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Abstract

The brain vasculature has been increasingly recognized as a key player that directs brain 

development, regulates homeostasis, and contributes to pathological processes. Following 

ischemic stroke, the reduction of blood flow elicits a cascade of changes and leads to vascular 

remodeling. However, the temporal profile of vascular changes after stroke is not well understood. 

Growing evidence suggests that the early phase of cerebral blood volume (CBV) increase is likely 

due to the improvement in collateral flow, also known as arteriogenesis, whereas the late phase of 

CBV increase is attributed to the surge of angiogenesis. Arteriogenesis is triggered by shear fluid 

stress followed by activation of endothelium and inflammatory processes, while angiogenesis 

induces a number of pro-angiogenic factors and circulating endothelial progenitor cells (EPCs). 

The status of collaterals in acute stroke has been shown to have several prognostic implications, 

while the causal relationship between angiogenesis and improved functional recovery has yet to be 
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established in patients. A number of interventions aimed at enhancing cerebral blood flow 

including increasing collateral recruitment are under clinical investigation. Transplantation of 

EPCs to improve angiogenesis is also underway. Knowledge in the underlying physiological 

mechanisms for improved arteriogenesis and angiogenesis shall lead to more effective therapies 

for ischemic stroke.
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inflammation; macrophage polarization

1. Collateral circulation and arteriogenesis as the new therapeutic targets 

of cerebral ischemia

Stroke or cerebral ischemia leads to cerebrovascular adaptations both acutely and 

chronically. During acute flow obstruction, some parts of the brain tissue suffer from 

ischemia while others are sustained by collateral flow through pre-existing anastomoses. 

Collateral circulation refers to the supplemental network of vessels that compensate blood 

flow and offset the adverse effect of ischemia (Kucinski et al., 2003, Liebeskind, 2003, 

2005b, a, Shuaib et al., 2011b, Liebeskind, 2012). Collateral flow recruitment plays a critical 

role in maintaining regional cerebral blood flow upon reduction of cerebral perfusion 

pressure or failure of cerebral autoregulation (Ozgur et al., 2001, Liebeskind, 2003). 

Mounting clinical evidence suggests that the collateral status is an independent predictor of 

outcome and response to recanalization therapies in patients with ischemic stroke.

Arteriogenesis, the development of functional collateral flow from pre-existing arterial 

anastomoses, is a process distinct from angiogenesis (Schaper and Buschmann, 1999, 

Schaper, 2009). Arteriogenesis is induced by mechanical forces such as shear stress and 

circumferential wall stress, and its induction is independent of a hypoxia state. By contrast, 

angiogenesis involves the proliferation of endothelial cells and formation of new vessels, 

and can potentially increase the total resistance of the vascular bed of the afflicted artery 

(Troidl and Schaper, 2012), and thus may be of limited value for the acute functional 

replacement of occluded arteries. As substrates of arteriogenesis, collateral circulation plays 

a crucial role in determining the outcome and severity of ischemic injury. From this 

perspective, understanding of collateral anatomy and regulation is essential for the 

development of effective stroke interventions. Due to recent progress in neuroimaging, we 

now have a fair understanding of the anatomy of human cerebral collateral circulation and 

its role in mediating pathophysiology as well as treatment efficacy in cerebrovascular 

diseases (Liebeskind, 2003, Shuaib et al., 2011b, McVerry et al., 2012). Highlights of 

experimental studies including those in non-cerebral collaterals will also be discussed to 

complement findings in humans, as the former are particularly instrumental in revealing the 

molecular mechanisms underlying collateral flow development and regulation and their 

potential application to the latter (Fung and Helisch, 2012, la Sala et al., 2012, Troidl and 

Schaper, 2012). Figures of mouse intracranial arterial collateral circulation are shown for 
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comparison (Figure 1). However, due to physiological differences between species, care 

should be taken when extrapolating data between humans and animals (Liebeskind, 2008).

1.1 The anatomy of collateral circulation

A number of collateral circuits exist between the extracranial and intracranial circulations, 

making the external carotid artery (ECA) a potential source of collateral flow when the 

internal carotid artery (ICA) experiences chronic stenosis or occlusion. The more proximal 

connecting collaterals from ECA branches to the brain include connections through the 

ophthalmic and superficial temporal arteries to the intracranial vessels. Distal anastomoses 

form at the cervical level between the vertebral arteries and muscular branches of the ECA, 

and between the spinal arteries and branches of the proximal intracranial arteries 

(Liebeskind, 2003, 2005b, Krishnaswamy et al., 2010).

In humans, it is generally recognized that the circle of Willis may be the primary source of 

intracranial collateral pathway. Secondary collaterals can be accessed through the 

ophthalmic artery and leptomeningeal vessels when collateral flow through the circle of 

Willis is inadequate. Apart from distributing blood to the main branches of the ICA, the 

circle of Willis also provides connecting collaterals among the branching arteries (Alpers et 

al., 1959). For example, the anterior communicating artery (AComA) bridges the two 

anterior cerebral arteries (ACAs) from the two hemispheres, while the posterior 

communicating artery (PComA) connects the anterior and posterior circulations via the ICA 

and posterior cerebral artery (PCA). The retrograde flow of the proximal anterior cerebral 

artery supports the anterior portion of the circle of Willis, while the proximal posterior 

cerebral arteries compensate flow between hemispheres at the posterior portion of the circle 

of Willis (Liebeskind, 2003, Shuaib et al., 2011b).

Retrograde flow via the ophthalmic artery constitutes an important source of collateral flow 

second to the Willisian collaterals. The leptomeningeal anastomoses potentially provide 

bidirectional arterial blood to the cortical surface, connecting between ACA and middle 

cerebral artery (MCA), MCA and PCA, and to a lesser extent, PCA and ACA (Brozici et al., 

2003, Krishnaswamy et al., 2010). The small arteriolar connections within the 

leptomeningeal anastomoses linking distal parts of the major cerebral arteries are important 

routes for retrograde collateral flow during vessel occlusion. Thus, the collateral status in the 

leptomeningeal anastomoses is a strong predictor of outcome in stroke patients (Lima et al., 

2010).

The anatomy of the collateral circulation varies between individuals suggesting a 

contribution of genetic elements. A significant portion of the human population possesses an 

incomplete configuration of the circle of Willis, including the most common abnormalities 

involving the absence or hypoplasia of either PComA or proximal ACA in 30% and 10% of 

the human population, respectively (Liebeskind, 2003). Substantial variability in size, 

number, and location of connecting collaterals were also observed in the leptomeningeal 

anastomoses between individuals (Vander Eecken, 1954). The contribution of genetic 

factors in the development of collateral vessels and stroke outcome is well supported by 

comparing mice of various strains. For example, the relatively poor patency of the PComA 

in the C57Bl/6 mice was associated with a larger infarct size and hypoperfusion of the PCA 
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territory following MCA occlusion (Akamatsu et al., 2012). However, the C57BL/6 strain 

has a more robust collateral connection between the ACA and MCA compared to Balb/C 

strain as evidenced by vessel anatomy and retrograde recruitment of the collateral flow 

(Figure 2) (Defazio et al., 2011). Interestingly, genetic factors are not the only determinants 

for collateral status. A recent case suggests that at least PComA hypoplasia is not a static 

feature, as the flow conductance improved over the course of chronic stenosis (Hartkamp et 

al., 1999). In addition, PComA dilatation occurring as a result of moyamoya disease may 

indicate disease progression and portend hemorrhagic sequelae (Morioka et al., 2003). 

Lastly, although some collaterals such as leptomeningeal anastomoses may be anatomically 

present, the recruitment and conductance of these vessels are influenced by 

pathophysiological factors (Menon et al., 2013), which can only be appreciated following a 

thorough understanding of the mechanisms regulating normal collateral flow under 

physiological state.

1. 2. Imaging collateral flow

1.2.1 Clinical methods in imaging collateral flow—Advanced neuroimaging 

modalities that are capable of providing both angiographic and perfusion information may 

help to identify regions of vulnerability following stroke and thus guide therapeutic 

interventions. Currently, there is no ideal imaging modality for an accurate measurement of 

the collateral flow and structure, as each method possesses various advantages and 

limitations. Among the four common clinical methods for imaging collateral status, 

conventional digital subtraction angiography (DSA) is considered the gold standard 

(Liebeskind, 2009). It allows the measurement of collateral extent and number in all 

collateral circulations with excellent spatial and temporal resolution. However, the invasive 

nature of contrast dye injection into femoral artery precludes it to be used routinely, 

particularly under the acute setting when patients are at risk for complications. CT 

angiography provides good inter-observer reliability (McVerry et al., 2012), thus also a good 

choice for grading collateral status in multicenter studies. In addition, the non-invasive 

nature and rapid availability makes it ideal for assessing the collateral status in patients with 

acute stroke. MR angiography has been used to grade collateral status and its relation to 

outcome (Lee et al., 2009). Like CT angiography, the advantage of MR angiography also 

lies in the non-invasive nature and the increased diagnostic power when combined with 

other MR imaging modalities. However, no inter-observer reliability is possible when using 

different MR imaging characteristics to infer the presence of collaterals (Chalela et al., 2000, 

Hermier et al., 2005, Lee et al., 2009). Transcranial Doppler (TCD) is the least used method 

to investigate collateral flow by using relative blood flow velocity and vessel pulsatility as 

surrogate markers, despite its non-invasive advantage. Due to differences in methods and 

scoring criteria, a systematic review of methods used for assessing the leptomeningeal 

collateral flow was recently completed, and found a sizeable inconsistency in the grading of 

LMF among clinical literature (McVerry et al., 2012).

1.2.2 Pre-clinical methods in imaging collateral flow—Owing to the relatively small 

sizes of rodent brains, conventional MR or PET techniques suffering from poor spatial 

resolution are not ideal to image regional flow in preclinical studies. A number of optical 

based techniques have been invented to circumvent this limit, enabling the measurement of 
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regional blood flow changes with a spatial resolution <100 μm. Among these techniques, 

laser speckle contrast imaging (LSCI) is the most cost effective method to image collateral 

flow in laboratory animals. LSCI creates high-resolution maps of blood flow on the cortical 

surface based on the blurring of the laser speckle patters by the motion of blood cells (Dunn 

et al., 2001). Using repeated LSCI, new patterns of collateral flow between the ACA and 

MCA were detected soon after MCAO, and persisted 24 hours after stroke (Armitage et al., 

2010). In addition, increased venous flow following reperfusion was detected within the 

territory of MCA. In another recent study evaluating the effect of G-CSF and GM-CSF on 

arteriogenesis using LSCI, the authors found that both growth factors promoted 

leptomeningeal collateral growth after CCA occlusion, which coincided with an increase in 

circulating monocytes (Sugiyama et al., 2011). In addition to the sensitivity and non-

invasiveness, LSCI offers nearly real time imaging of blood flow. However, the quantitative 

relationship between speckle contrast and blood flow velocity remains undefined, and thus 

LSCI can not provide absolute value in blood flow velocity (Ayata et al., 2004b, 

Parthasarathy et al., 2008), limiting its utility in comparing between animals and between 

time points.

Two-photon laser scanning microscopy (TPLSM) allows absolute speed and direct 

measurement of individual vessels (Schaffer et al., 2006). This technique was elegantly 

applied in a series of studies investigating hemodynamic consequences of an occlusion in 

cortical surface arterioles and penetrating arterioles following vessel occlusion. In contrast 

to the poor perfusion status extending at least 7 branches downstream from the occlusions in 

penetrating arterioles (Nishimura et al., 2007), there was a robust redistribution in blood 

flow after occlusion of cortical surface arterioles via reversal of flow from downstream 

branches (Schaffer et al., 2006), providing evidences of functional collateral flow in the 

surface artery network. Due to its high resolution, the greatest advantage of TPLSM is the 

ability to quantify blood flow in small vessels including capillaries. However, it can only 

measure flow in vessels that are oriented parallel to the imaging plane, and in one vessel at a 

time. Other limitations include a relatively shallow tissue penetration due to light scattering 

and requirement for a cranial window that reduces the frequency of repeated imaging.

Doppler optical coherence tomography (DOCT) has emerged as a new method to determine 

cerebral blood flow. It measures the Doppler shift of light scattered off from moving red 

blood cells to quantify flow velocity with 3-D spatial resolution. Unlike TPLSM, DOCT is 

capable of quantifying blood flow across many individual vessels simultaneously at a 

relatively high speed in the brain of a living animal (Wang and An, 2009, Srinivasan et al., 

2011). Absolute blood perfusion measured using DOCT yields a vastly improved spatial 

resolution over previous methods (Santisakultarm and Schaffer, 2011). As DOCT is best 

suited to measure the top 150 μm of the brain in relatively larger vessels, it thus is an ideal 

imaging modality for studying dynamic flow changes in leptomeningeal anastomoses in 

rodents after MCA stroke. Using this technique, we compared the collateral flow 

recruitment from ACA to MCA following distal MCA occlusion in C57BL/6 and Balb/C 

mice (Figure 2). Retrograde flow from the ACA to MCA during MCA occlusion and 

reperfusion in the Balb/C mice was nearly undetectable due to very few existing connecting 

collaterals between the two vascular networks. However, the robustness of collateral flow 

after ischemic stroke is not entirely dependent on the number of existing collateral 
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connections. For example, despite the similar numbers of connecting collateral vessels 

between the ACA and the MCA of diabetic and normoglycemic db mice, insulin resistant 

db/db mice exhibited impairment in retrograde recruitment of collateral flow from ACA to 

MCA immediately following MCA occlusion compared to their normoglycemic counterpart 

db/+ (Akamatsu et al., 2013). This suggests that multiple vascular and intravascular factors 

contribute to a functional collateral circulation.

1.3 Regulation of arteriogenesis and collateral flow

Arteriogenesis is triggered by fluid shear stress (FSS) and increased circumferential wall 

stress following a sudden occlusion or a chronically progressing stenosis in the artery, 

leading to the activation of endothelium, monocyte invasion, secretion of growth factors and 

cytokines, followed by matrix digestion and ultimately proliferation of smooth muscle cells 

for the development of collateral flow conductance and the remodeling of collateral vessels 

(Heil and Schaper, 2004, van Oostrom et al., 2008, Fung and Helisch, 2012, la Sala et al., 

2012, Troidl and Schaper, 2012). The molecular mechanisms involved in this complex 

process are discussed below.

1.3.1 Mechanical force as the initial trigger—Arterial occlusion lowers the pressure 

in the distal vasculature, and thus increases flow through pre-existing collaterals due to the 

resulting pressure gradient. The initial increase of FSS exerted by the blood on the 

endothelium as it flows by activates the endothelium and stimulates a cascade of signaling 

events (Pipp et al., 2004, Schierling et al., 2009a, Schierling et al., 2011), leading to the 

conductance of the collateral vessels. As the collateral vessels grow in diameter, fluid shear 

stress falls and collateral flow decreases, providing a self-regulating mechanism. The 

collateral flow developed proximal to the occlusion does not require the local expression of 

either vascular endothelial growth factor (VEGF) or hypoxia-inducible factor 1 (HIF1) (Lee 

et al., 2004). It is this mechanosensitive feature of arteriogenesis that prominently 

differentiates itself from other types of vascular growth such as angiogenesis. By 

maximizing FSS via an artificial arteriovenous (AV) shunt, collateral artery growth can be 

induced beyond the physiological extent and can overcome anatomical restrictions 

(Eitenmuller et al., 2006). FSS leads to both peripheral and cerebral arteriogenesis. Using a 

ligature-shunt model by bilateral ligation of the common carotid arteries and creation of an 

AV fistula between the distal stump of the ligated carotid artery and the adjacent jugular 

vein, Schierling and colleagues observed considerable arteriogenesis and vessel growth in 

the FSS stimulated arteries (Schierling et al., 2009a).

1.3.2 Activation of endothelium—Microarray data identified a potential role for the 

shear stress sensitive gene transient receptor potential cation channel subfamily V member 4 

(Trpv4), a Ca2+ channel in endothelial cells, in transducing the stimuli induced by FSS. 

Pharmacological activation of Trpv4 strongly increased cerebral arteriogenesis and collateral 

flow (Schierling et al., 2011), while Trpv-channel blocker reduced collateral flow (Troidl et 

al., 2009a). Complementary to these findings, arteriogenesis was found impaired in mice 

lacking Trpv4 (Troidl et al., 2009a). Additional evidence suggested that actin-binding Rho 

activating protein may also be involved in FSS-induced arteriogenesis (Troidl et al., 2009b). 

Although the precise downstream signaling of Trpv4 has yet to be identified, Ca2+-
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dependent mechanisms including the activation of endothelial-derived hyperpolarization 

factor (EDHF), cyclooxygenase, as well as NOS are potential candidates (Troidl et al., 

2009a, Schierling et al., 2011). Among these, the most likely molecule transmitting the 

signal triggered by FSS is NO, which can diffuse through basement membrane that separates 

the endothelial cells and smooth muscle cells. Targeted deletion of the eNOS gene led to a 

loss of vasodilation but not of arteriogenesis, while targeted deletion of iNOS led to partial 

but not complete impairment of arteriogenesis. Only the deletion of both eNOS and iNOS 

resulted in a complete loss of collateral vessel remodeling during arterial occlusion (Troidl 

et al., 2010b). In addition to the above-mentioned proteins, FSS also upregulates endothelial 

microRNA-21 which suppresses its target gene phosphatase and tensin homolog (PTEN), 

contributing to increased eNOS phosphorylation and NO production (Weber et al., 2010).

1.3.3 Infiltration of inflammatory cells and subsequent inflammatory response
—In addition to alterations in intracellular signaling and gene expression, recent studies 

have identified functional roles for various immune cell subsets as regulators of 

arteriogenesis, including monocytes/macrophages, T helper 17 (Th17) cells, regulatory T 

lymphocytes (Tregs), and natural killer (NK) cells (la Sala et al., 2012). Several lines of 

evidence support the critical role of monocytes and monocyte signaling in arteriogenesis. 

Pharmacological depletion of monocytes impairs arteriogenesis in rabbit and mouse models 

of hindlimb ischemia (Heil et al., 2002). Consistent results were also obtained in 

osteopetrotic mice with natural monocytopenia using a hindlimb ischemia model (Bergmann 

et al., 2006). In addition, adoptive transfer of wild type bone marrow mononuclear cells 

enhanced reperfusion following hindlimb ischemia (Capoccia et al., 2008). The improved 

reperfusion following wild type adoptive transfer was absent in mice defective in MCP-1/

CCL2, suggesting that the recruitment of the inflammatory subset of monocytes to sites of 

ischemia is a critical step in collateral growth (Capoccia et al., 2008). Finally, deletion of 

one allele of the prolyl hydroxylase domain-containing protein 2 (PHD2) gene not only 

polarized macrophages toward a M2 phenotype but also promoted arteriogenesis, which was 

associated with an increased production of SDF-1 and PDGF-B (Takeda et al., 2011). A 

recent study by Troidl and colleagues determined the temporal and spatial distribution of 

macrophage subpopulation during arteriogenesis in a rat model of chronic FSS (Troidl et al., 

2013). In this model, M2 macrophages appeared early following reperfusion and maintained 

up to 28d, concentrated particularly in the region of collateral growth. M1 macrophages 

were also present, but to less of an extent. In keeping with animal data, impaired chemotaxis 

of monocytes appeared to account for the impaired formation of collaterals in patients with 

diabetes (Waltenberger et al., 2000, Tchaikovski et al., 2009).

In many ways, arteriogenesis shares similarities with an active inflammatory process. For 

example, growing collaterals are characterized by the presence of infiltrating monocytes/

macrophages in the lumen and in the perivascular space (Arras et al., 1998). Gene 

expression profiling during collateral development in a mouse model of hindlimb ischemia 

indicated a prominent role for inflammatory response-related genes, including CXCL5, 

MCP-1, CXCL9, and CXCL10. Furthermore, the nature of a coordinated appearance of 

proinflammatory genes followed by anti-inflammatory genes suggests that inflammation 

contributes to the initiation of collateral development (Meisner and Price, 2010). Lastly, 
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infiltrating macrophages – more commonly associated with inflammatory response - also 

secrete a number of angiogenic growth factors including MCP-1, VEGF, FGF, GM-CSF, 

HGF, TNF-α, TGF-β and PDGF (Schierling et al., 2009b). The infusion of some of the most 

potent angiogenic factors at high pharmacological doses achieved only a fraction of the 

maximum conductance obtained by high FSS in a rabbit model of femoral artery occlusion, 

suggesting that these factors alone cannot fully account for the arteriogenic effects. 

Nonetheless, the findings implicate potential in using these cytokines or growth factors to 

promote arteriogenesis.

1.3.4 Structural remodeling via the activation of proteases, basal membrane 
degradation and changes of the extracellular matrix—Following the infiltration of 

monocytes and macrophages into the sites of collateral vessel, a structural remodeling 

process occurs that leads to the maturation and enlargement of collateral arteries. The 

orchestrated production of cytokines and growth factors induces the degradation of the 

extracellular matrix and stimulates the proliferation of endothelial (EC) and smooth muscle 

cells (SMC) in preparation for the remodeling of extracellular matrix and the expansion of 

the collateral diameter. However, the mechanisms leading to the production of cytokines and 

growth factors by monocytes and macrophages at sites of collateral growth are not well 

understood.

The turnover and remodeling of the extracellular matrix is carried out by the matrix 

metalloproteinases (MMPs) and their inhibitors, namely tissue inhibitor of 

metalloproteinases (TIMPs). During arteriogenesis, the external elastic lamina and elastin 

are broken down by MMPs and plasmin, creating space for the expanding vessel (Fung and 

Helisch, 2012, la Sala et al., 2012). Earlier studies indicated that MMP-2, MMP-9 and 

TIMP-1 were up-regulated in the intima during collateral remodeling (Kadoglou et al., 

2005), suggesting that it is the balance between MMPs and TIMPs which is critical for the 

maintenance and remodeling of the vessel wall. Metabolic disorders such as diabetes 

disrupts this balance during arteriogenesis (Schatteman et al., 2000). For example, Lepr-

db/db mutation blunted the ischemia-induced up-regulation of MMP-2, MMP- 12 and 

MMP-16 in the murine hindlimb ischemia model (Schiekofer et al., 2005).

During the late phase of arteriogenesis, ECs and SMCs proliferate and migrate (Scholz et al., 

2000). SMCs account for a large part of the production of new tissue, changing their 

phenotype from contractile to a synthetic and proliferative phenotype (Schaper, 2009). As 

the collateral vessels grow in diameter with cell proliferation, FSS falls and collateral flow 

decreases as a feedback autoregulatory mechanism.

1.4 Clinical significance of collateral circulation

As noted previously, both extracranial sources of cerebral blood flow (CBF) and intracranial 

routes of ancillary perfusion contribute to collateral circulation (Liebeskind, 2003). These 

ancillary perfusion sources are divided into primary (e.g., circle of Willis) or secondary (i.e., 

ophthalmic artery and leptomeningeal vessels) collateral pathways. In general, poor 

collateral status not only increases the risk for stroke, but also serves as an independent 

predictor of poorer outcomes in patients with ischemic stroke (Henderson et al., 2000, Bang 
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et al., 2008, Maas et al., 2009, Lima et al., 2010, Liebeskind et al., 2011b). Conversely, 

patients with good collateral flow not only experience more favorable stroke outcomes, but 

also show better clinical response to recanalization therapy even under conditions wherein 

treatment was initiated at delayed hours after the onset of stroke (Kucinski et al., 2003, Bang 

et al., 2011a, Bang et al., 2011b, Ribo et al., 2011). Metabolic risk factors such as type II 

diabetes mellitus (T2DM) are associated with poor leptomeningeal collateral status (Menon 

et al., 2013). Details of how the primary and secondary collateral flow contribute to the 

outcome of cerebrovascular occlusive diseases are discussed below.

1.4.1 Effect of primary collaterals—Willisian collaterals provide rapid routing of CBF 

to ischemic regions via existing anastomoses, critical under conditions involving occlusion 

or stenosis of the major feeding arteries (i.e., ICAs and the vertebrobasilar arteries) in the 

brain (Liebeskind, 2003). Unilateral ICA occlusion led to augmented collateral flow through 

the anterior Circle of Willis as well as an increase in the diameter of the anterior 

communicating arteries (Hartkamp et al., 1999). In contrast, bilateral ICA occlusion led to 

both enhanced collateral flow through the posterior circle of Willis as well as an increase in 

the diameter of the posterior communicating artery (Hartkamp et al., 1999). Furthermore, in 

patients with ICA occlusion, vertebrobasilar arteries appeared to be responsible for blood 

flow in the territory of the MCA ipsilateral to the occluded ICA, whereas the contralateral 

ICA provided collateral flow to the ACA territory of the ischemic side (van Laar et al., 

2007). Enhanced collateral flow following ICA obstruction has been correlated with both 

increased vessel diameter (Hartkamp et al., 1999) as well as patient recovery, including an 

improved survival rate and decreased risk of ischemic events in patients with severe stenosis 

of the ICA (Henderson et al., 2000, Lima et al., 2010).

1.4.2 Effect of secondary collaterals in acute ischemia—The development of 

secondary collateral pathways appears to be initiated once primary collaterals at the circle of 

Willis become insufficient. In patients with complete occlusion of the intracranial ICA 

and/or the MCA (M1 or M2 segments), enhancement of leptomeningeal collaterals on CT 

angiography was correlated with lower post-stroke mortality (Lima et al., 2010). Patients 

with both MCA occlusion and rapid recruitment of secondary collateral pathways followed a 

similar symptomatic trajectory compared to ischemic patients without occlusion, whereas 

patients with MCA occlusion in the absence or reduction of collaterals fared significantly 

worse in the progression of symptoms post-stroke (Maas et al., 2009). Although the 

determinants of variability in collateral abundance in patients with acute ischemic stroke are 

largely unknown, a recent study reported that age and metabolic syndromes including 

hyperuricemia were associated with poor leptomeningeal collateral status in patients with 

acute ischemic stroke (Menon et al., 2013).

With respect to stroke therapy, although rapid recanalization has a strong association with 

clinical improvement, it remains inaccessible to many patients due to its limited time 

window and potential for hemorrhagic complication. In patients treated by local intra-

arterial or systemic thrombolysis within 6 hours of the onset, adequate collateral supply and 

successful recanalization with thrombolytic treatment had a better clinical outcome 

(Kucinski et al., 2003). In the patients who received endovascular treatment, angiographic 
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collateral grade determined the recanalization rate and clinical outcome after endovascular 

revascularization therapy (Bang et al., 2008, Bang et al., 2011a, Bang et al., 2011b, 

Liebeskind, 2013). Additionally, good collateral blood flow is linked to lower rates of 

hemorrhagic transformation after thrombolytic therapy and endovascular therapy (Bang et 

al., 2008, Christoforidis et al., 2009, Bang et al., 2011a, Bang et al., 2011b). Therefore, 

collateral status readily available from baseline angiography may refine therapeutic 

decision-making and prognostic assessments in the setting of acute cerebral ischemia. Good 

collateral status predicts favorable clinical response to systemic or intra-arterial treatment 

given even beyond 5–6 hours from stroke onset (Kucinski et al., 2003, Ribo et al., 2011), 

and may encourage further recanalization efforts. Inadequate information regarding 

collateral status might account for the unsuccessful clinical recovery in patients received 

endovascular therapy despite high recanalization rates (Penumbra Pivotal Stroke Trial, 

2009). Thus, the state of collateral flow may be necessary to consider in the development of 

protocols for clinical trials.

However, the development of collaterals does not necessarily guarantee post-stroke 

sustained flow conductance. Hemodynamic fluctuations during the occlusion or following 

recanalization may disrupt collateral circulation, possibly threatening steady cerebral blood 

flow, and thrombolysis within the parent vessel may lead to clot fragments that travel and 

occlude collateral branches supplying retrograde flow from cortical arteries (Liebeskind, 

2003). Furthermore, it is still not well understood how genetic and environmental factors 

influence acute collateral hemodynamic change after abrupt occlusion. A thorough 

understanding of these factors may better explain differences in clinical outcome and enable 

risk stratification for individual subjects.

1.4.3 Effect of secondary collaterals in chronic hypoperfusion (ischemia)—
Although enhanced leptomeningeal collaterals are seen as a positive indicator of acute post 

stroke outcome, the presence of leptomeningeal collaterals prior to stroke onset can indicate 

cerebrovascular impairment in the patients with chronic hypoperfusion. In contrast to acute 

embolic or thrombotic occlusion, the development of collaterals over time may occur due to 

progressive atherosclerotic stenosis of intracranial segments. Increased compensation via 

collaterals correlated with severity of chronic stenosis and downstream perfusion 

(Liebeskind et al., 2011a, Liebeskind et al., 2011b), suggesting that enhancement of 

collaterals may be a characteristic of the underlying chronic pathophysiology and thus may 

be a marker of increased risk of stroke in intracranial atherosclerosis patients (Liebeskind et 

al., 2011a, Liebeskind et al., 2011b). However, various factors such as time course, extent of 

stenosis as well as collateral circulation likely impact the clinical presentation and 

progression of intracranial steno-occlusive arterial disease. The complex interplay of these 

and other factors (including differences in methodology) could explain the conflicting 

results described in clinical studies which attempt to correlate collateral patterns with 

hemodynamic and metabolic parameters (Muller and Schimrigk, 1996, Derdeyn et al., 

1999a, Derdeyn et al., 1999b). In addition, limitations in the angiographic assessment of all 

potential collateral routes may have contributed to the discrepancy between clinical studies. 

In addition, the causes of variability in collateral robustness in patients with acute ischemic 

stroke are not well understood. A recent study suggests that metabolic syndrome, 
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hyperuricemia and age are associated with poor leptomeningeal collateral status in patients 

with M1 segment middle cerebral artery with or without intracranial ICA occlusions (Menon 

et al., 2013). Furthermore, commonly used pharmacological treatments for co-morbidities 

may impact collateral flow. For example, a relationship between pre-stroke statin use and 

enhanced angiographic collateral grade was observed among acute ischemic stroke patients 

with occlusion of a major cerebral artery (Ovbiagele et al., 2007).

Unlike acute ischemic stroke, Moyamoya disease is a chronic, occlusive cerebrovascular 

disease characterized by bilateral steno-occlusive changes at the terminal portion of the ICA 

and an abnormal vascular network at the base of the brain (Suzuki and Takaku, 1969). In 

these patients, developments of leptomeningeal collaterals (termed “Moyamoya-like 

vessels”) compensate for insufficient blood flow, and are thus characterized as a type of 

collateral vessels, although pathological (Hinshaw et al., 1976, Fukui et al., 2000). The 

development of these vessels is negatively correlated with the development of 

leptomeningeal collaterals from the PCA, and thus are positively correlated with the severity 

of the stenotic lesions in the major arterial trunks (Yamada et al., 1995). Despite the 

pathological effects of the development of Moyamoya-like vessels, they may exist as an 

attempt to compensate the insufficient collateral networks in the ipsilateral cortical area 

(Kato et al., 2008).

1.4.4 Summary of clinical perspectives—Collateral flow in acute stroke may have 

several prognostic implications. Because collateral supply helps to limit the extent of 

infarction prior to the restoration of reperfusion, collateral perfusion in an ischemic region of 

the brain is an important determinant of clinical recovery with or without recanalization 

therapy. Aging and metabolic factors may impair collateral development in the setting of 

intracranial steno-occlusive disease and therefore affect ischemic stroke risk and outcome. 

Rapid clot lysis has an established strong association with clinical improvement, and 

reperfusion treatments must be provided as fast as possible in patients most likely to benefit. 

Patients who fail to rapidly reperfuse may benefit from other strategies that increase 

collateral flow as adjunctive and alternative approach. Thus, therapeutic strategies geared 

toward the enhancement of leptomeningeal collaterals or augmentation of their function 

could be an effective focus for clinical trials, either preventively before stroke, or in the 

acute phase after stroke onset.

1.5 Therapies to improve collateral flow in ischemic stroke

As experimental and clinical data have demonstrated the importance of collateral circulation 

and the benefit of spontaneous or therapeutically induced reperfusion (Shuaib et al., 2011b, 

Liebeskind, 2012, 2013), interventions aimed at augmenting and stabilizing collateral 

recruitment might be efficacious in treating acute ischemic stroke. In this section, we will 

provide an overview of a few notable approaches towards collateral blood flow 

augmentation and the observed efficacy in patients of acute ischemic stroke and prestroke.

1.5.1 Volume expansion or hemodilution—Increased cerebral perfusion or oxygen 

delivery can be achieved by decreasing blood viscosity using various hemodiluting agents 

(Ginsberg, 2008). Interestingly, hemodilutants, including dextran 40, hydroxyethyl starch 
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(HES) and human albumin, have differential effects towards blood cells versus plasma. For 

example, decreased whole blood viscosity and lowered hematocrit are effectively induced 

by both dextran 40 and hydroxyethyl starch (HES), However, dextran 40 led to an increase 

in plasma viscosity and red-cell aggregation. Conversely, HES decreased plasma viscosity 

and red-cell aggregation (Haass et al., 1986, Kroemer et al., 1987), underscoring a 

distinction between the two hemodiluting agents in conditions where plasma volume 

expansion may be desirable. Human albumin is also a hemodiluting agent and, in moderate- 

to high-doses, has been demonstrated to exert neuroprotective effects in animal models of 

temporary and permanent focal cerebral ischemia (Belayev et al., 1997, Belayev et al., 1998, 

Liu et al., 2001) as well as in global cerebral ischemia (Belayev et al., 1999). 

Neuroprotection afforded by albumin has been attributed at least in part to its non-

hemodiluting effect, including decreased oxidative stress (Wayner et al., 1985, Halliwell, 

1988) and induction of endothelium-derived relaxing factor-like properties by reacting with 

nitric oxide (Keaney et al., 1993a, Keaney et al., 1993b). However, albumin also has 

multiple roles in the vasculature that likely play a role in ischemic neuroprotection, 

including the maintenance of normal microvascular permeability via hemodilution (He and 

Curry, 1993), decreased red blood cell sedimentation under low-flow conditions (Reinhart 

and Nagy, 1995), improved blood flow (Huh et al., 1998), increased microvascular flow 

velocity within the ischemic cortex (Nimmagadda et al., 2008) and reduced post-ischemic 

thrombosis and blood-element adhesion within the brain’s microvasculature (Belayev et al., 

2002). Due to its multiple salutary actions, high-dose human albumin therapy is now under 

investigation in an international phase III multicenter clinical efficacy trial for stroke 

(Ginsberg et al., 2006, Hill et al., 2007) (Albumin in Acute Stroke, abbreviated as ALIAS) 

(http://www.NIHClinicalTrials.gov, Identifier NCT00235495).

1.5.2 Vasodilation—Because arteriogenesis involves NO release and vasodilation 

(Schaper, 2009, Troidl et al., 2010a), it is intuitive to develop therapies that enhance 

collateral flow by inducing vasodilation. However, small clinical trials have not shown any 

consistent benefit in neurological outcome (Rordorf et al., 1997, Rordorf et al., 2001). One 

explanation could be that because ischemic vasculature is already fully dilated during stroke, 

thus any vasodilation intervention is effective only in non-ischemic vessels and may lead to 

vascular stealing that is deleterious to ischemic tissue (Bremer et al., 1980, Kuwabara et al., 

1995). If this explanation is correct, then effective collateral therapies should target 

vasodilation of the collateral vessels specifically. Unfortunately, no therapeutic strategy yet 

developed has achieved this level of specificity.

1.5.3 Induced hypertension—In the ischemic cortex, the normal autoregulatory 

mechanisms of cerebral blood flow are impaired, leading to a passive perfusion dependent 

on blood pressure variations. Although deleterious in nature, an induced rise in systemic 

blood pressure via pharmacotherapeutic intervention should improve blood flow to the 

brain, possibly bypassing occluded regions through increased collateral flow (Bogoslovsky 

et al., 2006, Wityk, 2007). The beneficial effects of induced mild hypertension have been 

confirmed in animal models of stroke. Induction of mild hypertension with phenylephrine 

increased blood pressure by 65 mm Hg and had a dramatic effect on infarct reduction in 

rabbits, with 97% and 45% reduction after one and two hours of MCAO, respectively 
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(Smrcka et al., 1998). Intravenous infusion of phenylephrine in rats beginning as late as 60 

minutes after the onset of distal MCAO increased blood pressure by 30% for the remaining 

duration of ischemia, and was associated with reduced infarct volume, improved CBF and 

CMRO2 in the penumbra, as well as increased leptomeningeal collateral blood flow (Shin et 

al., 2008). Angiotensin was also used to increase the mean arterial pressure by 40–60% and 

reduced infarct volume after transient MCAO in rats (Chileuitt et al., 1996). Although mild 

hypertension induced during acute stroke appears to be neuroprotective, chronic 

hypertension paradoxically worsens stroke outcome (Aslanyan et al., 2003, Koga et al., 

2009, Geeganage et al., 2011), possibly due to inhibition of collateral blood flow. Consistent 

with this notion, compensatory growth of leptomeningeal collaterals in response to chronic 

cerebral hypoperfusion was impaired in spontaneously hypertensive rats compared to 

normotensive rats; however, anti-hypertensive drugs restored the collateral growth (Omura-

Matsuoka et al., 2011). In support of experimental data, some clinical studies have suggested 

benefit in tissue perfusion or functional improvement with induced hypertension (Rordorf et 

al., 2001, Hillis et al., 2003, Chalela et al., 2005, Bogoslovsky et al., 2006). However, it is 

unclear whether these results could be attributed to improved collateral flow recruitment, as 

collateral flow was not directly assessed in these studies. Despite the encouraging results 

and feasibility of inducing mild hypertension, there are many potential risks associated with 

hypertensive paradigms in patients with acute stroke, including the side effect of increased 

intracranial pressure. One study found that norepinephrine improved perfusion pressure and 

flow velocity in patients with large MCA stroke with increased the mean arterial pressure by 

10 mmHg and only a slight increase in intracranial pressure (Schwarz et al., 2002), 

supporting the benevolent nature of this approach.

1.5.4 Collateral flow improvement by growth factors—Arteriogenesis and 

angiogenesis can be stimulated by various chemokines and growth factors secreted from 

circulating inflammatory cells, including MCP-1, fibroblast growth factor (FGF)-2, TGF-b, 

VEGF and granulocyte-macrophage colony-stimulating factor (GM-CSF) (Buschmann et 

al., 2003, Schirmer et al., 2009). Addition of many of these chemokines and growth factors 

can modulate the rate of arteriogenesis. Indeed, collateral conductance was enhanced by the 

infusion of CC chemokines (CCL2), FGF, or GM-CSF into the peripheral or coronary 

collateral circulation (Asahara et al., 1995, Ito et al., 1997, Zbinden et al., 2004). The 

therapeutic potential of these substances has been demonstrated in pre-clinical animal 

models by improving collateral conductance, extending neo-vascularization in the collateral 

dependent tissue regions, decreasing infarct area after hemodynamic stroke and improving 

functional parameters in myocardial ischemia (Erdo and Buschmann, 2007).

G-CSF and GM-CSF in particular have been fairly well investigated for treating cerebral 

ischemia (Buschmann et al., 2001). Administration of G-CSF and GM-CSF before or after 

ischemia was neuroprotective in rodent models (Nakagawa et al., 2006, Schabitz et al., 

2008, Todo et al., 2008), likely in part due to its upregulation in the collateral vascular 

channels. Prophylactic injection of GM-CSF in rats for 6 weeks prior to bilateral common 

carotid artery occlusion attenuated functional impairment of cerebrovascular reserve 

capacity and increased leptomeningeal collateral density (Schneider et al., 2007). A recent 

study demonstrated that five days of daily GM-CSF or G-CSF administered to C57/BL6 
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mice after unilateral occlusion of the common carotid artery promoted leptomeningeal 

collateral growth and decreased infarct volume (Sugiyama et al., 2011). When a subset of 

these animals were subjected to MCAO seven days after common carotid occlusion and 

treated with G-CSF or GM-CSF, infarct size was reduced and cerebral perfusion improved 

compared to those with MCAO without growth factor treatment.

In addition to GM-CSF, other prophylactic therapies to improve collateral circulation should 

be developed to improve outcomes after stroke. As a previous clinical study has 

demonstrated, metabolic syndrome, hyperuricemia and age may affect collateral status 

(Menon et al., 2013), although the underlying mechanism is not yet understood. With the 

exception of aging, these risk factors are all modifiable. Therefore, the role in improving 

native collateral status warrants further studies in future. Ovbiagele and colleagues reported 

that prestroke statin use is associated with better cerebral collateral supply (Ovbiagele et al., 

2007). Chronic angiogenic and more immediate arteriogenic effects of statins after arterial 

occlusion support the use of these agents in prevention and acute treatment of stroke.

1.5.5 Emerging technologies to improve cerebral blood flow in stroke patients
—A number of emerging therapeutic techniques have shown promise in improving 

perfusion in stroke patients, including sphenopalatine ganglion stimulation, partial aortic 

occlusion and external counterpulsation, although their specific effects on increasing 

collateral flow have not been demonstrated. The principle underlying each strategy and the 

respective stage of investigation are discussed below.

Stimulation of the sphenopalatine ganglion increases intracranial blood flow and induces 

vasodilation through the parasympathetic innervation in the intracranial blood vessels 

(Suzuki et al., 1991, Tomita et al., 2000, Ayajiki et al., 2005, Yarnitsky et al., 2005). Data in 

experimental models of stroke have demonstrated that stimulation of this ganglion increased 

blood flow, reduced infarct volume and improved functional outcomes (Henninger and 

Fisher, 2007, Bar-Shir et al., 2010). Conversely, severing the nerves emanating from the 

sphenopalatine ganglion increased infarct volume after MCAO (Diansan et al., 2010). Based 

on encouraging preclinical data, the safety of sphenopalatine ganglion stimulation is 

currently being evaluated in human stroke patients (Khurana et al., 2009).

Temporary occlusion of the abdominal aorta at the suprarenal and infrarenal levels was 

tested to augment cerebral blood flow to the brain. This novel approach to increase blood 

flow in the upper body appears safe and feasible in stroke patients eight to 24 hours after 

symptom onset (Hammer et al., 2012). Although the efficacy of NeuroFlo in ischemic stroke 

was not proven in the Safety and Efficacy of NeuroFlo in Acute Ischemic Stroke (SENTIS) 

trial (Shuaib et al., 2011a), the technique reduced mortality without an increase in severe 

disability (Schellinger et al., 2013). It still remains possible that this approach is effective as 

an adjunct to thrombolysis, due to its proven safety and feasibility within 30 days of partial 

aortic occlusion immediately after thrombolytic treatment (Emery et al., 2011).

External counterpulsation (ECP) is a novel method used to improve the perfusion of vital 

organs, and may serve to benefit ischemic stroke patients. Unlike intra-aortic 

counterpulsation using intra-aortic balloon inflation (Wesley and Morgan, 1990), blood flow 
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can be diverted from the capacitance vessels in the lower limbs by non-invasive means of 

external compression via antigravity suits or leg air cuffs. Antigravity suits induced a 

transient increase in cardiac output and a marked and sustained decrease in plasma 

norepinephrine and plasma renin activity (Kravik et al., 1986, Geelen et al., 1992), which 

reflect a decrease in sympathetic activity. During ECP, middle cerebral artery mean flow 

velocities increased in stroke patients by elevating blood pressure (Lin et al., 2012). 

However, the study failed to correlate improved functional outcomes and cerebral blood 

flow. Further randomized controlled trials with conventional medical treatment of stroke 

patients used as controls to investigate the effects of ECP on ischemic stroke patients are 

warranted.

2. The role of angiogenesis in cerebrovascular diseases and therapy

Angiogenesis is a tightly controlled process in the central nervous system (CNS). In cancer, 

inhibition of angiogenesis is an effective therapeutic strategy for treating solid tumors. 

Conversely, promoting focal angiogenesis could provide an opportunity for improving 

outcomes of ischemia-related diseases. Understanding the molecular and cellular 

mechanisms by which angiogenesis occurs appears promising to yield potential therapeutic 

targets for ischemic brain diseases. However, numerous questions remain unanswered. 

Which molecules or stem cells are crucial for triggering angiogenesis in the adult brain? 

How do these molecules or stem cells respond to ischemic episodes? What brain-specific 

pro-angiogenic factors are involved during brain repair and what are their roles in promoting 

angiogenesis? How do vascular and neural cells interact to promote angiogenesis? 

Answering these questions would help to develop new therapeutics to promote functional 

angiogenesis after ischemia.

2.1 Vessel development in the normal brain

Development of vessels in the adult brain uses many similar molecules and signaling 

pathways as in other parts of the body, which involves an orchestrated interplay of growth 

factors and regulators. However, the vascularization of the developmental CNS and the 

maintenance of brain vascular function also require several special structures, including the 

blood-brain barrier (BBB) and neurovascular unit (NVU). The structural uniqueness of the 

vasculature in the brain and molecular mechanisms that regulate the dynamic interactions of 

the neural and vascular system give rise to a highly complex system that may be a key target 

for therapeutic interventions.

2.1.1 Modes of vessel growth—Vessels can grow in the body via several modes, which 

include vasculogenesis, angiogenesis, arteriogenesis and collateral vessel growth (Carmeliet 

and Jain, 2011). Vasculogenesis is defined as a formation of blood vessels by progenitor 

cells, which is most common during embryogenesis but also occurs in adult vessel 

generation. Angiogenesis refers to new microvessel formation via sprouting or splitting from 

pre-existing vessels and is mainly responsible for the development of blood vessels after 

birth. As described above, arteriogenesis typically involves vessel maintenance and flow 

stabilization. Specifically, collateral growth refers to the formation of interconnected bridges 
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of arterial systems. It is noted that specific angiogenic factor signaling system corresponds 

to each mode of vessel formation and growth.

During brain development, both vasculogenesis and angiogenesis occur. Mesodermal 

angioblasts form an initial vascular network around the neural tube via vasculogenesis. 

Further branching of newly formed microvessels into neural tube is accomplished through 

angiogenesis. Upon exposure to pro-angiogenic signals, endothelial cells (ECs) become 

mobile and protrude filopodia, forming tip cells (Jakobsson et al., 2010). Tip cells initiate 

new sprouts and sense guidance cues from focal environment. Stalk cells follow tip cells, 

proliferate to support sprout elongation, and establish a vessel lumen. Microvessel loops are 

then formed when tip cells anastomose with neighboring sprouts (Eilken and Adams, 2010, 

Potente et al., 2011). After the microvessel forms a lumen, mural cells such as pericytes and 

vascular smooth muscle cells (VSMCs) stabilize the capillaries and small arterioles 

(Quaegebeur et al., 2011). Focal cerebral angiogenesis is closely regulated by angiogenic 

factors, mediators, and local circumstances. These factors work together to ensure 

angiogenesis with correct induction of tip cells, maintenance of tip cell function and stalk 

cell identity, and recruiting of pericytes to the nascent capillary. In recent years, evidence 

indicates that several regulatory factors are shared by vascular system and the nervous 

system (Larrivee et al., 2009). These factors play important roles in aligning the vessels and 

nerves. Alignment of blood vessels and nerves is commonly observed and has been 

postulated to be mutually dependent on each other.

Vascular recruitment and neurogenesis are often associated. Studies of adult hippocampal 

neurogenesis revealed that newly formed microvessels are also used as migratory conduits 

for neural progenitor cells (Palmer et al., 2000). Within the neural stem cell niche in the 

brain, vascular components regulate neurogenesis through paracrine signaling as well as 

direct contact with neural progenitor cells(Goldberg and Hirschi, 2009). Understanding the 

interdependent relationship between the vascular and nervous system would help the 

development of therapeutics for the CNS.

2.1.2 Vascular cells—Even more so than in other organs, the relationship between the 

vascular and nervous systems in the CNS are tightly interwoven. They form intimately 

connected and highly-coordinated neurovascular unit composed of ECs, pericytes, VSMCs, 

astrocytes, microglia and neurons (Winkler et al., 2011a). Lining the interior of the vessel 

lumen are ECs, which originate from endothelial progenitor cells (EPCs). At the capillary 

level, pericytes attach to ECs and project elongated, finger-like processes that sheath the 

capillary wall. At the arterial level, VSMCs stabilize vessel wall and deposit extracellular 

matrix. CNS homeostasis depends upon the proper communication and functional 

interaction of these diverse cell types, and in turn, the mature vascular system requires 

innervation for vasoconstriction and vasodilation for proper function.

Perivascular signals are important for regulating both EC proliferation and neuronal 

development. Signaling pathways that promote neurogenesis, neural stem cell expansion, 

differentiation, migration and homing have been extensively studied. Interestingly, CNS 

pericytes possess both mesodermal and neuroectodermal origins (Winkler et al., 2011a). 

Mature pericytes play critical roles in regulating focal cerebral blood flow (CBF) (Peppiatt 

Liu et al. Page 16

Prog Neurobiol. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



et al., 2006, Bell et al., 2010), controlling BBB maturation and integrity (Armulik et al., 

2010, Bell et al., 2010, Daneman et al., 2010), supporting cerebrovascular system stability 

(Winkler et al., 2011a) and regulating angiogenesis (Stratman et al., 2009). Several CNS 

disorders, including diabetic retinopathy and some neurodegenerative states, have been 

associated with abnormal pericyte function (Hammes et al., 2004, Bell et al., 2010).

Located directly on the capillary wall, pericytes share a common basement membrane with 

ECs, attaching by different integrins to extracellular matrix (ECM) proteins (Diaz-Flores et 

al., 2009, Stratman et al., 2009). In areas that lack a basement membrane, pericytes and ECs 

make direct cell-to-cell contacts via junction proteins such as N-cadherin (Gerhardt et al., 

2000, Li et al., 2011, Winkler et al., 2011a) and connexin-43 hemichannels, which form gap 

junctions between the two cell types and allow the transfer of nutrients, metabolites, 

secondary messengers and ions (Bobbie et al., 2010).

Normal function of neuronal circuits and synaptic transmission require an optimal neuronal 

microenvironment that relies on successful BBB maturation and maintenance. BBB is 

formed by continuous EC membrane characterized by the presence of tight junctions and 

adherens junctions (Hawkins and Davis, 2005), and acts as a regulated interface between the 

peripheral blood circulation and the CNS environment. Pericytes play a role in forming and 

maintaining BBB integrity in both the developing and adult brain (Armulik et al., 2010, Bell 

et al., 2010, Daneman et al., 2010, Quaegebeur et al., 2010, Li et al., 2011).

2.1.3 Angiogenic molecules—Angiogenesis in the brain is regulated by both general 

angiogenic factors and brain-specific angiogenic factors. These factors regulate EC 

migration, maintain cell identity, guide cell growth and elongation, and regulate BBB 

formation. Recent evidence suggests that specific factors are also involved in ensuring 

nerve-vessel alignment and nerve-artery alignment in the brain.

2.1.3.1 Vascular endothelial growth factor (VEGF): VEGF is a critical stimulator of 

angiogenesis. VEGF-A is the main component of the VEGF family, and stimulates 

angiogenesis through VEGF receptor-2 (VEGFR-2) (Nagy et al., 2007, Ferrara, 2009). 

VEGFR-2 deficiency and/or loss of VEGF cause defects in vascular development 

(Carmeliet, 2003). VEGF is presented in both soluble and matrix-bound isoforms. Soluble 

VEGF mainly promotes vessel enlargement while matrix-bound isoforms stimulates more 

branching (Carmeliet, 2003). The release of soluble VEGF into the extracellular space leads 

to a VEGF gradient. This gradient signals tip cells to up-regulate DLL4 expression and 

subsequent activation of NOTCH signaling in adjacent stalk cells. The activation of NOTCH 

in stalk cells down-regulates VEGFR-2 expression, leading to a cessation of response to 

VEGF and thereby ensuring that the tip cell takes the lead (Phng and Gerhardt, 2009). The 

biological effect of VEGFR-2 signaling can vary greatly based on its subcellular 

localization. For example, during VEGF induced arterial morphogenesis, VEGFR-2 must 

signal from intracellular compartments (Lanahan et al., 2010). Paracrine VEGF, released by 

tumor, myeloid or other stromal cells, increase vessel branching and render tumor vessels 

abnormal (Stockmann et al., 2008), whereas autocrine VEGF, released by ECs, maintains 

vascular homeostasis (Lee et al., 2007).
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2.1.3.2 Netrins (Nishiyama et al., 2003): Concurrent with neural growth, vasculature 

formation occurs in the same direction in brain tissue. The similarities between these two 

systems in terms of their developmental timing and migration raise the possibility that ECs 

use an analogous mechanism similar to axonal growth cones in order to migrate toward their 

proper targets, and may even overlap in the response to the same extracellular molecules. 

Growth cones are specialized structure formed at the tip of a developing axon that function 

in axonal guidance by sensing guidance molecules in the extracellular environment 

(Carmeliet and Tessier-Lavigne, 2005). Indeed, the morphology of endothelial tip cells are 

strikingly similar to axonal growth cones and even express receptors for axonal guidance 

cues (Gerhardt et al., 2003), providing evidence that ECs and neurons may use similar 

mechanisms, and even overlapping cues, to correctly reach their appropriate targets.

Interactions between four classes of guidance cues (specifically, ephrins, semaphorins, 

netrins and slits) and their specific receptors guide axonal formation during neuronal 

development. Interestingly, many of these molecules appear to also be involved in vascular 

morphogenesis (Suchting et al., 2006). Guidance cues can function either as an attractive 

signal to guide the axon (or developing vessel) toward a specific region, or as a repulsive 

signal to repel formation in an area. Of the primary classes of axonal guidance cues, slits, 

semaphorins, and ephrins act primarily as repellents, although in some situations, they can 

exert an attractive signal. Netrins have been widely studied, and have been found to act as 

either attractants or repellents, depending on the specific cell type and expressed receptors.

Netrins are a family of evolutionarily conserved secreted molecules (Huber et al., 2003), 

three members of which (netrin-1, netrin-3 and netrin-4) have been identified in mammals 

(Moore et al., 2007). The common structural elements of members of the netrin family 

include a laminin VI domain, three EGF-like repeats similar to the laminin V domain, and a 

heparin-binding carboxyl-terminal domain. Functionally, netrins act as bifunctional 

guidance cues, exerting attractant or repellent modalities depending on the receptors 

expressed by various cell phenotypes. For example, Netrin-1 functions as an attractant for 

dorsal commissural neurons, but as a repellent for certain classes of motor neurons (Culotti 

and Merz, 1998). Attraction to netrin-1 is mediated by deleted–in-colorectal-carcinoma 

(DCC) receptors (Keino-Masu et al., 1996). Consistently, mice deficient in DCC receptors 

or in netrin-1 retard commissural axonal extension and result in a failure of these projections 

to cross the midline (Fazeli et al., 1997). On the other hand, netrin-1-mediated repulsion is 

mediated via UNC5H2 receptor homodimers or UNC5-DCC receptor heterodimers 

(Leonardo et al., 1997, Hong et al., 1999). In addition to the expression of specific receptors 

that influence the attractant or repellent modalities of netrin, the level of intracellular cyclic 

nucleotides may also switch the cellular response to netrin from attractant to repellent 

(Nishiyama et al., 2003). To support the concept that netrin guidance cues may impact 

vascular formation, navigating ECs express netrin-related receptors, including DCC, UNC5 

and ephrin receptors. Overexpression of netrin-1 in the mouse brain after ischemia not only 

improved neurological function, but also promoted functional angiogenesis (Lu et al., 2012), 

providing a correlation between netrin-1, angiogenesis and functional improvement.

2.1.3.3 Angiopoietins (Angs) and Tie: The Ang/Tie system is involved in vessel 

maintenance, growth and stabilization. An important function of Ang/Tie system is allowing 
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vessels to maintain quiescence while remain responsive to angiogenic stimuli. In humans, 

Ang/Tie family is composed of three ligands, Ang-1, Ang-2 and Ang-4 and two receptors, 

Tie-1 and Tie-2. Ang-1 is expressed by mural cells, and Ang-2 is expressed by angiogenic 

tip cells. Ang-1 activates Tie-2 reduces EC permeability, enhances vascular stabilization and 

suppresses thrombin-induced calcium influx and inflammation (Koh, 2013). Ang-1 induces 

Tie-2 clustering at cell–cell junctions to maintain EC quiescence (Saharinen et al., 2008). 

Ang-1 also promotes vessel thickening by stimulating mural coverage and basement 

membrane deposition. Conversely, Ang-2 induces EC destabilization and may compete with 

Ang-1 at the EC-EC junctions, leading to the decrease of vascular stability, which is an 

important step at the beginning of angiogenesis (Saharinen et al., 2008). In the presence of 

angiogenic stimulators, sprouting ECs release Ang-2, which antagonizes Ang-1 and Tie-2 

signaling to enhance mural cell detachment, vascular permeability and EC sprouting 

(Augustin et al., 2009).

2.1.3.4 Fibroblast growth factor (FGF) family: The FGF super-family has many members 

with high degrees of redundancy (Beenken and Mohammadi, 2009). bFGF, FGF1, FGF2, 

and FGF9 all have angiogenic properties (Cao et al., 2003, Carmeliet and Jain, 2011), via 

directly activating receptors on ECs or indirectly via inducing the release of angiogenic 

factors (Beenken and Mohammadi, 2009). FGF signaling has been demonstrated to be 

important for the maintenance of vascular integrity, as inhibition of FGF signaling caused 

disassembly of adherens and tight junctions, and led to disintegration of the vasculature 

(Murakami et al., 2008).

2.1.3.5 Platelet-derived growth factor (PDGF): Mural cell coverage is crucial for vascular 

maturation and proper vessel function. PDGF-β recruits mural cells through its receptor 

PDGFR-β (Gaengel et al., 2009). PDGF-β released by ECs stimulates pericytes proliferation 

and migration via cell surface PDGFR-β (Hellberg et al., 2010). Inactivation of either 

PDGF-B or PDGFR-β is associated with hallmarks of vascular breakdown, including 

pericyte deficiency, vascular dysfunction, and micro-aneurysm formation (Gaengel et al., 

2009). Similarly, PDGFR-β hypomorphic mice exhibit BBB defects and neurodegenerative 

damage due to insufficient pericytes around brain vessels (Quaegebeur et al., 2010).

2.1.3.6 Transforming growth factor-beta (TGF-β): TGF-β is a multifunctional cytokine 

that exerts context-dependent pro- and anti-angiogenic effects (Sieczkiewicz and Herman, 

2003, Lebrin et al., 2005, Walshe et al., 2009). A variety of cell types secrete TGF-β in the 

brain, including ECs, pericytes, neurons and glia. Secreted TGF-β is an inactive protein-

bound form that can be activated by thrombospondin or integrin (Lebrin et al., 2005, 

Gaengel et al., 2009). When activated, TGF-β binds to TGF-β receptor R2, which initiates 

the recruitment and phosphorylation of TGF-β receptor R1 and activin-like kinase 1 or 5 

(ALK1 or ALK5), leading to transcriptional changes via the Smad signaling pathway 

(Lebrin et al., 2005). TGF-β can also regulate pericyte differentiation and adhesion (Gaengel 

et al., 2009). Genetic mutations of TGF-β receptors, such as endoglin (Eng) or ALK1, led to 

arteriovenous malformation (AVM) (Pardali et al., 2010).
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2.1.3.7 Chemokines: Recent evidence suggests that specific chemokines are capable of 

regulating angiogenesis by recruiting leukocytes and EPCs (Duda et al., 2011, Wang et al., 

2012). During hypoxia, chemokine CXCL12 (also known as stromal derived factor-1, 

SDF-1) is upregulated by hypoxia-induced factor-1α (HIF-1α) and binds to its receptor 

CXCR4 on target cells such as peripheral EPCs to promote angiogenesis. Neural progenitor 

cells (NPCs) also express CXCR4 and therefore could be attracted by CXCL12 (Robin et 

al., 2006). More evidence to support a role for CXCL12 in angiogenesis is derived by the 

observation that peripheral neurons express CXCL12 to control nerve-vessel alignment over 

a distance (Scalzo et al., 2013). In zebra fish, CXCL12/CXCR4 signaling controls the 

formation of arteriovenous connections in the developing CNS (Bussmann et al., 2011, 

Fujita et al., 2011).

2.1.3.8 Inhibitors of angiogenesis: As angiogenic processes fuel and sustain cancerous 

tumor growth, studies of angiogenesis inhibitors have largely been powered by the desire to 

control cancer progression. Over the years, many naturally occurring angiogenesis inhibitors 

are identified. Angiostatin was first identified in the serum and urine of tumor-bearing mice 

(Chen et al., 1995). As a proteolytic fragment of plasminogen, angiostatin inhibits the 

growth of many experimental tumors propagated from human or mouse tumor cell lines 

(Lannutti et al., 1997, Gorski et al., 1998, Kirsch et al., 1998, Redlitz et al., 1999). Shortly 

after the discovery of angiostatin, endostatin was identified as a proteolytic fragment of 

collagen type XVIII and a potent inhibitor of angiogenesis (O’Reilly et al., 1997). 

Recombinant endostatin inhibits tumor growth (Boehm et al., 1997) and causes transplanted 

tumor regression (Boehm et al., 1997). In addition to angiostatin and endostatin, a number of 

other endogenous proteins show anti-angiogenic activity. Many of these proteins are 

products of proteinase cleavage. These include ECM/basement membrane components (e.g. 

Arresten, Canstatin and Tumstatin from collagen IV; Vastatin from collagen VIII; Restin 

from collagen XV; Endostatin from collagen XVIII), proteinases or enzymes (e.g. PEX from 

MMP2; Mini-TrpRS from tryptophanyl-tRNA synthetase) or plasma proteins (e.g. 

Angiostatin from plasminogen; 16K Prolactin from prolactin; fragments of several serpins) 

(D’Amore and Ng, 2002). Further exploration of the physiological and pathological 

functions of these inhibitors could yield potential tumor treatments, as well as serve as tools 

for proof-of-concept in models of cerebrovascular disease.

2.2 Aberrant angiogenesis in cerebrovascular diseases

2.2.1 Arteriovenous malformations (AVMs)—Abnormal molecular regulation during 

vessel quiescence could lead to abnormal growth of vessels and even vascular 

malformations. Brain AVMs can cause an array of neurological symptoms including 

headache, focal neurological deficits, seizures, and even hemorrhagic stroke. The formation 

of AVMs leads to a direct linkage between arterial and venous circulation, bypassing the 

normally interposed capillary bed. The occurrence of such brain AVMs can be either 

sporadic or in the context of well-defined genetic disorders. Human hereditary telangiectasia 

(HHT) is an autosomal-dominant inherited vascular dysplasia that causes AVMs in the brain 

as well as other organs (Shovlin, 2010). HHT is caused by loss-of-function mutations of 

Endoglin or ALK1 gene, both of which are involved in TGF-β signaling pathway (Leblanc 

et al., 2009, Dupuis-Girod et al., 2010, Pardali et al., 2010). Emerging evidence suggests that 
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AVM result from defective vessel maturation. However, mechanisms by which Endoglin or 

ALK1 could cause AVMs remain largely unknown. It is likely that both SMCs and ECs are 

potentially affect by mutations and thus both contribute to the defect (Ricard et al., 2010, 

Carmeliet and Jain, 2011, Storkebaum et al., 2011).

2.2.2 Moyamoya syndrome—Moyamoya syndrome is a cerebrovascular condition with 

progressive stenosis of the intracranial internal carotid arteries (ICA) and their proximal 

branches (Scott and Smith, 2009). Although Moyamoya is associated with 6% of childhood 

strokes (Smith and Scott, 2005), it is increasingly recognized cause of stroke in both 

children and adults. The stenosis characteristic of Moyamoya syndrome reduces blood flow 

in the major vessels of the anterior circulation of the brain. As discussed above, chronic 

hypoperfusion can lead to compensatory development of collateral vasculature, in this case 

by small vessels near the apex of the carotid, on the cortical surface, leptomeninges, and 

branches of the external carotid artery (ECA). In Japanese, Moyamoya means “like a puff of 

smoke”, descriptive of the characteristic angiography image of the associated network of 

abnormally dilated collateral vessels (Takeuchi and Shimizu, 1957). Genetic factors appear 

to play a major role in Moyamoya syndrome (Ikeda et al., 1999, Nanba et al., 2005), as a 

single nucleotide polymorphism in the promoter region of tissue inhibitor of matrix 

metalloproteinase type 2 (TIMP-2) gene has been associated with Moyamoya syndrome 

(Kang et al., 2006). However, genetic links are likely not the only contributing factor of 

Moyamoya syndrome, as epidemiological studies of identical twins suggest that 

environmental factors may precipitate the clinical emergence of the condition in susceptible 

individuals (Tanghetti et al., 1983, Scott et al., 2004).

2.2.3 Neonatal intraventricular hemorrhage—Intraventricular hemorrhage is a 

substantial cause of morbidity and mortality in premature infants (Ballabh, 2010). The 

shortage of pericytes specifically in the germinal matrix vasculature is thought to contribute 

to the hemorrhagic state, as this region has a high degree of angiogenesis (Braun et al., 

2007). The vascular fragility caused by reduced pericytes combined with altered 

hemodynamics likely promotes vessel rupture and hemorrhage (Ballabh, 2010). The 

underlying cause of the pericyte shortage and resulting hemorrhage is still unclear, but has 

been linked with a region-specific deficiency in TGF-β signaling (Braun et al., 2007, Li et 

al., 2011, Winkler et al., 2011b). Prenatal glucocorticoid, which increased TGF-β, protected 

against the disease, leading to both enhanced pericyte coverage and suppressed VEGF-

driven angiogenesis in a rabbit model (Vinukonda et al., 2010).

2.2.4 Ischemic Stroke—Although a host of risk factors is linked to the development of 

ischemic stroke in adult patients, the contribution of aberrant vessel development is not 

evident (with the exception of Moyamoya syndrome). However, abnormal vascular changes 

have been widely observed in preclinical stroke models. For example, a prolonged increase 

in vascular permeability is detected in the reperfused outer cortical layers and leptomeninges 

in rats (Schierling et al., 2009a).

Liu et al. Page 21

Prog Neurobiol. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2.3 Angiogenesis after ischemic stroke

2.3.1 Evidences of post stroke angiogenesis—During chronic phase of stroke, the 

formation of new vessels by angiogenesis, is hypothesized to participate in brain plasticity 

and functional recovery after stroke (Arai et al., 2009). Data from MR imaging of laboratory 

animals suggest that the early phase of cerebral blood volume (CBV) increase may be a 

result of improved collateral flow, and the late phase of CBV increase due to resulting 

angiogenesis (Lin et al., 2008). Angiogenesis is a key restorative mechanism in response to 

ischemia. Ischemia triggers endogenous angiogenesis in brain, heart and hind limb, and 

interventions that promote angiogenesis are correlated with reduced injury in animal models 

(Banai et al., 1994, Takeshita et al., 1994, Fan and Yang, 2007). In humans, post-mortem 

analysis of brain tissue from ischemic stroke patients demonstrates that stroke tissue isolated 

from patients contains angiogenic activity and angiogenesis seems more developed in the 

penumbra (Krupinski et al., 1993a, 1994). In ischemic stroke patients, a correlation was 

found between the numbers of new vessels in the ischemic penumbral regions with 

prolonged survival, suggesting that activated angiogenesis could be beneficial for the 

ischemic brain (Krupinski et al., 1993b, Krupinski et al., 1994). It should be noted that 

angiogenesis is not always detected in peri-infarct area. Aging is a complex and significant 

factor that impacts post-ischemic angiogenesis (Petcu et al., 2010). Hypoxia-inducible 

angiogenesis in rodent hippocampus decreases with aging (Ingraham et al., 2008). Since 

ischemic stroke is a disease that occurs more often in seniors, the age criterion should be 

taken into consideration in experimental design.

The three-dimensional structure and survival of newly formed blood vessels can be assessed 

using scanning electron microscopy (SEM) of vascular corrosion casts from ex-vivo brain 

samples. Using this technique, Krupinski and colleagues found that neocortical arterioles 

and venues lost their radial patterns within one day of occlusion, quickly reforming into a 

highly dense network of anastomosing microvessels. Interestingly, vascular budding and 

microvessel connections of the newly formed vessels were similar to normal rat brain, but 

distinct to those formed in growing tumors (Krupinski et al., 2003).

2.3.2 Imaging of post stroke angiogenesis—Post-ischemic angiogenesis is associated 

with an increase in cerebral blood flow (CBF) and cerebral blood volume (CBV) (Lin et al., 

2002, Schierling et al., 2009a). Using noninvasive magnetic resonance imaging (MRI), 

monitoring of vascular remodeling as well as quantitative assessment of tissue perfusion and 

microvascular characteristics, including CBF and CBV, vascular density, size and integrity, 

can be obtained after stroke (Ayata et al., 2004a, Boas and Dunn, 2010). CBF and CBV are 

directly affected by angiogenesis and can be measured with perfusion MRI techniques such 

as dynamic susceptibility contrast-enhanced (DSC) MRI, steady state contrast-enhanced 

(ssCE) MRI and arterial spin labeling (ASL). Vessel size index (VSI) and microvessel 

density (MVD) can be assessed with ssCE-MRI. These techniques have been the subject of 

several recent and thorough reviews (Ayata et al., 2004a, Chen et al., 2013). In addition, 

blood oxygenation level-dependent (BOLD) MRI and positron emission tomography (PET) 

are useful for the detection of increased oxygenated blood flow or metabolism as indirect 

evidence for angiogenesis (Marchal et al., 1993, Ding et al., 2008). All of these methods 

have inherent limitations and pitfalls. An increase in CBF and CBV may not be exclusively 
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specific to neovascularization, unless corroborated with data from perfusion imaging and 

histology. For example, vasodilatation of existing vessels and collateral flow could 

contribute to increases of CBF and CBV. BBB disruption could also complicate the 

computation and interpretation of the results. Increased Ki (i.e. contrast agent leakage) and 

shortened of T2* (i.e. more deoxygenated blood) could occur as results of BBB disruption 

and hemorrhage in response to vascular injury and limit the analysis of MRI data (Ayata et 

al., 2004a). In another example, despite of the proliferation of ECs in the ischemic striatum, 

ssCE MRI detected a significant decrease in rCBV in small vessels, leading to a decrease in 

calculated vessel density (Boas and Dunn, 2010). The authors attributed the discrepancy 

from previous reports of increased vessel density to cystic transformation.

The spatial resolution of MR angiography is limited to approximately 50 micron for small 

animal MR imaging, and to approximately 250 micron for clinical MRI scanners, which do 

not allow direct visualization of newly formed vasculature. Histological staining of 

sectioned brain thus is often used in experimental studies of post-ischemic angiogenesis in 

combination with imaging tools. Double staining of EC marker CD31 and proliferation 

marker proliferating cell nuclear antigen (PCNA) or pre-injected Bromodeoxyuridine 

(BrdU) is used to detect newly formed vessels. Recently, high-resolution synchrotron 

radiation X-ray angiography has been developed to image microvessels with diameters in 

the range of several microns to tens of microns (Yuan et al., 2013). This technique allows 

direct comparison of microvessel density pre- and post- ischemia and may be used to 

evaluate the efficacy of pro-angiogenesis interventions (Lu et al., 2012).

2.3.3 Angiogenesis and post stroke neuroplasticity/functional recovery—
Angiogenesis and tissue remodeling is highly active following stroke, particularly in 

penumbral regions. The penumbra is extremely resilient and quickly mounts and active 

process to recover from the ischemic event, rather than slowly succumbing passively. In the 

penumbra, partially depolarized tissue adjacent to the infract core sustain reduced cerebral 

blood flow and increased oxygen extraction rate, and thus struggle for survival in a very 

limited time-window. A major part of the recovery process is the stimulation of 

angiogenesis, and the initial struggle to survive contributes towards later neurogenesis, 

vascular remodeling and final recovery (Figure 2). Indeed, EC proliferation appears to begin 

as early as 12–24 hours after focal cerebral ischemia and to persist for up to several weeks 

thereafter (Marti et al., 2000, Hayashi et al., 2003). Microvascular ECs secrete growth 

factors and chemokines, which in turn support the survival of newly formed neurons.

Angiogenesis, neurogenesis and synaptic plasticity are endogenous processes in under both 

normal and pathological conditions. However, these processes can also be stimulated by 

pharmacological treatments. Administration of human cord blood-derived CD34+ cells 

following stroke induced revascularization in the peri-infarct cortex and increased 

neuroblast migration towards the damaged tissue (Taguchi et al., 2004). Transplantation of 

EPCs promoted angiogenesis and also improved long-term stroke outcomes in mice (Fan et 

al., 2010). Interestingly, many common pathways are triggered after stroke over different 

recovery periods (Lo et al., 2003), and may possess a biphasic nature in the penumbra in 

terms of injury versus repair (Lo, 2008). The metalloproteinase (MMP) family and possibly 

chemokine stromal derived factor-1 (SDF-1, also known as CXCL12) exhibit such biphasic 
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natures (Figure 3). Both of these pathways are associated with detrimental effects in the 

early phase after stroke, but during the later remodeling phase, both MMPs and CXCL12 

appear to be crucial for neuroblast migration and neurorepair (Zhao et al., 2006, Huang et 

al., 2013). Further understanding of the role of these factors could aid the development of 

new therapeutics to treat ischemic stroke.

2.4 Angiogenesis as targets for therapy in CVD

2.4.1 Arteriovenous malformations—Treatment of AVMs has largely been restricted 

to micro-neurosurgery, stereotactic radiotherapy or endovascular embolization. 

Understanding the molecular mechanism of AVMs is crucial for designing less invasive 

therapeutic approaches. Thalidomide, which has antiangiogenic effects, improved the 

outcome of HHT in experimental model and small group of patients by augmenting PDGF-

βexpression in ECs and stimulating mural cell activation (Lebrin et al., 2010). Additionally, 

treatment with bevacizumab, and angiogenesis inhibitor, improved clinical symptoms in 

AVM patients (Bose et al., 2009). Recently, a miR-132 blocker delivered using 

nanoparticles was found to suppress pathological angiogenesis, which suggests its potential 

for the treatment of cerebrovascular malformations (Anand et al., 2010).

2.4.2 Ischemic stroke—Very limited progress has been made in developing therapies to 

effectively treat ischemic stroke. Currently the only FDA approved treatment is 

thrombolysis with tissue plasminogen activator (tPA). Unfortunately, less than 5% of 

patients are treated with tPA due to its narrow therapeutic time window and safety concern. 

Thus, most stroke victims receive only supportive care (Fonarow et al., 2011). Acute carotid 

endocardectomy and endovascular reperfusion strategies appeared beneficial to selected 

patients (Liebeskind, 2010), but is contraindicated in most of the stroke population. 

Therefore, the development of other therapeutic strategies is critical for patients who are 

ineligible for tPA or interventional approaches (Fonarow et al., 2011). Many promising 

therapeutic approaches have been developed in the preclinical stage, focusing on 

neuroprotection by preventing excitotoxicity, oxidative stress, inflammation or apoptosis in 

rodent models of cerebral ischemia (Moskowitz et al., 2010). However, these experimental 

designs have failed in large clinical trials, perhaps due to the weighted focus on 

neuroprotection rather than to include support processes (Moskowitz, 2010). It is now 

widely accepted that the brain should be treated as an entity event that requires synergistic 

interaction of the neural and vascular systems (Quaegebeur et al., 2011). Moreover, 

understanding how the brain mounts an endogenous response to protect itself under various 

settings may also reveal better therapeutic targets (Iadecola and Anrather, 2011).

Targeting individual pathogenic components of the ischemic cascade has been proven to be 

an insufficient strategy. Coordinated and multifunctional therapeutic approaches are needed 

to treat acute stroke efficiently; to this end, progress has been made with several 

multifunctional therapeutic candidates. Minocycline, an agent with anti-apoptotic, anti-

inflammatory, and anti-excitotoxic properties, protects the animal brain with a wide 

therapeutic window (Fagan et al., 2011), and is currently being tested in a large phase III 

trial after promising results in smaller clinical trials. Ischemic preconditioning induces 

protection in both early and delayed time windows (Iadecola and Anrather, 2011). 
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Additionally, brain protection is observed even when the procedure was applied during (pro-

conditioning) or after the ischemic event (post conditioning) (Dirnagl et al., 2009), 

indicating that paradigms to establish ischemic tolerance could be used not only as a 

preventive strategy in individuals at high risk but also as a treatment following acute stroke 

(Iadecola and Anrather, 2011).

Promoting angiogenesis and subsequent improvement of cerebral blood flow appears to an 

important treatment strategy for ischemic stroke on the basis of promising results from pre-

clinical studies. VEGF overexpression promoted focal angiogenesis following focal cerebral 

ischemia in mice (Shen et al., 2008). Adeno-associated virus (AAV) mediated netrin-1 

overexpression promoted both angiogenesis and long-term neurological recovery after 

transient focal ischemia in mice (Lu et al., 2012). However, one challenge for developing 

pro-angiogenic therapy is the promotion of functional angiogenesis without causing 

uncontrolled vessel growth. It is also critical to ensure the integrity of BBB while promoting 

new vessel growth. There is a balance between BBB leakage and vessel growth. If vessels 

grow too fast and pericytes and other mural cells do not have sufficient time to stabilize the 

vessels, BBB leakage could occur(Navaratna et al., 2009). It is therefore important to 

develop methods that can monitor functional vessel growth and perfusion in experimental 

animal models. Recent development of real-time high-resolution angiography for rodents 

provides a unique tool for such evaluation (Guan et al., 2012, Yuan et al., 2013). A further 

improvement in our understanding of the negative regulation of angiogenesis is also critical.

Stem cell based therapy for ischemic stroke has been a major focus in recent years. 

Transplantation of EPCs promoted angiogenesis and improved long-term stroke outcomes in 

mice (Fan et al., 2010). Potential sources of EPC for vascular remodeling include bone 

marrow and peripheral blood for adults and umbilical cord blood of newborns (George et al., 

2011). Several clinical trials are currently underway to evaluate the feasibility and safety of 

EPCs for the treatment of patients with ischemic stroke (ClinicalTrials.gov Identifiers: 

NCT01468064, NCT01289795). Recent discoveries of new angiogenesis regulators also 

bring new promises of stroke treatment. microRNAs (mirRs) are essential determinants of 

EC biology and contributors to stroke pathogenesis. Angiogenesis-regulating mirRs are 

potential therapeutic targets for ischemic stroke (Yin et al., 2013).

We previously mentioned that MMP exhibits biphasic nature in terms of injury versus repair 

(Rosell and Lo, 2008). Although MMPs mediate acute neurovascular disruption and 

parenchymal destruction, their activity is required for angiogenesis and vasculogenesis in 

the recovery phase. Similarly, other acute neurovascular events classically considered 

neurotoxic may represent an endogenous attempt by the brain to initiate angiogenic recovery 

(Arai et al., 2009). Altered calcium signaling between astrocytes and the corresponding ECs 

may function as signals for vascular remodeling. Disruption of tight junctions may be 

indicative of ECs disengagement in preparation to move. The concept that these acute 

neurovascular events may have a beneficial aspect as well as a detrimental effect necessitate 

that interventions must be carefully balanced so that delayed neuronal, glial and endothelial 

recovery is not impaired.
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3. Conclusions and perspectives

Both arteriogenesis and angiogenesis are tightly controlled processes under physiological 

and pathological conditions. Arteriogenesis is triggered by mechanical force, while 

angiogenesis is induced by a hypoxic environment. Strategies to increase collateral flow 

have been shown to hold promise in improving the outcome of acute stroke and 

recanalization therapies in stroke patients. Experimental studies suggest that enhancing 

angiogenesis is linked to an improved recovery of function and brain plasticity, although the 

efficacy of angiogenesis therapy has yet to be established in stroke patients. A better 

understanding of collateral flow recruitment and angiogenesis can not only improve our 

knowledge in vascular remodeling and brain plasticity after stroke, but also enable us to 

harness the therapeutic potential of each process to promote vascularization and enhance 

cerebral blood flow, either as adjunct therapies or interventions by themselves.
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Highlights

Distinct mechanisms underlying arteriogenesis and angiogenesis are delineated

Technology in detecting each vascular remodeling process

Clinical and preclinical implications of arteriogenesis and angiogenesis

Potential therapies in promoting vascular remodeling including those in trials
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Figure 1. Murine intracranial arterial collateral circulation in ventral (A) and dorsal (B) views
A), A number of major cerebral arteries are interconnected to form the Circle of Willis, as 

the primary collateral circulation in the mouse brain. In addition, posterior communicating 

artery (PcomA) forms anastomosis between superior cerebellar artery (SCA) and posterior 

cerebral artery (PCA), connecting the anterior and posterior cerebral circulation. Similar to 

the function of anterior communicating artery in humans, the Azygos anterior cerebral artery 

(Azygos ACA) bridges two ACAs in C57BL/6 mice, providing collateral circulation 

between two cerebral hemispheres. B), Leptomeningeal anastomoses between ACA and 

middle cerebral artery (MCA) (red), between ACA and PCA (green) and between PCA and 

MCA (blue). ICA: internal carotid artery; BA: basilar artery; VA: vertebral artery; OA: 

olfactory artery. The axes indicate the anterior (A) and posterior (P) directions.
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Figure 2. Strain differences in leptomeningeal collateral circulation
A). The number of connecting collaterals between ACA and MCA is significantly less in the 

Balb/C compared to C57BL/6 mice (p<0.0001). B). Representative DiI labeling images of 

Balb/C and C57BL/6 strains at baseline. Magnified views inside of the yellow grids are 

shown in the right panel. Contrary to the abundant connecting collaterals between MCA and 

ACA networks seen in the C57BL/6 mice, very few connecting collaterals were found in the 

Balb/C strain. C). Representative Doppler Optical Coherence Tomography (DOCT) images 

of MCA and ACA branches at baseline, one hour after MCAO and one hour after 

reperfusion in C57BL/6 and Balb/C mice. The direction of cerebral blood flow is color-

coded, with the blood flowing towards the DOCT probe beam coded as red, and the opposite 

direction as green. At baseline, the flow direction of MCA and ACA was coded as red and 

green, respectively. During MCAO, some branches of MCA were filled by ACA retrograde 

flow via the tortuous anastomoses in the C57BL/6 mouse only, with a reversal of flow 

direction from red (baseline) to green (occlusion and reperfusion). ACA flow (shown as 

green) in the Balb/c mice never reached MCA territory during occlusion and reperfusion due 

to a paucity of the connecting collaterals. The axes indicate the rostral (R) and lateral (L) 

directions.
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Figure 3. Cerebral Ischemia induces angiogenesis
Schematic representation shows the process of angiogenesis in the brain during cerebral 

ischemia. 1) Damaged neurons, activated endothelial cells and astrocytes release growth 

factors such as VEGF and bFGF, etc. 2) At the same time, matrix metalloproteinases 

(MMPs), urokinase-type receptor (uPAR) and inflammatory mediators are highly expressed 

in the focal environments, which trigger the degradation of basement membrane. 3) 

Activated endothelial cells proliferate, migrate and sprout into new vessels locally. 4) 

Activated microglia express many angiogenic and inflammatory factors to promote the 

formation of new tubes by endothelial cells, endothelial progenitor cells, and mesenchymal 

stem cells. 5) Upon the activation of Ang/Tie2 signaling, smooth muscle cells and pericytes 

are attracted to surrounding newly formed microvessels and promote vessel maturation. 

Growth factors,  MMPs,  Angiopoietins
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Figure 4. Angiogenic molecules involve in focal angiogenesis
Schematic representation shows the function of angiogenic molecules during cerebral 

ischemia. Injured neurons and activated astrocytes and endothelial cells express growth 

factors such as VEGF, PDGF, MMPs and etc., which degrade basement membrane, activate 

endothelial cells and induce sprout. Bone marrow cells (BMCs) and endothelial progenitor 

cells (EPCs) are homing towards the sprout regions via chemokines CXCL12/SDF-1 and 

netrin-1, leading to tube formation. Lower left inset indicates that VEGF signals through 

VEGF-R1 or VEGF-R2, CXCL12/SDF-1 through CXCR4 or CXCR7, and Netrin-1 through 

DCC or UNC5H2 receptors, all of which further activate ERK signaling pathway and induce 

downstream cascade activation.
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