size measured at 3 hours after reperfusion. (A) Examples from a dog with a nearly transmural anterior wall
infarction involving the left anterior descending coronary artery. (A1) After 45 minutes of reperfusion, a small defect localized to the
endocardium in the anterior wall is noted as shown by arrows. (A2) After 3 hours of reperfusion, this defect was slightly larger, as depicted
by arrows. The addition of dipyridamole (A3) resulted in a much larger relative contrast defect, shown by arrows, which closely delineated
the true size and shape of the infarct (A4), indicated by arrows.>* (B) Examples from a dog with a near transmural lateral wall infarction
localized involving the left circumflex coronary artery. After 15 minutes of reperfusion, a moderate sized contrast defect is seen (B1) that
underestimates the infarct size (B3). However, when adenosine is given, the perfusion defect approximates the infarct size more accurately
(B2). Thus, the infarct size at 3 hours after reperfusion can be predicted even 15 minutes after reperfusion when adenosine is used.>® The
color maps in MCE images represent a heated object where colors change from black to red, to yellow to orange depending on degree of

contrast enhancement. Reproduced with permission of the American Heart Association.

The same investigators further demonstrated that
while resting MBF (measured using radiolabeled mi-
crospheres) fluctuates in the erstwhile ischemic bed
over 3 hours of reperfusion, the abnormal flow
reserve unmasked with adenosine remains constant
over time within that bed (Figure 3A), starting from
15 minutes after reperfusion.®® Thus, an MCE image
taken even at 15 minutes after reperfusion during
adenosine infusion will predict ultimate infarct size
based on reduced microvascular flow reserve within
the ischemic myocardium. They also showed that the
perfusion defect size at rest correlated inversely with
endocardial MBF normalized to MBF to the normal
bed (Figure 3B).3°

Why is MBF reserve reduced within the reperfused
myocardium? The principal reason is a reduction in
capillary number and/or diameter. In the absence of
coronary stenosis, capillaries exert the greatest
resistance to exogenously induced hyperemic flow

(arterioles and venules are fully dilated).?” The larger
the number of capillaries, the greater the magnitude
of hyperemic flow and vice versa. Therefore, all pa-
thologies that result in capillary rarefaction also
exhibit reduced MBF reserve.>**° Because resistance
in a vessel is proportional to the fourth power of the
radius, even a small decrease in diameter causes a
large reduction in hyperemic flow. In capillaries,
where erythrocytes deform to pass singly, encroach-
ment on the capillary lumen will further slow their
transit. Whenever capillary topography has been
studied during reduction in coronary perfusion
pressure distal to a stenosis or no reflow, in both
capillary density and diameter have been reported to
be reduced at pericyte locations.*"*?

Because adenosine has been used to reduce no
reflow both experimentally and clinically,">*344 it is
important to note that transient hyperemia caused
by single venous bolus injection of a vasodilator is
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FIGURE 3 Radiolabeled Microsphere-Derived Transmural MBF Data in Dogs Undergoing Coronary Occlusion Followed by Reperfusion
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(A) Temporal changes in myocardial blood flow (MBF) from individual animals over 3 hours of coronary reperfusion.>* MBF within the risk area
is expressed as a percentage of transmural blood flow in the normal myocardium on the y-axis, and the interval after reperfusion is depicted
on the x-axis. DP indicates measurements made during the infusion of dipyridamole after 3 hours of reflow. Marked temporal heterogeneity in
resting MBF is noted in individual animals, with (B) temporal changes in the mean transmural MBF from all dogs. On average, the resting MBF
in the risk area is similar to that of the normal bed and starts declining only at 3 hours after reperfusion. When DP is administered, infarcted
regions show markedly reduced MBF reserve compared with the MBF reserve of the normal bed. It is during DP infusion that the spatial
extent of perfusion defect on MCE reflects infarct size. (C) Relation between MCE defect size as a percentage of the short-axis slice (y-axis)
and resting normalized endocardial blood flow within the infarct bed (x-
MCE defect size at rest, which is located mostly in the endocardium, is determined by the level of endocardial MBF within the infarct zone.

axis) from another set of dogs.>® These results demonstrate that

unlikely to reduce no reflow. All it does is unmask the
region of reduced microvascular reserve that will
undergo necrosis if flow is not restored. When vaso-
dilators are used pharmacologically to inhibit pericyte
contraction they have to be used for a longer
duration.'?4344

IS NO REFLOW JUST ANOTHER
MANIFESTATION OF REPERFUSION INJURY?

With few exceptions, greater emphasis has been
placed on the duration of ischemia rather than the
time course of reperfusion as affecting the size of the
no-reflow zone. It is possible, however, that ischemia
of longer duration results in more severe reperfusion
injury and all the pathologic findings of no reflow are
manifestations of reperfusion injury. It has also been

argued that mitigating reperfusion injury might sim-
ply delay it and that reperfusion injury should be
measured much later than a few hours after reperfu-
sion. Also some have used reperfusion injury and no
reflow synonymously, which is a mistake because one
is predominantly a myocyte phenomenon and the
other a microvascular one, even if they may be
related in some instances.

A few studies using pharmacologic and non-
pharmacologic interventions support the notion that
no reflow is a microvascular manifestation of reper-
fusion injury. For example, Przyklenk and Kloner*®
showed that whereas administering superoxide dis-
mutase and catalase just prior to reperfusion had no
effect on infarct size, it markedly reduced the no-
reflow zone and improved MBF in the ischemic bed.
Hale et al*® also reported a diminution in no reflow
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without reduction in infarct size when moderate hy-
pothermia was initiated in rabbits undergoing 30 mi-
nutes of ischemia followed by reperfusion. They
found that hypothermia at time of reperfusion had
the best effect but it also offered substantial benefit
when initiated 30 minutes later. They speculated that
hypothermia might reduce reperfusion injury by
modulating release of oxygen free radicals. They did
not measure MBF in that study. Similarly, drugs that
have been used clinically to reduce no reflow (eg,
adenosine, nicorandil, verapamil)**>4447->" have also
been shown in animal models to reduce reperfusion
injury.>*>*

If the extents of no reflow and necrosis are both
related to reperfusion injury, attempts at reducing one
should also reduce the other. This has been shown
with several drugs, including 4-clorodiazepam, a
mitochondrial membrane transporter protein
agonist;>> adiponectin, where it also improved
vascular function (in diabetic rodents);*° pitavastatin,
which has anti-inflammatory properties and activates
the PI3K-Akt/mTor pathway (in a porcine model);>’
dabigatran that has anti-inflammatory and anti-
oxidative properties (rabbit model);*® and, prolame,
which activates signaling downstream of the estrogen
receptor and enhances endothelial functions (rat
model).>®

There are some studies, however, where reduction
in infarct size did not translate to diminution in the
no-reflow zone. For example, Hale et al®® showed that
ranolazine reduced infarct size without affecting no
reflow or ischemic MBF in a rabbit model. The same
group also reported that the mitochondrial targeted
drug SB-20 reduced infarct size but not no reflow.®
They did not measure MBF in that study. Finally,
Skyschally et al°? showed reduction in infarct size but
not no reflow and found no effect on regional MBF by
either direct or remote preconditioning. It appears
that all 3 studies showed beneficial effects of the
intervention on myocyte viability without affected
MBF. We have reported that intravenous ranolazine
increases plasma adenosine levels by binding to
cytosolic-5'nucleotidase.®®> Adenosine can provide
cardioprotection independent of its effect on MBF®*
that might explain the reduction in infarct size
without an effect on MBF, which would have been
required to ameliorate no reflow.

ROLE OF PERICYTES IN NO REFLOW

What causes the capillary number/diameter to
decrease? Our hypothesis is that when coronary
autoregulation is exhausted and arteriolar dilatation
can no longer control capillary hydrostatic pressure
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(CHP) as occurs during ischemia, pericytes contract to
maintain a constant CHP.37-#%42:5%%¢ yemesci et al*?
observed pericyte contraction immediately after
ischemia was produced in the brain by arterial liga-
tion. We have observed capillary constriction at the
site of pericyte location when pressure distal to a
stenosis is reduced by exogenous hyperemia.*>-°®

CHP is one of the 4 forces responsible for tissue
fluid hemostasis that Starling®” described 125 years
ago, the others being interstitial hydrostatic pressure
as well as capillary and interstitial oncotic pressures.
Within the autoregulatory range, coronary arterioles
either dilate or constrict to maintain a constant CHP.
When autoregulation is exhausted and blood flow
becomes pressure-dependent, then, in the absence of
any other control mechanism, CHP will be driven by
systemic pressure, which is not conducive to cell
health. Based on studies using MCE, we have shown
that capillary volume decreases both when perfusion
pressure falls below or rises above the autoregulatory
range.?”-®> When perfusion pressure falls, such as in
myocardial ischemia, we have shown that capillaries
constrict at pericyte locations.*"*> When perfusion
pressure rises above the autoregulatory range, we
found that capillary volume decreases and blood is
shunted away from the capillary beds through arte-
riovenous shunts that are not active during normal
conditions.®® Pericytes can act as precapillary
sphincters to close off entire capillary beds, thus
producing capillary rarefaction, which can lead to
heart failure.®®:°° Figure 4 is a schematic of proposed
pericyte functions for controlling tissue fluid
homeostasis.

Figure 5A depicts a cartoon of pericyte location on
capillaries.®® Figure 5B shows their relation with
capillaries in the cardiac and skeletal muscles using
2-photon microscopy.*+**:°® These images were ob-
tained from neural glial antigen-2 (NG2)-dsRed
transgenic mice in which pericytes express the red
fluorescent protein dsRed under the NG2 promoter
and vessels were labeled by intravascular adminis-
tration of isolectin B4 (in green) to label the vascular
basement membrane. Figure 5C illustrates pericytes
surrounding a transversely sectioned capillary on
electron microscopy, and Figure 5D shows scanning
electron microscopic images of pericytes and their
primary and secondary processes encasing and
impinging on capillaries from a pit viper.”® Similar
images have Dbeen obtained from the rat
myocardium.”*

Our knowledge (or ignorance) of the role of
myocardial pericytes, the second most abundant type
of cells in the heart,”” is at the same stage today as our
knowledge (or ignorance) was regarding the
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FIGURE 4 Schematic to Depict the Potential Role of Pericytes in Tissue Fluid Hemostasis
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When the mean coronary perfusion pressure (CPP) ranges within the autoregulatory range, between approximately 45 mm Hg and 120 mm Hg, the vascular smooth
muscle cells (VSMCs) on the resistance arterioles contract or relax to maintain a constant capillary hydrostatic pressure (CHP). When CPP falls below 45 mm Hg, the
arterioles are fully dilated and cannot dilate anymore. When CPP is above 120 mm Hg, they are fully constricted and cannot constrict anymore. At CPP <45 mm Hg,
pericyte contraction causes capillary constriction in order to maintain a constant CHP. At CPP >120, precapillary sphincters contract to preserve CHP and this diverts

37426682 R = resistance.

flow through arteriovenous shunts that are not operative under normal conditions. Contraction of precapillary sphincters shuts of capillary beds, thus causing
capillary rarefaction, which could lead to myocardial ischemia and heart failure.

endothelium 45 years ago when Furchgott showed
that it was a metabolically active organ. Whereas
Rouget”® first described pericytes 150 years ago, they
were overlooked for a large part of the 20th century,
in part, because they were difficult to differentiate
morphologically from vascular smooth muscle cells.
Better phenotyping techniques, including their
expression of PDGFRP and of the proteoglycan NG2,
have facilitated greater research on pericytes,’*
particularly in the eye’® and brain,’® including their
contribution to vascular structure and permeability,
blood flow regulation, immune function and wound
healing, progenitor capacity, and maintenance of the
blood-brain barrier.”” Published reports are now also
accumulating regarding the role of pericytes in the
heart, particularly in ischemia and infarction using
similar techniques to those used for the brain and
eye.”®

It is not clear how pericytes constrict capillaries.
Most in vivo studies on pericyte contraction measure
change in capillary dimensions at pericyte locations.
Thus, their assessment of pericyte contraction is in-
direct because the in vivo microscopic techniques
used do not have the resolution to measure pericyte

dimensions. Higher resolution in vitro studies have
shown that pericyte bodies get smaller rather than
larger on stimulation’® and cramp the matrix on
which they are placed.®° Simulation studies suggest
that change in pericyte body shape itself can buckle
the underlying capillary basement membrane and
alter capillary size.®' How pericyte processes partici-
pate in changes in capillary dimensions is not clear.
Tips of the processes could elongate to dig into the
abluminal capillary surface, thus creating luminal
indentations (Figure 5D). This elongation would again
lead to the processes becoming thinner rather than
thicker. Using postmortem electron microscopy, we
recently showed that pericytes and their processes
appear thinner during myocardial ischemia than
pericytes from ischemic tissue treated with adenosine
do.®?

As stated earlier, because resistance in the capillary
is related to the fourth power of the radius, a very
slight, even imperceptible, change in capillary
dimension would make a large change in its resis-
tance, which would increase further by impinging on
erythrocyte flux. If a number of pericyte processes
interact with a single capillary, resistance in the
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FIGURE 5 Anatomy and Topography of Pericytes

B

Isolectin B4 / NG2-dsRed

Skeletal Muscle

Myocardium

(A) Schematic of the vasculature showing arteriole (left) ensheathed by arteriolar smooth muscle cells (blue), the capillary network (center) enwrapped by pericytes
(green) of different morphologies,”* and the draining venule covered by a thin, sparse layer of smooth muscle cells (right). (B) Images of the microvascular network in
a skeletal muscle (left)*? and cardiac tissue (right). These images were obtained from neural glial antigen-2 (NG2)-dsRed transgenic mice in which pericytes express the
red fluorescent protein dsRed under the NG2 promoter and vessels were labeled by intravascular administration of isolectin B4 (green) to label the vascular basement
membrane. Bars = 50 um. (C) Electron microscope image of capillary sectioned obliquely showing pericytes (P) at polar ends. Bar = 2 pm. (D) Scanning electron
micrographs of capillary pericytes from a pit viper.”® (Left) A pericyte extends many primary processes (black arrows) tightly enwrapping the endothelial tube. The
asterisk shows a flattened secondary process. In addition, many small projections extend from the margins of the primary and secondary processes (arrowheads). The
primary processes are seen to compress the endothelium (white arrows). Bar = 3 um. (Right) Distribution of the secondary processes and the small projections of
pericytes. Black arrows indicate cell bodies of pericytes, and arrowheads indicate the small projections. Secondary flattened processes are distributed on the capillary
wall. A pericyte primary process clearly impinges on the endothelium (white arrows). Bar = 10 um. It is easy to see why even a small change in shape of pericyte body
or processes at 1 or multiple sites could alter capillary dimension and resistance. TNM = terminal nerve mass. Reproduced with permission of SPIE.

capillary could be altered significantly. From a design
perspective, pericytes and their processes are placed
at the right locations to alter resistance in the capil-
lary network.

What does pericyte constriction of capillaries do to
MBF in the ischemic zone? That the reduced MBF
reserve within the ischemic bed is constant over
several hours suggests that the reduction in net
capillary size and or number is also constant over this
time, although individual capillary beds may open or
close, resulting in dynamic alterations in resting
MBF.?93¢ It is unlikely that this stable coronary
microvascular conductance with vasodilation is
caused by events being driven primarily within the
capillaries, such as endothelial swelling, erythrocyte
entrapment, and so on, because these would only
worsen over time. It is more likely that reduction in
capillary diameter and number results from dynamic

extracapillary forces that are trying to maintain a
constant resistance in the capillary bed, and hence,
CHP, within the ischemic myocardium. After a few
hours, pericytes may start dying as either the
ischemia or the reperfusion periods are extended,
resulting in irreversible reduction in capillary diam-
eter and number within the center of the infarct zone
causing progressive drop in resting endocardial MBF
over hours.”®3° Because energy consumption of
myocytes is higher than that of supporting cells, it
may also be that myocytes die before pericytes. Evi-
dence is accumulating, however, that pericytes in the
infarcted myocardium may change phenotype to
become other «cells with longer ischemic
durations.”%%3

Pericytes are activated by ischemia itself indepen-
dent of CHP. For instance, oxygen-glucose depriva-
tion of cultured brain pericytes not subjected to any
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FIGURE 6 No Reflow Size Is Reduced With a Specific GPR39 Inhibitor
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VC43- versus vehicle-treated animals.*'

No reflow areas are the black areas not stained with Thioflavin-S (Thio-S) (red arrows) and risk areas are the zones not stained blue with Evans
blue (EB) (white arrows) in cross-sections of the heart in wild-type mice treated with vehicle (A) or a specific GPR39 inhibitor, VC43 (B).
Extensive no reflow is visible in the former and none in the latter. Aggregate data (C) show a 2.9-fold smaller no-reflow/risk area ratio in the

hemodynamic factors reduces cell mobility within an
hour and later results in apoptosis.®* An in vivo study
of retinal pericytes demonstrated that ischemia in-
duces a-smooth muscle actin and calcium-mediated
persistent pericyte contraction, which can be
delayed by glucose supplied from perimicrovascular
glycogen.®> Live imaging of brain slices during
simulated ischemia demonstrates that capillaries
constrict at pericyte locations first and then by
40 minutes the pericytes die.””

Oxygen free radicals released during reperfusion
can also activate pericytes. For example, Yemesci
et al'” showed capillary constriction at pericyte loca-
tions in vivo in the brain by local injection of perox-
ynitrite, an oxygen free radical. They were also able
to attenuate capillary constriction in vivo with the
nitric oxide synthase inhibitor, Nw-nitro-L-arginine,
as well as the superoxide scavenger N-tertbutyL-o-
phenylnitrone administered immediately prior to
reperfusion.”” Complement released during reperfu-
sion injury also activates pericytes that leads to their
transition to fibroblasts that further impinge on the
capillary lumen.®* None of these mechanisms need be
exclusive. For instance, immediate pericyte contrac-
tion may result from perturbations in microvascular
hemodynamics and then be sustained by oxygen
deprivation during ongoing ischemia followed by
reperfusion injury, which in turn could be exacer-
bated by pericyte contraction itself.

Pericytes have a large number of ion channels and
receptors that could be manipulated to prevent or

reduce their contraction.®® For example, adenosine
pericytes by activating adenosine
triphosphate-sensitive K* channels,®”-*® and O’Far-
rell et al"® reported less capillary constriction and

can relax

reduced no reflow after adenosine treatment. Obvi-
ously, adenosine released during ischemia itself is
not enough to prevent pericyte contraction. Clinical
trials in coronary reflow have also shown benefit of
Similarly, nicorandil has been
demonstrated to reduce no reflow in the clinical

adenosine.*>#*

setting.*®9 It possesses the dual properties of a ni-
trate and adenosine triphosphate-sensitive K+
channel agonist.®® Additionally, calcium channel
blockers, such as verapamil, which have been used
successfully clinically for reducing no reflow,>°>' may
reduce pericyte contraction by inhibiting L-type
voltage dependent calcium channels.®°

More recently, we reported that the orphan G-
protein coupled receptor GPR39, a member of the
Ghrelin receptor subfamily, is present in vascular
smooth muscle cells and contributes to coronary
arteriolar tone in mice.’* We also demonstrated that
activation of GPR39 by its naturally occurring ligand
15-hydroxyeicosatetraenoic acid that is released dur-
ing ischemia, causes calcium release in pericytes.*’
GPR39 knockout mice and mice treated with VC43, a
tool compound that is a specific GPR39 inhibitor,
given 15 minutes into 1 hour of coronary occlusion
showed markedly smaller no-reflow zone and infarct
size 2 hours after reperfusion. These beneficial effects
of the drug were associated with less capillary
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FIGURE 7 Infract Size Is Reduced With a Specific GPR39 Inhibitor
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Infarct size data from wild-type (WT) mice each treated with either VC43 or vehicle. A large infarct (pale tissue marked by black arrows) in a
vehicle-treated animal (A) whose risk area (tissue not stained with Evans blue dye) is similar in size to a VC43-treated animal (B); the infarct
size in the latter is markedly smaller. Aggregate data (C) show a 2-fold difference in the infarct size/risk area ratio in the VC43- versus

vehicle-treated animals.*'

constriction at pericyte locations as well as a greater
capillary density.*' Figures 6 to 8 show results on no-
reflow size, infarct size, and capillary topography in
wild-type mice treated with VC43 when compared to
vehicle. Inhibition of other receptors and ion chan-
nels present on pericytes that contribute to their
contraction either alone or in combination, could
further relax pericytes during ischemia and reperfu-
sion, thus further reducing no reflow.

COULD PERICYTES ALSO INFLUENCE
INFARCT SIZE?

It is clear that pericytes contract during ischemia
because CHP needs to be maintained at as normal a
level as possible. It could also result from lack of ox-
ygen and/or glucose as well as release of metabolites
that cause an increase in intracellular calcium within
pericytes. It is well established that when a coronary
artery is occluded, myocardial necrosis starts in the
endocardium and over time extends into
noncollateral-supplied regions of the risk area.®* 9+
The initial endocardial injury during ischemia has
been explained by reduced endocardial MBF
compared to the mid- and epicardial regions of the
heart. Furthermore, the reduction in endocardial MBF

has been attributed to greater endocardial wall stress

because the endocardium abuts the left ventricular
cavity where pressures are higher than at the epicar-
dium. Additionally capillary density has been shown
to be lower in the endocardium than the epicardium
both in the rat®® as well as the human®® heart, which
likely makes the endocardium more vulnerable to
ischemia.

An additional possibility may be that endocardial
MBF is reduced disproportionately during ischemia
from greater pericyte-mediated constriction of capil-
laries in the endocardium. While we have been suc-
cessful at measuring MBF and regional myocardial
function with good resolution, there are no reliable
techniques available to measure even distal arteriolar
pressures let alone CHP in a beating heart. Therefore,
we cannot measure transmural vascular pressure
gradients in the heart. Because flow is determined by
pressure gradients, arteriolar pressure in the endo-
cardium has to be lower than that in the epicardium
under normal conditions.

When CHP falls in the presence of ischemia or
reduced perfusion pericytes  will
contract,'>'3:374142 and it is likely they will contract
the most in the endocardium where CHP is likely to

pressure,

suffer the greatest decline. Thus, there may be a
transmural gradient in the magnitude of pericyte
contraction that may also lead to greater reduction in
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FIGURE 8 Capillary Density and Diameter Are Larger During Myocardial Ischemia With a Specific GPR39 Inhibitor
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2 groups of animals.*’ DAPI = 4,6-diamidino-2-phenylindole; other abbreviations as in Figures 5 and 7.

Capillary topography and pericyte locations in a WT vehicle-treated mouse (A) and a WT VC43-treated mouse (B) from within the risk area (top) and the normal
myocardium (bottom). Bar = 10 um. Capillaries are stained green with CD31 and pericytes are stained red with NG2. Both capillary size and density appear similar
within the normal myocardium in both mice but appear more diminished in the risk area in the vehicle- versus the VC43-treated mouse. Quantitative analysis reveals the
average capillary diameter (C) to be smaller in the risk area of the vehicle-treated mice compared to the VC43-treated mice, while being similar in the normal
myocardium in the 2 groups of animals. Similarly, the capillary density measured as a percentage of capillaries occupying the total myocardial area viewed under the
microscope (D) was less in the risk area of the vehicle- versus the VC43-treated mice. Capillary density was similar in the normal, nonischemic myocardium in the

endocardial MBF. This may explain why no reflow is
more likely to be seen in the endocardium. It can also
explain why VC43 that inhibits pericyte contraction
not only results in less no reflow but also less necro-
sis. Similar results were obtained in GPR39 knockout
mice.*!

It has been known for a while that when resting
perfusion pressure drops vasomotor tone is still pre-
sent despite ongoing ischemia that can be unmasked
with use of a coronary vasodilator such as adeno-
sine.?”'°° It is clear that this increased tone occurs at
the capillary level because capillary volume as
measured by MCE decreases.’””°® Although several
mechanisms have been suggested for this finding, it is
possible that pericyte contraction in response to
reduced perfusion pressure might constrict capillaries
and contribute to the vasomotor tone.®> Thus, peri-
cytes, acting as sentinels that guard tissue fluid he-
mostasis, may be playing a larger role in myocardial
ischemia and infarction than previously was realized.
Teleologically, tissue fluid hemostasis should take

precedence over tissue oxygenation.®® The mecha-
nisms whereby changes in CHP are detected and the
location where they are detected (endothelium or
pericyte) are yet unknown. Preliminary results
implicate the transient receptor potential ion channel
subfamily M.

With prolonged ischemia, sustained reduction in
CHP and/or ischemia in mid- and epicardial layers
will activate pericytes there as well, ultimately lead-
ing to necrosis in those regions. Timely relief of
ischemia will reverse reduction in CHP and pericyte
contraction and consequently preserve the myocar-
dium. The longer the ischemia, the more likely that
pericytes will contract irreversibly and not respond
even if coronary hemodynamics are restored. If peri-
cytes play a role in the pathogenesis of myocardial
ischemia and infarction, newer drugs could be
developed to inhibit their contraction.

The MCE images depicted in Figure 9 are from a dog
undergoing coronary occlusion for 6 hours at which
infarct

time size was measured without any
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FIGURE 9 Spatial Extent of Perfusion During Coronary Occlusion Predicts Infarct Size 6 Hours Later

Tissue Slice

In vivo myocardial contrast echocardiography-defined perfusion defect sizes at various intervals of microbubble replenishment of myocardium
and ultimate infarct size on postmortem examination in a dog undergoing 6 hours of coronary occlusion without reperfusion. Although the
risk area (A) 30 minutes after coronary occlusion appears large, the infarct size is modest (D) because of collateral myocardial blood flow
(B and C), the absence of which clearly defines the spatial extent of necrosis.”> Thus, even at 30 minutes after coronary occlusion the worst-
case scenario infarct size is defined based on myocardial perfusion. White arrows define extant of collateral myocardial blood flow laterally.
Collateral flow is also present in the epicardium. Black arrows define extent of necrosis, which corresponds to area with no perfusion in C.

Pl = pulsing interval.

reperfusion.”®> MCE in this instance was performed
during continuous intravenous administration of
microbubbles. Using this approach, once steady state
is achieved, the microbubbles are destroyed with ul-
trasound'°’ and then images are acquired at increasing
pulsing intervals.'®® The risk area defined as region
with reduced MBF is illustrated at a short pulsing in-
terval very soon after microbubble replenishment of
tissue (Figure 9A), and regions with reduced MBF
compared with that of the normal bed are defined at
longer pulsing intervals (Figures 9B and 9C).

It is evident that at longer pulsing intervals there
is more contrast enhancement in the epicardial and
lateral portions of the risk area that represent

collateral blood flow. Only regions not receiving
collateral blood flow (regions with no contrast
enhancement at rest even at long pulsing intervals) at
time of coronary occlusion showed infarction 6 hours
later. Thus, the MCE image even at the time of coro-
nary occlusion predicted the worst-case scenario
infarct size. The transmural migration of necrosis
would be arrested with timely reperfusion.

It is interesting to compare the MCE images in
Figure 9 with those in Figure 2 where the regions
exhibiting reduced MBF reserve after reperfusion
also did not include the epicardial and lateral
collateralized areas within the risk area. These re-
gions with reduced MBF reserve throughout the
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CENTRAL ILLUSTRATION Mechanism of No Reflow During Acute Myocardial Infarction
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When perfusion pressure drops during coronary occlusion, capillary hydrostatic pressure also drops. In order to keep this pressure constant
pericytes contract resulting in capillary constriction and no reflow. Pericytes respond to increased 15-HETE and other vasoconstrictors by
mobilizing calcium that results in their contraction. 15-HETE = 15-hydroxyeicosatetraenoic.

duration of reperfusion in Figure 2 later showed
necrosis. Could it be that in both instances pericyte
contraction caused capillary constriction enough to
prevent adequate nutrient blood flow to reach the
tissue? Could it also be that the periphery where
pericytes (or precapillary sphincters) contracted
defined the boundaries of the ultimate infarction? It
is expected that if coronary blood flow were to be
restored in a timely manner, CHP would rise, peri-
cyte contraction would be reversed, and infarction
would be aborted.

Whether pericytes are involved only in no reflow or
whether they are also involved in determining the ul-
timate infarct size has obvious therapeutic implications.
The best course of action in a patient presenting with
acute myocardial infarction is to attempt reperfusion.

However, despite a large reduction in mortality from
this approach in the first 2 decades following reperfu-
sion strategies,'®>'°* the annual age-adjusted mortality
from acute myocardial infarction has remained stub-
bornly >10% over the past decade.'®> Consequently,
newer therapies to improve the outcome in this popu-
lation would be highly impactful.

SUMMARY

The no-reflow phenomenon has been extensively
investigated since 1948 and in the heart since 1966.
Although we have learned a great deal about the
phenomenon in terms of pathology and potential
therapies, there is still a lot to uncover. Pericytes
contraction provides a single, cohesive mechanism
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underlying the no-reflow phenomenon. It also plays
an important role in myocardial ischemia and infarc-
tion. Involvement of pericytes in these processes
provides an opportunity for use of nonpharmacologic
and pharmacologic interventions to relax pericytes
and reduce no reflow, infarct size, and degree of
ischemia. This could open up new frontiers in
the management of acute myocardial infarction
(Central Illustration).
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