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Abstract

Therapeutic induction of collateral flow as a means to salvage tissue and improve outcome from
acute ischemic stroke is a promising approach in the era in which endovascular therapy is no
longer time-dependent but collateral-dependent. The importance of collateral flow enhancement
as a therapeutic for acute ischemic stroke extends beyond those patients with large amounts of
salvageable tissue. It also has the potential to extend the time window for reperfusion therapies
in patients who are ineligible for endovascular thrombectomy. In addition, collateral enhancement
may be an important adjuvant to neuroprotective agents by providing a more robust vascular
route for which treatments can gain access to at risk tissue. However, our understanding of
collateral hemodynamics, including under co-morbid conditions that are highly prevalent in

the stroke population, has hindered the efficacy of collateral flow augmentation for improving
stroke outcome in the clinical setting. This review will discuss our current understanding of

pial collateral function and hemodynamics, including vasoactivity that is critical for enhancing
penumbral perfusion. In addition, mechanisms by which collateral flow can be increased during
acute ischemic stroke to limit ischemic injury, that may be different depending on the state of the
brain and vasculature prior to stroke, will also be reviewed.

Introduction

Stroke is the second leading cause of death worldwide and the leading cause of disability

in the US.[1,2] Approximately one-third of all ischemic strokes are large vessel occlusions,
which accounts for the majority of stroke-related morbidity and mortality.[3,4] Treatment

of large vessel occlusion focuses on restoration of blood flow to the penumbra, a region of
reduced blood supply surrounding the core infarction, because tissue within the penumbra is
potentially salvageable if reperfusion occurs.[5-7] Traditionally, stroke treatment with either
thrombolysis or endovascular thrombectomy has been limited by time windows for safety
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and efficacy. However, recent clinical trials (DAWN and DEFUSE 3) demonstrated major
benefit of reperfusion up to 24 hours in patients with salvageable tissue.[8,9] These trials
showed that more robust collateral grade was linked to lower baseline National Institutes of
Health Stroke Scale (NIHSS), smaller core infarct volumes, better clinical outcomes, and
importantly was unrelated to time to recanalization, i.e., good collaterals offset any time
dependency of revascularization treatment effects.

The importance of collateral flow during acute ischemic stroke (AIS) cannot be overstated.
Flow through the leptomeningeal anastomoses (LMA), also known as pial collaterals, as an
alternate pathway of perfusion during large vessel occlusion has been shown in numerous
clinical and animal studies to offset the potential ischemic brain injury. Patients with

good collaterals respond better to reperfusion therapies, have better outcomes, and less
hemorrhagic complications. Indeed, the association between good collaterals on baseline
imaging (determined by a graded scale), better reperfusion and more favorable outcome
from AIS suggests better overall cerebrovascular and brain health. However, while the lack
of time-dependency for endovascular therapy has revolutionized stroke treatment, its use is
essentially limited to patients with small ischemic cores and large penumbral tissue that can
be salvaged by reperfusion, i.e., patients with good collateral flow.[9-11] In addition, delays
or inaccessibility to endovascular thrombectomy further highlight the need for interventions
that sustain penumbral tissue until reperfusion can occur. [12]

Enhancement of collateral flow as a therapeutic target has been around for decades without
showing success in the long-term. Revisiting this approach seems appropriate in an age in
which endovascular thrombectomy has no time window and brain injury from AIS is no
longer time-dependent but collateral-dependent. However, patients with good collaterals are
few compared to those with insufficient amounts of salvageable tissue that are ineligible for
endovascular thrombectomy. These patients not only demonstrate the importance of good
collaterals for more favorable outcome in AlS, but also highlight the need for additional or
adjunct treatments. This review will focus on collateral enhancing strategies and therapies
for augmenting collateral perfusion during AIS. We will also consider recent studies
demonstrating functional (vasoactive) LMAS and the influence of co-morbid conditions that
may affect infarct expansion and the efficacy of collateral enhancing therapies.

Cerebral hemodynamics and the pial collateral circulation

The central concept behind collateral therapies for improvement of AIS outcome is to
increase cerebral blood flow (CBF) in regions that are hypoperfused with the hope

that these regions can be salvaged. This concept is supported by numerous clinical

studies showing a strong association between good collateral status on imaging and better
outcome from AIS.[9-11] Patients with robust collaterals have smaller baseline core infarct
volumes, suggesting that LMASs support more salvageable tissue and a larger penumbra
volume.[9-11] In addition, patients with good collaterals have more favorable outcome
from endovascular thrombectomy further highlighting the important influence of collateral
perfusion in sustaining viable tissue until reperfusion can occur. However, whether collateral
perfusion can be induced after the onset of AIS in a way that is beneficial in the long-term

is the challenge and has, to date, not been successfully accomplished. A better understanding
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of LMA function and collateral hemodynamics, including its heterogeneity, may help
improve the benefit of collateral enhancing therapies.

LMAs are anastomotic connections between distal branches of major arterial territories,
connecting middle (MCA), anterior (ACA), and posterior cerebral arteries (PCA) of the pial
circulation supplying the cerebral cortex (Figure 1). Pial collaterals are unique vessels in
that they are highly pressurized but have low flow and low shear stress under physiological
conditions because of a lack of a pressure differential in adjacent arterial trees, e.g., ACA
and MCA.[13,14] However, a considerable pressure differential is created during large
vessel occlusion between the patent and obstructed arteries. This sharply increases collateral
flow by ~15-fold and luminal shear stress in LMASs by ~20-fold.[15] The increase in LMA
flow drives collateral perfusion through penetrating arterioles that can salvage the penumbra.
When recanalization occurs, the pressure differential in LMAS is eliminated and flow and
shear stress return to their low physiological levels. In the acute setting when the occlusion is
distal to the circle of Willis, the increase in penumbral flow would necessarily be retrograde
through pial collaterals, another unique feature of LMAs, making these small arterioles
central to the efficacy of collateral enhancing therapies. In fact, the number and caliber of
LMAs largely determines penumbral flow that is highly variable in humans and contributes
to the high variability in stroke outcome. [16-19]

Animal studies have shown that several factors can influence LMA diameter and hence
collateral perfusion. Mechanical forces including intravascular pressure, luminal flow

and shear stress are potent vasoactive stimuli in the cerebral circulation that contribute

to cerebrovascular resistance and control of CBF. Under hypoxic/ischemic conditions,
metabolic factors including oxygen tension, carbon dioxide and pH fall outside the
physiological range and promote vasodilation of cerebral arteries and arterioles. This
serves to increase CBF but also may impair autoregulation of CBF. Endothelial mediators
including nitric oxide (NO), intermediate-conductance calcium-activated potassium channels
(IKcg) and transient receptor potential vanilloid type 4 (TRPV4) channels are factors
involved in flow-induced vasodilation; their activity also opposes myogenic tone and,

in that regard, contribute to changes in cerebrovascular resistance and flow. [20,21].
Endothelial dysfunction, present in a number of disease states prominent in stroke patients,
impairs endothelium-dependent vasodilation, and promotes vasoconstriction, that could limit
collateral flow and contribute to larger infarcts.[22—24] Interestingly, LMASs from rats do
not have perivascular innervation and do not respond to norepinephrine, suggesting little
neurogenic influence on collateral diameters.[21] However, perivascular innervation of
arteries and arterioles proximal to LMAs may have an influence on collateral flow through
changing resistance upstream (see Sphenopalatine Ganglion Stimulation). In healthy rats,
LMAs have been studied isolated and pressurized and shown to have less basal myogenic
tone than pial arterioles that do not anastomose (non-LMA,; Figure 2). Methodology was
also developed to study isolated LMASs under flow conditions and were shown to dilate
substantially to increases in flow (Figure 3). Both the lower levels of tone and dilation to
increased flow would be conducive to retrograde increased perfusion during large vessel
occlusion.[19,20]
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Luminal flow and wall shear stress are also major forces that regulate vessel diameter. Shear
stress is the tangential frictional force on the endothelium produced by blood flow. Shear
stress is a potent vasodilator of LMAs governed by NO and activation of TRPV4 and 1K,
channels.[20] Shear stress and luminal flow increase substantially in LMAs during large
vessel occlusion and therefore mediators of flow- and shear stress-induced vasodilation may
be important targets for enhancing collateral flow. We recently studied mechanisms of flow-
mediated dilation in isolated and pressurized LMAs (Figure 3A). In untreated control LMASs
from normotensive rats, increased flow caused significant vasodilation, demonstrating that
flow is a potent vasodilator in LMAS (Figure 3A). When the NO synthase inhibitor L-
NAME (1072 M) was given to LMAs prior to measuring flow-induced dilation, it largely
prevented the dilation Similarly, when flow-induced dilation was measured in the presence
of 1.0 umol/L TRAM-34, an 1K, channel inhibitor or GSK067047, a selective inhibitor

of TRPV4 channels, they prevented the dilation of LMAs (Figure 3A). These results show
that under healthy physiological conditions, increased flow and shear stress can promote
significant dilation of LMAs that is blocked by inhibition of endothelial NO, TRPV4 and
IKca channels.

The importance of understanding determinants of LMA vasoactivity is that luminal diameter
is the most powerful determinant of vascular resistance and hence flow.[25] Vasodilation

of LMAs from their preconstricted state with basal myogenic tone is a potential means

by which collateral flow could increase during large vessel occlusion. Importantly, the
hemodynamic response during large vessel occlusion seems to favor LMA vasodilation
through several means. First, the penumbra, by definition, is hypoperfused that would
decrease pO, and increase pCO> in the tissue, both vasodilators of cerebral arteries and
arterioles. Second, intravascular pressure likely decreases due to the occlusion that decreases
not only flow, but pressure downstream. Decreased intravascular pressure promotes
myogenic vasodilation to preserve flow in the face of decreased pressure. However, in
healthy mice, diameters of LMAs do not change much during large vessel occlusion,
suggesting vasodilation of downstream arterioles that undergo myogenic vasodilation

in response to reduced pressure.[26] Third, retrograde flow through LMAS increases
substantially in response to occlusion and promotes vasodilation through flow- and shear
shear-mediated mechanisms. Under normal physiological conditions, LMAs are larger than
pial arterioles, both actively with tone and structurally under passive conditions, that would
provide less resistance when proximal and distal segments vasodilate.[21] Thus, LMAs

are lower resistance vessels spanning higher resistance arterioles proximally and distally,
i.e., LMAs are importantly not a bottleneck to flow. This is not necessarily the case for
disease states and co-morbid conditions in which LMAS are highly vasoconstricted and have
impaired vasodilation to flow and other mediators. [21,27-29]

Influence of co-morbid conditions on pial collaterals and collateral flow

Most stroke patients are not healthy adults but have multiple comorbid conditions

such as hypertension, diabetes and hyperlipidemia. These conditions are associated with
considerable cerebrovascular dysfunction that could potentially influence LMA structure
and function and hence collateral perfusion. The effect of disease states on stroke and

stroke outcome relates to how stroke hemodynamics are affected including perfusion deficit,

Transl Stroke Res. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cipolla

Page 5

collateral flow and extent of reperfusion. In addition, many co-morbid conditions are
states of high oxidative stress, inflammation and endothelial dysfunction, making the brain
more susceptible to hypoxic/ischemic injury.[22—24] In other words, ischemic tolerance is
potentially lower in patients with certain co-morbidities.

There is clinical evidence that co-morbidities are associated with poor collateral flow

and worse outcomes. Treatment of stroke risk factors, including hyperlipidemia and
hypertension, not only reduces the risk of stroke, but is associated better collateral flow

and outcome from AlS. For example, patients on lipid lowering statins have more favorable
outcome from AIS, including smaller final infarct volume, that has been associated with
better collateral flow. [30-36] Statins have pleiotropic beneficial effects on the vasculature
that extend beyond that of lipid lowering. These include upregulation of endothelial NO
synthase and NO production, reduced inflammation and less oxidative stress. [37-39]
Therefore, the association between statin use and better collateral flow during AIS is

likely multifactorial and may relate to better overall cerebrovascular health. In addition,
statin-induced upregulation of NO may provide for a more robust collateral flow response to
shear stress that is NO-dependent. The greater collateral flow response to AlS in patients on
statins also suggests that hyperlipidemia impairs collateral flow to worsen outcome.

Antihypertensive use has also been associated with better collateral flow during AlS,
suggesting hypertension has a negative impact on collateral perfusion. In fact, numerous
animal studies have shown that compared to normotensive animals, chronic hypertensive
animals are more susceptible to ischemic injury [40-45]. One of the primary mechanisms
by which infarction is larger in chronic hypertension is the relative lack of salvageable
tissue, poor collateral status, and rapid evolution of infarct to encompass the penumbra.[41-
43] Induction of collateral flow during AlIS is also impaired in animal models of chronic
hypertension (Figure 4). This has been shown to be associated with LMASs that are highly
vasoconstricted and respond to pressure myogenically (Figure 5).

Clinical studies have also shown a positive association between poor collateral status on
imaging and untreated chronic hypertension. [46] One clinical study compared collateral
status in patients with AIS who had untreated chronic hypertension vs. those who were
treated with antihypertensive medications (calcium channel blockers, p blockers, ACE
inhibitors or AT1R blockers) or did not have hypertension. The results showed a graded,
stepwise association between collateral status and treatment of hypertension. Patients
without antihypertensive medications had the worst collateral status whereas patients
without hypertension had the best; hypertensive patients treated with antihypertensive
medications were in between.[46] Thus, similar to statin use, antihypertension treatments
have a beneficial effect on collaterals [27].

Other co-morbid conditions and aging are also associated with less favorable outcome
from AIS and poor collateral flow, including diabetes, metabolic syndrome, and small
vessel disease.[47-53] These conditions are all associated with cerebrovascular disease and
may have common underlying mechanisms of poor collateral flow, including endothelial
dysfunction and impaired NO that reduces shear stress and flow-mediated vasodilation of
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LMAs. In addition, structural inward remodeling and rarefaction of LMAs may reduce
vasodilatory reserve and impair recruitment of pial collaterals during large vessel occlusion.

Considerations for collateral enhancing therapies

Understanding the structure and vasoactive state of LMAs under conditions such as

aging and co-morbid conditions (hypertension, hyperlipidemia, diabetes) is likely important
for successfully increasing collateral flow during occlusion. Although pretreatment with
statins or antihypertensive medications may provide a healthier cerebrovasculature that

is more conducive to collateral flow during large vessel occlusion, these medications

are not indicated for all those who have stroke. Co-morbidities that are highly prevalent

in the stroke population may influence the efficacy of collateral enhancing therapies.

For example, therapies that attempt to increase collateral flow hemodynamically through
increasing the pressure differential between systemic and cerebral circulations or other
hemodynamic means (e.g., aortic occlusion, induced hypertension) may not work in patients
with vasoactive LMAs that respond myogenically to increases in intravascular pressure such
as chronic hypertension. Similarly, treatments that rely on vasodilation (e.g., sphenopalatine
ganglion stimulation (SPG), inhaled NO) may not be effective in patients with pial
collaterals that are already maximally vasodilated through either autoregulation (myogenic
vasodilation), metabolic factors (low pO, and high pCO») or have reduced vasodilatory
reserve from rarefaction or inward remodeling. In addition, for vasodilators to increase
collateral perfusion, the pial circulation needs to be able to respond with vasodilation, i.e.,

it needs to be partially constricted and have enough vasodilatory reserve to increase flow.
Pial arteries and arterioles, including LMAs, also need to be able to activate vasodilatory
pathways in response to the vasodilating agent. This requires expression and function of
appropriate receptors, ion channels, intracellular signaling pathways, etc. Thus, the “one size
fits all” approach to stroke treatment may not work for collateral enhancing therapies.

Collateral enhancing therapies

A number of interventions have been used experimentally and clinically to enhance
collateral perfusion and improve outcome from AIS. Described below are some of these
treatments, their purported mechanism of action, and efficacy in AlS, if known. This is not
meant to be exhuastive but to provide a review of the various means by which collateral
enhancement has been tried.

PP-007 (Sanguinate™)

PP-007 (previously Sanguinate™, SG) is a PEGylated carboxyhemoglobin (PEG-COHb) gas
transfer agent with pleiotropic effects on the brain and cerebral circulation. Protection during
ischemia is thought to be due to several beneficial effects of this compound, including
release of small amounts of carbon monoxide (CO).[54] Release of CO has been shown

to have vasodilatory, anti-inflammatory, and anti-apoptotic effects.[55] In addition, the
unloading of CO from PEG-COHb in ischemic tissue may also increase oxyhemoglobin

and aid in oxygenating the ischemic tissue. Several preclinical studies have shown PEG-
COHb provides robust protection of AlS, including decreased neurological deficit and
reduced infarct volume.[54,56,57] Protection by PEG-COHb was shown to be related to
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the sustained vasodilation of pial arterioles at the ischemic boarder region.[56] CO is a
known vasodilator and it is likely that CO released from PEG-COHb in the ischemic

region provided sustained dilation that was not seen in non-ischemic animals.[55] While
collaterals were not specifically targeted in this study, a subsequent study in spontaneously
hypertensive rats (SHR) showed that SG, also a PEG-COHb gas transfer agent similar to

the one used previously, increased collateral flow and reduced early infarct.[57] A recent
study in dogs confirmed the collateral enhancing properties of SG.[58]. The success of these
preclinical studies has led to an ongoing Phase 1 multi-center clinical trial for treatment of
large vessel occlusion in patients undergoing endovascular thrombectomy (HEMERA-1).

Inhaled NO (iNO)

NO is a potent vasodilator gas that when mixed with 30% O, at low concentrations

can be inhaled and was originally used as a selective treatment for persistent pulmonary
hypertension. iNO was shown to increase cerebral blood volume in healthy pigs without
increasing CBF [59]. Subsequent studies in mice showed indeed iNO did not increase

CBF in non-ischemic mice, but selectively dilated arterioles within the penumbra and
increased collateral flow.[60] The increase in collateral flow was associated with reduced
infarction and better neurologic outcome.[60] The mechanism behind selective vasodilation
in ischemic tissue is not clear, but may involve NO carriers such as nitrite or S-nitroso
hemoglobin.[61] Regardless of the carrier, how iNO causes vasodilation seems important
to understand since vascular dysfunction may impair classic NO vasodilatory pathways,
including cyclic GMP and guanylyl cyclase activation in smooth muscle. For example, iNO
does not appear to work in models of acute hyperglycemia and chronic hypertension.[62] In
addition, dilation to the NO donor sodium nitroprusside was significantly impaired in LMAS
from SHR. To date, no clinical trial has been performed on iNO for treatment of ischemic
stroke.

Sphenopalatine ganglion stimulation (SPG)

Electrical stimulation of the SPG produces modest increases in CBF through activation

of parasympathetic innervation in the anterior circulation. [63,64] When used in ischemic
stroke models, SPG stimulation increases ipsilateral CBF and reduces infarct volume
compared to untreated animals. [65—-71] The mechanism by which SPG increases flow

is likely multi-factorial. Parasympathetic fibers arise directly from the SPG and innervate
the carotid artery and other cerebral vessels. Activation of the SPG promotes vasodilation
through release of neurotransmitters including NO, acetylcholine and vasoactive intestinal
peptide.[72] Mechanisms of action of SPG stimulation in acute stroke has been nicely
reviewed. [73]

A clinical trial of SPG stimulation (ImMpACT-24B Trial) in stroke patients (who were not
treated with endovascular thrombectomy or thrombolysis) enrolled 303 patients of the
planned 660 when refinement of the SPG stimulation treatment technique (inclusion of
an optical navigation system) stopped the trial. However, analysis of the results of the
initial 303 patients was done. It was found that SPG stimulation significantly improved
outcomes in patients with cortical stroke, with improved modified Rankin scale (mRS) at
90 days.[74] Interestingly, the beneficial effect of SPG stimulation was location-specific
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and only occurred in patients with cortical but not in patients with stroke in other
locations. Since collateral enhancement would increase CBF to a greater extent in cortical
regions, this suggests SPG stimulation acted through increased collateral flow. In addition,
SPG stimulation was performed around 18 hours after stroke symptom onset, suggesting
collateral enhancement even at later time points can provide improvement.[74]

Remote Ischemic Conditioning (RIC)

Rapamycin

RIC involves brief, intermittent events of mild ischemia and reperfusion applied to a
peripheral tissue. Its mechanism of action is based on ischemic preconditioning in which
brief periods of ischemia before or after more severe ischemia provides protection from
tissue injury. [75] Ischemic preconditioning was subsequently found to be efficacious when
applied to a remote organ or vessel from severe ischemia, i.e., RIC. [76] In humans, RIC

is usually applied by inflating or deflating a cuff around the upper arm or leg. RIC for
stroke has the advantage that it is safe, easy to perform, and non-invasive. For treatment

of AIS, RIC can be applied during the ischemic event but prior to reperfusion (remote
preconditioning) or after the ischemic event (remote post-conditioning). Several studies have
shown benefits of remote perconditioning in animal models of stroke [77-82] In a rat model
of distal middle cerebral artery occlusion (MCAQ), remote perconditioning was shown to
promote a sustained increase collateral perfusion and prevent “collateral failure” over time.
[77] The increase in collateral flow with remote perconditioning reduced early infarction.
However, the beneficial effect of this perconditioning on collateral flow and stroke outcome
may not be as robust in co-morbid models or aging that have greater ischemic injury

and collaterals that have impaired vasoreactivity. The mechanism by which RIC increases
collateral flow in the acute phase is not clear but has been attributed to a combination of
circulating humoral factors, activation of neural pathways, and peripheral immune system
activity. This has been reviewed recently by Abbasi-Habashi, et al.[83]

Randomized clinical trials of RIC as an adjunct to tPA or endovascular thrombectomy have
been done or are currently ongoing in AIS patients.[84-89] Results have shown that RIC

is well-tolerated and showed improvement in small cohorts of select AlS patients [88—90].
However, the effect of RIC on collateral perfusion does not seem to be an endpoint in any
previous or ongoing clinical trial. Therefore, the efficacy of RIC as a collateral enhancing
therapy has yet to be determined.

Several studies in experimental stroke models in rats have looked at giving a vasodilator to
enhance collateral flow either during MCAO or post-treatment. Rapamycin is an inhibitor
of mammalian target of rapamycin (mTOR) that has been shown to have beneficial effects
on the cerebral vasculature.[91] Treatment with rapamycin can restore CBF in models of
Alzheimer’s Disease and promotes vasodilaton through NO release.[92] In a rat model of
stroke, rapamycin increased collateral perfusion during MCAO and during reperfusion[93].
This study also showed that rapamycin dilated LMAs that was inhibited by L-NAME,
suggesting NO release as a mechanism of collateral enhancement by rapamycin.[93]
Rapamycin treatment also improved infarct and sensorimotor deficit at 24 hours in normal
healthy animals. [93,94] However, while rapamycin modestly increased collateral perfusion
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in a model of chronic hypertension (SHR) as well, it did not improve early infarction

[93]. Post-treatment with rapamycin also improved collateral perfusion in mice that was
associated with smaller infarct and improved neurobehavioral deficits after 14 days.[94]
Rapamycin is a Food and Drug Administration approved drug for immune anti-rejection and
therefore is known to be tolerated in humans, but to date no clinical trial of rapamycin for
AIS is ongoing.

Plasminogen activator inhibitor-1 (PAI-1) is an endogenous serine protease inhibitor that
regulates fibrinolysis through reducing plasmin production by tissue-type and urokinase-
type plasminogen activator (tPA, uPA) [95,96]. PAI-1 is increased in aging and hypertension
and has been shown to have a role in stroke outcome through increased coagulation. [97]

In addition, PAI-1 inhibition reduced infarct and increased reperfusion in a mouse model of
AIS.[98] TMb5441, a selective inhibitor of PAI-1 vasodilates LMAS through NO release [99],
making it a promising collateral enhancing therapy. In young and aged SHR, i.v. infusion

of TM5441 30 minutes into MCAO increased collateral perfusion and reduced early infarct.
Improvement of stroke outcomes in the long-term have not been done with TM5441. There
are also currently no clinical trials of TM5441 in AIS ongoing.

Induced hypertension

Pressor therapy has been used for decades in the neuracritical care setting to prevent delayed
cerebral ischemia subsequent to subarachnoid hemorrhage. In healthy adults, increasing
systemic blood pressure up to ~180 mmHg does not appreciably increase CBF because of
autoregulatory mechanisms that keep brain blood flow relatively constant in the face of
increased mean arterial pressure. Therefore, the mechanism by which induced hypertension
increases collateral flow relies on the penumbra having impaired CBF autoregulation during
large vessel occlusion so that the pial arterioles, including LMAS, are pressure-passive.
Experimental studies in several different species, including dogs, baboons, mice and

rats have shown that induced hypertension reduces infarction.[100-104]. Some studies

also showed that more favorable stroke outcome was related to enhanced collateral flow
[103,104] and increased cerebral metabolic rate of oxygen in the core and penumbra.[103]
While promising, pial collaterals may not be pressure-passive under all conditions. We
previously showed that LMA vasoconstriction in SHR persists in vivo during MCAO,
suggesting autoregulation may be partially intact.[21] In the clinical setting, not all patients
benefit from therapeutic induced hypertension. For example, in a clinical trial of therapeutic
induced hypertension in AIS patients, using phenylephrine to raise blood pressure, found
early neurologic improvement (better NIHSS at 7 days) in 58% of treated and 31% of
untreated patients.[106] While promising, there were still 42% of patients that did not
benefit from induced hypertension.[106] Collateral flow was not measured in this study and
therefore the role of collaterals in improving outcome with induced hypertension is not clear.

Partial aortic occlusion

Augmentation of CBF by temporary occlusion of the abdominal aorta as a means to reduce
ischemic injury has been investigated. The mechanism by which aortic occlusion increasing
CBF is multi-factorial. Aortic occlusion augments mean arterial pressure in the carotid
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artery, promotes redistribution of blood volume, activates the sympathetic nervous system
and is used clinically to prevent hemodynamic collapse during traumatic hemorrhage [107—
109] Aortic occlusion was shown to reduce infarction in a model of embolic stroke.[110]

In a previous clinical trial (SENTIS) a catheter (NeuroFlo) was used to restrict aortic flow

in AIS patients and was shown to be safe, but did not show clinical benefit compared to
standard care.[111-113] However, subgroup analysis found improved outcome in patients
with moderate stroke severity when treated within 6 hours, suggesting these patients had
salvageable tissue. [113] Thus, hemodynamic augmentation of collateral perfusion may be
beneficial in a subset of patients but more studies are needed to determine factors that confer
efficacy.

Summary and Future directions

Tissue within the core infarction is not readily salvageable, making the focus of
neuroprotection during AIS penumbral tissue. Brain tissue within the penumbra may be
salvageable if reperfusion occurs or neuroprotective agents are present to provide protection
from cell death. In either case, collateral perfusion is important for preventing or offsetting
ischemic injury during large vessel occlusion. Figure While some progress has been

made experimentally at understanding LMA function under physiological and pathological
conditions, more work is needed from a vascular biology standpoint to understand collateral
failure and how to induce collateral flow. This includes understanding not only LMA
function but also the function of penetrating arterioles that branch off pial collaterals

that are the bottlenecks to flow to the penumbra. Even then, it is likely that combined
therapies are needed to salvage penumbral tissue and improve outcome in a majority of
AIS patients. A tertiary analysis of the URICO-ICTUS clinical trial revealed early ischemic
worsening was prevented in patients who received uric acid, a known antioxidant, but only
in patients that had good collaterals.[114] This is an important lesson — collateral flow

is likely needed for neuroprotective agents to reach their target. Other clinical trials that
treat with neuroprotective agents in combination with endovascular thrombectomy (e.g.,
HEMERA-1, ESCAPE NA1) may also provide insight into pleotropic effects of increasing
collateral perfusion and providing neuroprotection to the penumbra. However, the utility

of collateral enhancement for improving outcome from AIS needs to extend beyond those
patients with large amounts of salvageable tissue. Increasing collateral perfusion in patients
who are ineligible for reperfusion therapies is also critically important, either to extend the
time window for reperfusion and make them eligible for endovascular thrombectomy or tPA
or provide for neuroprotection.
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5 mm

Figure 1:
Photomicrograph of the dorsal surface of a rat brain perfused with India Ink to show

leptomeningeal anastomoses (LMAS) or pial collaterals (red circles). Reproduced from Li Z
et al., Am J Physiol 2018;315:H1703-H1712.

Transl Stroke Res. Author manuscript; available in PMC 2024 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cipolla

70-
'E 60-
3 4
. 50'
9 9
@ 40
g |
a 30
o 204
{ o ]

£ 104

Page 19

Vein - ’m\

i

i

= \ \
IMA~ bl

0
0

20 40 60 80 100
Pressure (mm Hg)

y F. ‘
' ACA 'l.l b §
1mm 100 um :
Active Lumen Diameter C )
% Myogenic Tone
O WKY18 non-LMA (n=7) 80-
4 WKY18 LMA (n=6) O WKY18 LMA (n=6)
B WKY18 non-LMA (n=7)
50- *
g 2 3
*
7 I 401
* * * * 3'2
20+ i ’l‘
Jall 3l ol Al 101
5 10 20 40 60 80

Pressure (mmHg)

Figure 2:
The study of isolated and pressurized leptomeningeal anastomoses (LMAS) in an

arteriograph system has allowed a greater understanding of the functional properties of
these unique vessels. (A) Left, photomicrograph showing leptomeningeal arterioles (black
circle) and how are identified as connecting distal branches of middle cerebral artery (MCA)
and anterior cerebral artery (ACA) for study isolated and pressurized. Right, LMA isolated,
mounted on glass cannulas within an arteriograph chamber and pressurized. Reproduced
from Chan et al. Stroke 2016;47:1618-1625; Open access CC BY-NC-ND 4.0 B) Active
myogenic vasoconstriction of LMAs and non-LMAs from 18 week old normotensive WKY
rats. *P<0.05 vs. LMA. C) Myogenic tone of LMA and non-LMAs from 18 week old WKY
rats. *P<0.05 vs. LMA. Reproduced from Cipolla MJ. Stroke 2021;52:2465-2477
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Figure 3:

Lgptomeningeal anastomoses have little to no flow under normal physiological conditions.
However, shear stress and flow are increased substantially during MCAQO making this
vasoactive force an important mediator of collateral flow. Flow-mediated responses were
studied in isolated and pressurized LMAs using an arteriograph system. (A) Left, schematic
showing set up for flow-mediated responses of isolated LMASs. Cannula resistance was
measured based on Ohm’s law: R=(P,-P1)/Q; where R is cannula resistance, P is inflow/
outflow pressure and Q is flow. Experimentally, P; was controlled by an inline pressure
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transducer and pressure servo controller such that pressure could be set between 0-200
mmHg; P» was manipulated by changing the level of a water column connected to the
distal cannula (adjustable pressure ranges —74 — 37 mmHg). During an experiment, the
syringe pump was set at a certain flow rate (0.5-5 pl/min) and P4 and P, were adjusted

to obtain 40 mmHg of luminal pressure (Pyessel)- Shear stress (t) was calculated for each
vessel depending on the flow rate and LMA diameter by the equation: © = 4nQ/mr3.
Where n=viscosity of the physiological saline solution (PSS) in the perfusate, measured
using a viscometer and set as 1.086 centipoise (1 cP = 1 mPa*s); Q=flowrate, and
r=vessel lumen diameter. Right, photomicrograph of isolated and pressurized LMA used
to measure % reactivity to flow. (B) Percent reactivity to increased flow of LMAs measured
using the system described under (A). Nontreated LMAs dilated to increased flow that
was inhibited by inhibitors of TRPV4 (HC067047), NO (L-NAME), and IKc, channels
(TRAM-34). **p<0.01 vs. all. (C) Diagram demonstrating change in flow and shear stress
in LMAs during large vessel occlusion. Upper, under normal physiological conditions,
there is no pressure differential from ACA and MCA providing little flow and shear
stress. During large vessel occlusion, a pressure differential is created from the proximal
occlusion of the MCA, driving a substantial increase in flow and shear stress that activates
mechanosensitive TRPV4 and its downstream vasodilatory pathways (EDH, endothelium-
dependent hyperpolarization, NO). Data will be made available upon reasonable request.
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Figure 4
Measurement of collateral flow using multi-site laser Doppler

chronic hypertension. (A) Photomicrograph of the dorsal surfa
of skull coordinates. Probe 1 was placed over the core MCA territory and Probe 2 lateral
to LMAs (yellow circles) to measure collateral flow. Reproduced from Cipolla et al., J

Cerebr Blood Flow Metab. 2018;38:755-766. (B) Graph showi
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flow calculated from filament insertion in normotensive Wistar and hypertensive SHR rats.
Collateral flow increased in response to MCAQ in Wistar but not SHR. Data will be made

available upon reasonable request.
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Figure5:
Vasoconstriction of LMAs and non-LMAs from spontaneously hypertensive rats (SHR)

compared to normotensive Wistar Kyoto (WKY) rats. LMAs were isolated and studied
pressurized in an arteriograph chamber. Intravascular pressure was increased stepwise and
lumen diameter measured to study the myogenic response. (A) Inner diameter was greater
and myogenic reactivity was considerably less in LMAs from WKY rats compared to LMASs
from SHR that were more similar to non-LMA pial arterioles. *p<0.05 vs. WKY non-LMA;
~p<0.05 vs. WKY LMA. Data will be made available upon reasonable request.
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Figure6:
Summary of known and potential mechanisms of collateral enhancing therapies. (A)

Diagram of the pial surface of the cortex showing branches of the MCA and ACA.

LMAs are distal connections between these arterial territories (black circles). Under normal
physiological conditions, there is little flow and shear stress within LMA due to a lack

of pressure differential between MCA and ACA. As shown, LMAs are larger in diameter
than pial arterioles that do not anastomose. (B) During MCAQ, distal branches of the
MCA are smaller in diameter due to proximal occlusion that decreases pressure and

flow. Also shown are collateral enhancing therapies and potential mechanism by which
collateral flow increases. They can be categorized into vasodilators that increase collateral
flow through LMA vasodilation or hemodynamically increasing flow through increased
cerebral perfusion pressure. Some therapies have multiple beneficial effects (pleotropic).
PP-007 causes vasodilation of LMAs and also releases small amounts of CO gas that has
anti-inflammatory effects. RIC also increases collateral flow through increased circulating
humoral factors and enhanced peripheral immune system activity that likely has other
beneficial effects on mitigating ischemic injury. Flow and shear stress are also potent
vasodilators that increases collateral flow during MCAO. Flow-induced dilation appears
mediated by shear stress-induced activation of TRPV4, NO and IK¢, channels.
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