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Stroke is.the 3rd leading cause of death and the leading cause oflong

term disability in the U.S. With only one approved drug presently used in clinics, 

there is a great need for the development for new therapeutic targ.ets. Stromal 

cell derived factor-1 (SDF-1) is a small chemokine that may aid in cerebral repair 

following stroke. Acting primarily through the CXCR4 receptor, SDF-1 is known to 

be chemotactic for neuroblasts, endothelial cells, and bone marrow derived 

(BMD) cells including stem and progenitor cells found in the bone marrow. 

Recently, BMD stem/progenitor cells have become widely studied for their 

potential role in tissue repair following ischemia. SDF-1 is under hypoxic 

regulation and is highly expressed in ischemic brain tissue for at least 30 days 

following ischemia suggesting it may play role in long term repair or remodeling. 

The goal of these studies is to determine the role of SDF-1 in cerebral 

repaiL following stroke. I-hypothesize that SDF-1 _upregulaton during brain 

ischemia contributes. to tissue repair and neurological recovery by inducing the 
I 

homing of bone marrow-derived cells to the site of injury _and neovascularization. 

In a mouse middle cerebral artery ligation (MCAL) permanent occlusion stroke 

model, I investigated mobilization, homing, and differentiation of adult bone 

marrow derived (BMD) cells in response to SDF-1 induced by cerebral ischemia. 

Results presented in th_is dissertation show that SDF-1 induces mobilization of 

- BMD cells following stroke. Once mobilized, BMD cells homed to the.brain and 

either retained their blood cell phenotypes (i.e. monocytes and neutrophils) or 



they differentiated mostly into microglia cells. Many BMD cells migrated to a 

perivascular location with a subset becoming pericytes. Additionally, I found that 

SDF-1 induced neovascularization and this occurs through a combination of 

angiogenic and vasculogenic processes in the in vivo stroke model as well as in 

an in vitro tube formation assay. However, we did not detect beneficial 
• • I ' 

preservation of brain tissue or augmented functional recovery with treatment of 

SDF~1, but it remains to be determined if altering timi~g, delivery, or isoform

specificity of SDF-1 may be therapeutically beneficial. 

INDEX WORDS: Stromal cell-derived factor-1, SDF-1, CXCL 12, Stroke, 

lschemia, Middle cerebral artery ligation, Neovascularizc;:1tion, Bone marrow

derived cells, Mesenchymal stem cells, Endothelial cells/ CXCR4, Ch~mokine, 
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1. INTRODUCTION 

1.1 Statement of Problem and Specific Aims 

This dissertation is focused on the involvement of the chemokine 

Stromal cell-derived factor-1 (SDF-1 also known as CXCL 12) in endogenous 

repair mechanisms following cerebral ischemia. The central hypothesis of 

this dissertation is, that SDF-1 up regulation during brain ischemia 

contributes to tissue repair and neurological recovery by.inducing the· 

homing of bone marrow-derived (BMD) cells to the site of iniury and 

enhancing neovascularization. We tested this hypothesis through the, 

following specific aims: 

Specific Aim 1- To determine if SDF-1 upregulation induces homing o(BMD 

cells to the brain following ischemia contributing to cerebral repair and 

functional recovery by: 

A. E&tablishing the time course of endogenous SDF-1 a and p 

expression in a middle cerebral artery ligation (MCAL) mouse model 

of stroke 

B. Evaluating cortical loss, BMD cell homing, and behavioral deficit in 

mice following MCAL upon modulation of the SDF~1 levels and 

interactions with its receptor, CXCR4 

1 
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Specific Aim 2- To determine whether SDF-1 induces neovascularization in vitro 

by up regulating local cell proliferation (angiogenesis) or by mediating the 

differentiation and integration of bone marrow-derived cells (vasculogenesis) by: 

A. Evaluating angiogenic or vasculogenic neovascularization in mice 

following MCAL upon modulation of the SDF-1 levels and interactions 

with its receptor, CXCR4. 

8. Evaluating angiogenic or vasculogenic neovascularization in vitro using 

an endothelial cell tube formation assay upon modulation of SDF-1 

levels. 

1.2 Review of Related Literature 

Cerebral lschemia 

Cerebral ischemia, commonly known as stroke, is the third_ leading cau$e 

of death after heart disease and cancer, and it is the leading cause of serious, 

long-term disability in the US 1
: Stroke is characterized by the lack of blood flow 

or bleeding in areas of the brain. There are two types of stroke, hemorrhagic and 

ischemic. Hemorrhagic strokes occur when the integrity of a blood vessel is 

compromised leading to blood flow into the surrounding tissue. Hemorrhagic 

stroke falls into one of two types, intracerebral or subarachnoid hemorrhage. Two 

major causes of hemorrhagic stokes are aneurysm and hypertension 2. The 

more common type of stroke is known as ischemic stroke which accounts for 

87% of all strokes in the US 2
. lschemic strokes are the result of an occluded 
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blood vessel with a subsequent loss of blood flow causing a lack of delivery of 

nutrients and oxygen to the brain tissue. Occlusion of the middle cerebral artery 

has historically accounted for about 50% of all ischemic strC?kes 3
. An ischemic 

stroke can be classified as either thrombotic, which occurs as a result of clot that 

narrows the blood vessel over time, or embolic which.occurs when a clot travels 

from other vascular beds into in the cerebral vessels. Embolic strokes account for 

the majority of ischemic stroke and usually occur suddenly 4 • Clinically, there is 

·currently only one approved drug for the treatment of ischemic stroke. It is 

alteplase which is recombinant tissue-type plasminogen activator. (t-PA):. Even 

though this treatment ca·n be highly effective, t-PA can only be given within 3 

hours of the initial onset of stroke limiting greatly the number of people that 

actually benefit from the treat_ment'to about 2-3% of embolic stroke.victims. In 

addition to the constrained time window, t-PA can be detrimental by inducing 

other proteases, such as matrix matalloproteinase 9. (MMP-9), negatively 

affecting the· blood brain barrier and neurovascular unit following stroke ·5,6. Other 

potential treatments of ischemic stroke include mechanical thrombectomy ( clot 

removal}, mechanical disruption of the clot, angioplasty, or Endovascular Photo 

Acoustic Recanalization (EPAR) laser system. These techniques are promising, · 

but they are still in clinical trial phase and have _not become routine 7 
•. So, it 

remains critical to develop new treatments for stroke patients. 

lschemic stroke is truly ·a multi-phasic process,. and the resultant infarct 

damage from an ischemic stroke occurs.through.a series of physiological events. 

Initially, in the area immediately supplied by the occluded.vessel known as the 
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core, there is a period of excitotoxicity and rapid cell death 8
• This is followed by a 

period of inflammation a.nd programmed cell death in the tissue-grading out from 

the core called the penumbra9
• Studies in animal models of stroke hav~ been 

-instrumental in elucidating some of the specific mechanisms in the 

pathophysiology of stroke 10
• 
11

. We now know that inflammatory respon:ses, 

hypoxic responses, and neovascularization all' play a mle in resolution of the 

penumbra. 

Animal Models of Stroke 

There ar~ specific benefits for each of the _numerous animal models of stroke 

. that have.been developed. Endovascular techniques are most commonly used 

in animal models of focal cerebral ischemia because they are minimally invasive 

12
. Among these techniques the suture occlusion of the middle cerebral: artery 

(MCAO) in rats is the most frequently used 13
• In this model a suture is threaded 

up through the internal carotid artery to the origin of the middle cerebral artery to 

block the blood flow either permanently or temporarily. This model is beneficial 

for a number of reasons including high reproducibility in rats and the ability to 

study effects of ischemia as well as reperfusion injury. In studies using the 

MCAO model reperfusion injury secondary to ischemic injury has been partially 

elucidated 14
-
15

. One major drawback of the MCAO is that the size and 

reproducibility of the infarct depends on the size·, type and s~ape of the-suture 17
. 

Second, MCAO surgeries are more variable in mice maki_ng this model less 

.useful for mouse studies. It is important to have a reproducible model for 
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examining protection of repair processes in mice to take advantage of various 

transgenic and genetic backgrounds that have been created in mice that are not 

. yet available in other animal models. Lastly, by threading up the·suture from the 

internal carotid artery, there may be unwanted blockage of ot~er arteries such as 

the posterior communicating artery, internal car9tid artery, or hypothalamic 

artery 13, 11, 1a. 

There are also animal models of stroke used more to study reperfusion 

techniques and injury. In these models, ischemia is induced by the insertion or 

formation of blood clots or causing vasoconstriction. This includes the placement 

of blood dots directly in the origin of the MCA that is then disrupted with tPA to 

permit the study of reperfusion 19
. However, this technique suffers from_ many of 

the same drawbacks as the MCAO in that it is highly variable and mice suffer 

higher mortality rate 10
. Another more recent animal model of stroke is the 

photothrombic occlusion model. With .this model animals are given a _ 

photosensitizing dye such as rose Bengal and a laser is then used to activate the 

dye in the MCA, or other vascular fields, to produce a thrombus 20
• Studies with 

this model are important for looking at potential thrombolytic and anti-platelet 
. -

therapies for stroke 21
. One of the major drawbacks of this method includes the 

systemic exposure of rose Bengal that could complicate systemic responses to 

sfroke injury. Also, this model produces a functional endothelial damage that · 

-results ·in the formation of blood-borne factors that effect the blood brain barrier 

that may or may not be a typical pathophysiology_ of a thrombotic stroke 22
• 

Lastly, the injury in this model does not produce a_ penumbra! region, so any 



studies that target the penumbra! area are not ideal for this model 10
. In attempts 

to circumvent the systemic complications of rose Bengal, another animal model 

of stroke was developed in which clot formation was induced by thrombin. This 

model allowed the investigators to look more closely at thrombolytic agents in 

respect to time and dosage of administration 23
. 

Yet another type of animal model is a- permanent middle cerebral artery 

ligation (MCAL). In this model the MCA is exposed following a craniotomy, and 

then permanently occluded. This model is very useful in mice because it 

decreases the mortality rate, creates a more consistent sized lesion for 

comparison purposes, and does n9t effect blood flow of the other arter!es 24
. In 

studies by Taguchi et al, they found that MCAL surgery produced a reprodu_cible · 

and consistent size lesion 25
. Thus this technique- is good for investigating 

. I 

experimental treatment strategies to reduce stro-~e deficit in mice. The _major 

deficiencies 1n this model are the inability to study reperfusion, and the 

invasiveness of the craniotomy. However, without complications of reperfusion 

.. injury, the mechanisms involved in ischemic injury can be· better defined. 

Because of the reproducibility in "!lice, in the subsequent experiments we have 

employed the MCAL mouse model of stroke to determine the effects of SDF-1 in 

cerebral repair following stroke. 

lschemic Penumbra 

The. ischemic penumbra has beeri widely studied in various animal models 

of stroke 11
. ·1n fact, only recently has the penumbra been well defined in human 
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patients through the advancement of imaging techniques such as 

diffusion/perfusion mismatch magnetic resonance imaging 26
-
28

.' The penumbra 

can be defined in terms of its location, cerebral blood flow, hypoxic gradients, or 

its functionality 9
•
29

-
31

. All of these definitions are applicable, but perhaps the most 

important characteristic of the penumbra is that tissue in this region· is at-risk for 

cell death during infarction, but for a period of time this tissue is still 

salvageable 32
• In fa.ct some studjes contend that the damage of the penumbra 

may be reversed up through 24 hours post-ischemia 33
. 

During occlusion, there is limited collateral circulation and diffusion of oxygen and 

nutrients in the penumbra, and in this zone, there is immediate functional loss 

due to cellular dysfuncUon but initially there is no major cell loss. Over time 

following stroke the penumbra! area will be resolved through either recovery of 

the tissue as'sociated with the outer perimeter of the lesion or through delayed 

programmed cell death and inflammatory response-mediated cell loss that will 

create the ultimate permanent infarct 34
-
37

_ With the MCAO model in rats, it was 

discovered that loca_l cerebral blood flow in the core of the injury falls to 0-20% of 

controls and in the. ischemic penumbra blood flow falls to 20-40% of normal 

control. Further, these studies established that the resultant _infarct size may be 

precisely controlled and can be predicted based on local perfusion levels at the 

time of the infarct and the period of the infarct 9• The delay in cell death provides 

a therapeutic window for interventions following stroke. Currently many studie·s in 

the stroke research field focus on the therapeutic window and on interventions in 

the penumbra to either prevent programmed cell death of the functionally 
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impaired cells of the penumbra or to enhance immune responses that contribute 

to retaining or regaining function ofthese cells. Potential targets for therapeutic 

intervention in the programmed cell death pathways include inhibition of 

Cytochrome C release, apoptosis inducing factor translocation, Caspase 1 as 

well as other apoptotic and autophagic processes 38
-
40

. Some studies have · 

focused on targeting immune system responses to limit damage or enhance 

repair while others have tried to utilize· these responses for application of 

pharmacological and ceU therapy techniques 15
•
35

•
41

-
46

. As new therapeutic targets 

are identified, the ischemic penumbra will likely continue to be the major area of 

focus for minimization of tissue loss and enhancement of repair processes. 

Inflammatory Responses to Stroke 

Inflammatory response to stroke is an area that is gaining more attention . 

because of its role in the resolution of the penumbra. Inflammation in response to 

cerebral ischemia can begin within two hours from the initial onset of stioke 47
. 

When the blood flow to the brain is obstructed, energy stores are depleted 

leading to release of reactive ~xygen species and cell necrosis. This in turn leads 

to the early inflammation and gliosis (activation, proliferation, and hypertrophy of 

mononuclear-derived cells as part of the phagocytic system) in the brain 11
•
35

•
47

. 

studies using MCAO animal model have established some of the· inflammatory 

pathways such as upregulation of adhesion molecules shortly ·after the initial 
. ' 

onset of stroke and the presence of both pro-inflammatory and anti-inflammatory 

cytokines as being important in resolving final infarct size 41 .48
-
50

. With e·arly 
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inflammation, the release of various factors such as interleukin-1 ~' nuclear 

transcription factor kappa B, and tumor necrosis· factor-a can lead to activation of 

the endothelium 48
•
51

•
52

. Endothelial activation includes the upregulation of . · 

surface adhesion molecules including selectins, ICAM-1',· and VCAM-1 as well as 

secretion of additional cytokines and chemokines which are ultimately 

msponsible for the infiltration of. leukocytes 35
•
47

. After initial acute inflammatory 

responses, the eventual resolution of the penumbra and cerebral repair may 

depend on inflammation factors and process in the sub-acute phase of the 

injury47
. Currently studies investigating inflammati~n in stroke have focused on 

deciphering. which parts of the -inflammatory response augment injury versus the 

elements that aid in preservation of the tissue. 

When looking· a~ inflammatory response mechanisms in the ischemic 

penumbra, some of the inflammatory processes may cause further cellular 

damage while portions of the inflammatory response may be part of endogenous. 

vascular repair mechanisms. Some of the pro-inflammatory cytokines include 
. ' 

TNF-a, interleukin-1, and interle~kin-6. Studies have shown that the blockade or 

knock-down of these factors can reduce the infarct size after stroke in mice 53
-
55

_ 

Other pro-inflammatory early responses that contribute to cell loss include 

increase of adhesion molecules such as ICAM-1 or VCAM-1 which mediate 

interactions between leukocytes that express cell surface markers like Mac-1 and 

. LFA-1 and the endothelium 11
: Once these activated leukocytes have migrated to 

the ischemic region they are responsible for secreting cytokines and chemokines 

which again c_an be pro-inflammatory or anti-inflammatory. Neutrophils, one of 
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the earliest responding leukocytes, have been shown to play a detrimental role in 

the ischemic brain by further de~troying the microcirculation and- nearby tissue 

through oxidative injury by the release of reactive oxygen species 57
-
59

_ :in 

contrast, som~ of the anti-inflammatory cytokines including TGFp, and · 

interleukin-10 have been shown to be beneficia~ in limiting cerebral damage 

following _stroke 49
·~

0
. 

Besides the endothelium activation, a major source of cytokine and 

chemokine sec~etion following stroke is activated microglial cells. Activated 

microglial cells arise fmm either native c'erebral microglia that become activated 
.I 

during ischemia or they are derived from monocytes that migrate from the blood 
' ~ ! 

into the ischemic region and differentiate into microglia 61
. These micro~lial cells 

. ' 

have been shown to secrete factors such as interleukin-1, vascular endothelial 

growth .factor (VEGF), Insulin-like growth factor, tumor necrosis factor a, and 

interleukin-1~ 62
"4

8
•
63 64

. Because of the secretion of both pro- and anti-. 

inflammatory cytokines and angiogeriic factors •it remain·s unclear whether the . 

overall role of microglia is positive or negative for the resolution of the ischemic 

infarct. Therapeutic uses of cytokines and chemokines have the potential to aid 
. . . 

in the preservation of the penumbra region. Howev~r, the inflammatory response 

can be a double _edged sword_ with both positive and negative effects on .cerebral 

repair and future studies will have _to examine not only at dosage and type of 

cytokine/chemokin~ but investigate the timing of cytokine/chemokine alterations 

during the hi_ghly coordinated timed inflammatory events following ·ischemia. 



11 

Bone Marrow-Derived Cells 

As part of the inflammatory response induced by cerebral ischemia, 

various populations of bone marrow-derived (BMD) cells are mobilized into.the 

peripheral circulation. Along with different inflammatory blood cells, various adult 

progenitor or stem cells can be mobilized as well which are thought to aid in 

tissue repair. The use of adult stem or progenitor cells has generated much 

interest recently as a possible therapeutic approach for a number of diseases, 

including stroke. Adult stem cells can be tissue specific progenitor cells such as 

neural progenitor cells, cardiac progenitor cells, or endotheliai progenitor cells 65
• 

However, cells ha~ested from adult bone marrow may contain pluripotent cell 

types that extend beyond lineage boundaries to differentiate -into cell types of . 

variO!JS ~rgans 66
• Bone marrow-derived (BMD) stem cells are defined as a 

population of cells in the bone marrow which has the ability to self-renew and 

differentiate into at least one mature cell type. Bone marrow-derived 

stem/progenitor cell populations include, but may not be limited to, hematopoietic 

stem cells (HSCs ), mesenchymal stem cells (MSCs) and endothelial progenitor 

cells. (EPCs ). 

Initially, these stem cells were thought to have pre-determined and limited 

ability to differentiate. into cells of other lineages 67
. However more recent 

studies in vivo have shown that BMD cells may be able to differe,ntiate into cells 

of various lineages including hepatocytes, cardiomyocytes, endothelial cells, 

skeletal muscle, and glial and neuronal cells of the CNS, although the 

differentiation of these cells may normally be a limited event. Injury may 
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enhance the ability of BMD cells to differentiate into various cell types or in some 

cases fuse with cells in the injured region. For example BMD cells became 

myofibrobla~ts following skin wounding, hepatocytes after liver damage, 

cardiomyocytes and endothelial cells after cardiac ischemia, and skeletal muscle 

ischemia 66
•
68

• Specifically in the field of cardiology, BMD cells have been shown 

to be beneficial in the treatment of myocardial infarction 69
-
71

. BMq ·cells may also 

be important in tissue repair not because of their ability to differentiate into tissue 

specific cells, but because they may also act indirectly to induce cell survival, 

neovascularization, or recruitment of tissue specific progenitor cells 72
. 

Accordingly, many studies looking at potential therapeutic approaches for the 

treatment of stroke have begun to focus the possible utilization adult stem 

cells 73,74. 

Stroke studies investigating various populations of BMD stem cells have 

shown that BMD cells may play an ·important role in cerebral repair post

ischemia. Following stroke, microglial and perivascular cells were definitively 

demonstrated to be derived from hematopoietic stem cells using transplantation 

of cells from individual HSC clonal populations, and these HSCs also 

represented the vast majority of BMD cells homing to the ischemic tissue 61
. 

Stroke studies involving transplantation of whole bone marrow have ·also shown 

the long-term presence of BMD-microglial cells and pericytes in the brain 75
•
76

. 

MSCs and other BMD cells have. been shown both in vitro and in vivo to have the 

ability to differentiate into various cell types of the brain including neuronal cells 

and astrocytes 77
•
78

. However, recent studies have suggested mesenchymal stem 
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cells in the brain may be beneficial in cerebral repair, but not because of their 

ability to trans-differentiate 79
•
80

. 'It has now been shown that MS Cs secrete 

various factors such as angiopoietin, VEGF, and basic fibroblast growth factor 

(bFGF) which contribute to neovascularization, neurogenesis, and overall 

neuroprotection 73
•
81

-
83

. The paracrine functions of other BMD cells besides 

MS Cs are thought to have therapeutic potential 84
•
85

• Endothelial progenitor cells , 

which are thought to be crucial for postnatal vasculogenesis are peripheral blood 

mononuclear cells that migrate in response to angiogenic growth factors and 

differentiate into mature endothelial cells 86
• EPCs have been shown to directly 

contribute to neovascularization leading to accelerated functional recovery 87
•
88

. 

In addition to direct contribution of BMD cells to newly formed blood vessels, 

BMD cells may also become pericytes, which are important for the stabilization of 

new vessels 75
•
89

-
91

. Other stroke studies have -shown that either the stimulation 

I 

·of BMD cell migration by granulocyte stimulating colony factor or direct 

administration of CD34+ BMD cells may contribute to the function9I recovery or 

neurogenesis following ischemia 25
•
92

• Thus, increasing the migration of BMD 

cells to the brain or increasing the number of specific sets of BMD cells in the 

brain following stroke may be important to maximize in cerebral° repair. 

Hypoxic Responses During Stroke 

Animal models of stroke have also helped answer questions about the 

physiological response to hypoxia created from the lack of blood flow to the 

brain. The master tra-nscriptiorial regulator of oxygen homeostasis and hypoxia is 
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hypoxia inducible factor-1 (HIF-1 )93
• HIF-1 regulates the transcr_iption of genes 

that are involved in various processes including iron metabolism, survival, cell 

migration, tumor growth, neovascularizatiori, and energy metabolism as well as 

autophagy and cell death 94
-
95

_ During times of low oxygen, as in ischemia, the 

HIF-1 a subunit, which is normally rapidly degraded is stabilized allowing it to 

translocate into the nucleus. Once in the nucleus, it binds to the HIF-1 b subunit 

and acts as a transcription factor for a number of target genes. In a rat 

permanent occlusion model it was found that glucose transporter-1, aldolase-A, 

enolase-1, lactate dehydrogenase-A, phosphofructokinase-L, and pyruvate 

kinase-M mRNA were all increased in ischemic regions where HIF-1 a expression 
. . 

was increased 97
. A study by Siddiq et al found that the stabilization of HIF-1 a by 

HIF prolyl-4-hydroxylase inhibitors up-regulated target genes VEGF, p21 

waf1 /cip1, enolase, and erythropoietin and decreased ischemic injury when given 

to rats prior to permanent MCAO stroke injury 98
. These target ·genes are all 

thought to be important in preserving brain tissue following ischemia. Recently 

Ceradini et al found that .stromal cell derived _factor-1 (SDF-1) is yet another 

target gene of HIF-1 99
. It is also postulated that HIF-1 induced SDF-1 may be 

responsible for the recruitment of progenitor or stem cells to ischemic tissue 

stimulating repair processes 100
. 

Neovascularization During Stroke 

Another major area of focus in the pathophysiology of stroke in animal 

models is neovascularization or the formation of new blood vessels following 



j 

15 

stroke. Neovascularization has been documented in the cerebral tissue as soon 

as 3 days after stroke, and this process could support long-term functional · 

recovery 101
-
106

. Lin et al showed that there was a gradualjncrease in cerebral 

. blood flow and cerebra_! blood volume in the injured cortex-after focal ischemia 

that appeared to ·be based on neovascularization 107
. Not only has 

neovascularization been linked to increased tissue preservation and functional 

recovery, angiogenesis has been shown to impact neurogenesis in the brain 

. 
25

•
108

•
109

. Though neovascularization studies published in the stroke field have 

reported instances of angiogenesis by measuring overall changes in blood vessel 

morphology or density, only a few studies have- investigated the origin of the 

endothelial cells that contribute to the new blood vessels. 

Neovascularization can occur via a_ngiogenesis or vasculogenesis. 

Angiogenesis is a term used to refer to neovascularization that results from the 

proliferation of endothelial cells from the existing vasculature to produce new 

-blood vessels. Adult Neovascularizatiori i~ mostly associated with angiogenic 

processes. The major steps of angiogenesis in tissue re-vascularization are: (1) 

vasodilation; (2) interruption of basal lamina; (3) endothelial cell migration; (4) 

·stabilization of new blood vessel and; (5) regression of unnecessary blood 

vesse_ls to meet tissue demands 110
. In keeping with this notion, 

neovascularization in stroke studies has traditionally looked at well-known 

· angiogenic factors. Vascular endothelial growth factor (VEGF) in particular has 

been widely studied in post-ischemic angiogenesis of the brain. Stroke studies 

_have found that exogenous administration of VEGF induces angiogene~is 111 
; in 
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addition the use of factors that themselves induce VEGF, such as nitric oxide or 

HIF-1, can also mediate angiogenesis 112
•
113

. These studies also showed that 

induction of VEGF led to_ a decrease in post-ischemic cerebral dan,age. This 

suggests that factors which induce angiogenesis based neovascularization may 

be viable therapeutic targets for stroke injury. 

In contrast to angiogenesis, vasculogenesis is a process in.which circulating 

cells migrate ·to the site of neovascularization, differentiate and incorporate into 

the vasculature to produce new blood vessels. Vasculogenesis has beeri 

historically associated primarily with neovascularizatiori during development. 

However, recent studies have shown vasculogenesis to be important in tissue 

repair 86.There· is strong evidence that BMD cells_ are lnvolved in this process and · 

that these cells have th·e ability to migrate and differentia!e to form new b·lood 

vessels 114
. The vasculogenic potential of BMD eel.ls has been demonstrated with 

-
human endoth~lial precursor cells (EPCs) that were expanded.ex vivo, and then 

injected IV into an ischemic hindlimb mouse model. The mice showed a recovery 

of hindlimb blood flow and improved capillary density 115
. Likewise iri studies of 

myocardial ischemia, enhancement _of vasculogenic processes by administration 

of CD34+ cells aided in the recovery of cardiac function post-ischemia 116
. Other 

. ' . 

studies have shown that inhibition or modification of EPGs can negatively 

influence tissue repair by decreasing vasculogenesis 117
•
118

. Whether 

neovascularization occurs through angiogenesis or vasculogenesis, once the 

new blood vessels are formed, pericytes derived from bone marrow cells will help 

to stabilize the vessels. Interestingly, the highest coverage of pe_ricytes on 
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microvessels is found in the CNS 119
• Inducing migration and integration of 

peri~ytes may also contribute to cerebral _repair or recovery following stroke 

120
•
121

• Knowing that neovascularization can contribute to cerebral repair, it 

remains to be determined if angiogenic processes or vasculogenic processe~ are 

more important for cerebral repair . 

. Stromal Cell-Derived Factor-1 

One chemokine that may be particularly important during stroke is stromal 

cell-derived factor-1 (SDF-1 also known as CXCL 12). SDF-1 is a multifunctional 

chemokine that has been implicated in inflammatory processes, hypoxic 

responses, BMD cell mobilization, migration and homing, as well as in 

neovascularization and neurogene~is. Cells that respond to SDF-1 include 

hematopoietic and endothelial precursor cells, endothelial cells, neural stem 

cells, and neuroblasts as well as bone marrow derived leukocytes such as 

monocytes, lymphocytes, and neutrophils 122
-
128

. In addition SDF-1 has been 

shown to have survival and mitogenic properties 129
-
132

• Importantly, SDF-1 has 

been linked to numerous models of ischemia/hypoxia. SDF-1 is up-regulated in 

the ischemic penumbra within 24 hours, with a dramatic increase in expression 

by 3 days following ischemia. SDF-1 levels remain elevated as detected-by 
. . 

immunohistochemistry through 30 ·days post-ischemia in both permanent and 

transient mouse middle cerebral artery occlusion models of stroke76
•
133

• Others 

have reported that SDF-1 levels may remain elevated for as long as 4 months 

post-ischemia 85
. Furthermore, the localized upregulation of SDF-1 strongly· 
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correlated to the presence of bone marrow-derived cells in the penumbra76
•
85

•
134

• 

A link between myocardial tissue ischemia and SDF-1 has also been shown. One 

study suggested that SDF-1 is upregulated immediately following ischemia and 

its upregulation appeared to be sufficient to induce the hom.ing of BMD 

endothelial progenitor cells to the area of injury 135
. The upregulation of SDF-1 

lev~ls during ischemia/ hypoxia in different tissues is most likely explained by the 

recent finding that SDF-1 is regulated by HIF-1 99
• 

There are six distinct secreted isoforms of SDF-1 (a, p, y, 8, E, <I>) which are 

generated through alternative splicing that appear to have different cell and 

developmental stage expression patterns ·136
-
138

. All isoforms share _the first three 

exons but differ in the fourth exon coding for the c-terminus, which may provide 

distinct association and turnover characteristics for the isoforms 138
. The a and p 

isoforms appear to be the most widely and abundantly expressed forms_ 136
. The 

alpha isoform is about 7 .6KD containing 68 amino acids. It is_ a soluble protein 

that is secreted by cells. This isoform is constitutively expressed in many cell 

types including stromal cells, endothelial cells, mucosa! epithelial cells and 

dendritic cells,139
-
142 but it is selectively expressed in neurons in the brain 134

•
138

. 

SDF-1-P differs from the a isoform by the presence of four additional amino acids 

at the C-terminus. It is also a secreted peptide and it is expressed constitutively 

similar to SDF-1 a but is largely associated with the vasculature. SDF-1 p has. 

been suggested to _be limited to endothelial cells in the brain 134
•
138

. However,· the 

vascular association of SDF-1. could be due in large part to perivascular 

expression by astrocytic endfeet 76
•
134

•
138

•
143

. It is thought that SDF-1-P is ·closely 
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associated with the vasculature because the four additional amino acids at the C

term.inus ma~ help to bind the protein to heparin sulfate groups found in the basal 

lamina of blood vessels and on the surface of endothelial cells. This binding may 

protect SDF-1 J3 from the extensive serum and plasma membrane associated 

protease cleavage by CD26/dipeptidyl peptidase (DPPIV) that rapidly degrades 

SDF-1a 138,144_ 

Like other che.mokines in the CXC family, SDF-1 acts through a seven 

transm.embrane g-protein coupled receptor. Uptil recently the only "knowp 

receptor for SDF-1 was CXCR4, which is found on bone marrow-derived cells 

including mesenchymal and hematopoietic stem cells, endothelial cells, 'and 

. neural stem cells, but recent studies suggest that other receptor~ may· also bind 

SDF-1 especially the CXCR7 receptor found on the surface of endothelial cells 

that may play an important role in cell adhesion and survival 145
-
150

_ 

The chemotactic ability of SDF-1 enables it to be a key regulator of murine 

bone marrow stem cell homing to the bone marrow compartment as well as. 

being a regulator of the release of these cells into the circulation 151
• To induce 

chemotaxis, it has been reported that SDF-1 acts through the CXCR4 r~ceptor 

by binding the receptor and inHializing various pathways i~cluding Pl-3K/AKT, 

JAK/STAT, MEK/ELK-1 152
• The· pathway that is activated differs according to the 

cell type- and biological function. For example, SDF-1 binding to CXCR4 receptor 

on leukocytes in turn upregulates and activates adhesion molecules such as the 

integrins LFA-1, VLA-4/5 and CD44 to initiate binding to VCAM-1 and IG_AM-1 

expressing endothelial cells.a~d hyaluronic acid in the extracellular matrix 
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consequently mediating leukocyte adhesion to, and diapedic migration past the 

activated_ endothelial cells 153
• High levels of SDF-1 are maintained in the bone 

. marrow cavity by stromal cell secretion in response to a hypoxic enviro'~ment 99
• 

Studies indicate that BMD cell mobilization from the- bone marrow occurs when 

there is a reduction 1n local SDF-1 ievels 154 mediated by proteolysis of SDF-1 

144
•
155

-
157 or by a reduction in SDF-1 mRNA levels 158

. Other studi_es have shown 

· that e!evated levels of circula_ting SDF-1 can also induce BMD cell mobilization 

122 124
• Thus SDF-1 may play a dual role in retention of BMD cells in the'_ 

compartment, as well as the mobilization of these cells. Granuldcyte stimulating 

colony (GCSF) is a potent stimulator of BMD cell mobilization, and its a9tions of 

mobilization are.thought to occur•in part by regulation of SDF-1 155
•
159

• Howeve~, 

the exact mechanisms of SDF-1 induced mobilization remain controversial. 

In addition to the chemotactic and mobilizing properties of SDF-1, both in 

vitro and in vivo studies have shown SDF-1 to be angiogenic or vasculogenic as 

well. In .angiogenic "assa_ys in vitro, it was found that. SDF-1 induces the formation 

of tubes and long capillary sprouts, endothelial cell branching, and endothelial 

cell .migration which are all characteristic functions of angiogenic molecules such 

as vascular endothelial growth factor (VEGF) 140
•
160

-
163

• In fact there seems to be 

· a close positive correlation between SDF-1 and VEGF as well as between 

CXCR4 and VEGF. Specifically, _when one factor is upregulated to the other 

seems to be as well, and .there are reports that SDF-1 and VEGF act 

synergistically to induce neovascularization in certain cancers 164
•
128

• Studies in 

vi~o u·s·ing a skin flap gradient ischemia· model.reported that new blood vessels 
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grew into the skin flap where the SDF-1 was implanted subcutaneously 161
. In 

other in vivo studies investigating neovascularization, it was found that SDF-1 

administration restored blood flow and functional recovery of the hindlimb 

165
,
117

·
127

·
166

•
167 as we.II as in the myocardium following ischemia 168

. In these · 

experimental models it was fourid that the resulting neovascularization increased 

performance and recovery of the tissue. Many of these studies were reporting 

vasculogenic-neovascularJzation involving BMD cells. Our laboratory and others 

have demonstrated that after cerebral ischemia, SDF-1 expression is increased 

along cerebral blood vessels in the ischemic penumbra but is absent or 

decreased along blood vess·els of contralateral non-lesioned brain regions 76
·
134

. 

Moreover, preliminary studies in our laborato"ry have found that SDF-1 

expressio'n correlated with the establishment of bone marrow-derived 

perivascular cells along blood vessels in the injured region. Such ·cells may 

represent pericytes, which are thought to be critical to the stabilization (i.e. 

preventing the resorption) of newly formed blood vessels 75
. The new blood 

vessels that form following ischemia in response to VEGF are immature and 

leaky 16
9". Pericytes may play a role in the matu.ration of these blood vessels to 

seal the leaky vessels 89
• Potentially SDF-1 may aid in the recruitment of 

· pericytes indirectly influencing angiogenic-neovascularization by stabilizing 

injured as well as newly established blood vessels. 
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1.3 Significance 

Even with all of the evidence about inflammatory, hypoxic and 

neovascularization responses following stroke, much of the. post-ischemia 

cerebral repair_ mechanisms remain poorly characterized. SDF-1 may be a 

leading target for examining endogenous repair following stroke since it 

influences all of these processes. The recent trend of looking at cell therapy in 

addition to pharmacological agents as potential sources for improving stroke 

outcome has made it crucial to understand the role that BMD cells may have in 

endogenous repair. With mobilizing factors such as SDF-1, BMD stem/progenitor 

cell mediated treatments could possibly be accomplished with a patient's own 

bone marrow, obviating the need for foreign cell lines and long-term 

immunosuppression. Also, BMD stem cell mobilizing factors may work by 

modulating SDF-1 levels in the bone marrow. The g~al of this thesis project was 

to help elucidate the role of SDF-1 in the endogenous repair mechanisms 

following stroke in a permanent occlusion mouse model of stroke. Once the 

endogenous repair mechanisms are understood, then those mechanisms could 

become therapeutic targets to enhance tissue preservation and repair for stroke 

patients. A long-term goal for the treatment of stroke is to increase preservation 

of the ischemic penumbra or border regions. by preventing some of the "normal" 

degeneration following stroke. Then, this can potentially decrease mortality and 

limit disability seen in stroke survivors. 



2. MATERIALS AND METHODS 

2.1 Summary of Experimental Design- The experiments presented in this 

dissertation were designed to test the central hypothesis presented in the 

introduction of this dissertation. In vivo experiments were designed to examine 

the time-course of cell mobilization from the bone marrow and endogenous SDF-

1 levels following stroke using ELISA, quantitative PCR, and western blot 

analysis in an MCAL mouse model of stroke. Other in vivo experiments were 

designed to evaluate cortical loss, BMD cell homing, cell proliferation, and . 

vascular changes in the brain following stroke using immunohistoch_emical 

analysis after administration of exogenous SDF-1 or an antagonist of SDF-1 of : 

CXCR4 in MCAL mouse model. In these in vivo experiments, behavioral deficit 

was also m_easured using rotorod apparatus. In vhro exp~riments were designed 

to investigate the angiogenic or vasculogenic_properties of SDF-1 using 

endothelial cells ·in a 3-D·collagen tube formation assay. 

2.2 In Vivo Studies with Exogenous SDF-1 Administration 

Middle cerebral artery ligation (MCAL} stroke model- This procedure was . 

adapted fro.m the procedure described by Zhang et al 170
. Mice were 

anesthetized with a mixture of 1.5% lsoflurane, 28.5% oxygen, and 70% nitrous 

23 
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dioxide. A 0.6-cm vertical skin incision was made midway between the left eye 

and ear. After the temporalis muscle was separated and retracted sideway, a 3-

mm burr hole w.as drilled at the junction of the zygomatic arch and the squamous 

bone. The left middle cerebral artery (MCA) distal to the lenticulostriate branches 

was cauterized with an electric coagulator under observation with a surgical 

microscope. Rectal temperature was maintained at 37 .0±0.5°C during the 

surgery using a homeothermic blanket control unit (Harvard Apparatus, Holliston, 

MA). In the case of a sham MCAL surgery, mice were anesthetized and the 

MCA was exposed similar to the MCAL procedure described, but the MCA was 

not ligated. 

GFP-Chimeric animal model - 6-week old male C57BL/6J mice were given a 

lethal dose of irradiation (850 Rads) to ablate their bone marrow 76
. 

These mice were transplanted with whole bone marrow isolated from the femurs 

and tibias of female C57BL/6-TgN(ACTbEGFP)1 Osb transgenic mice (Jackson 

Labs, Bar Harbor, ME). Donor cells and their descendants.express an enhanced 

green fluorescent protein marker (GFP) under control of a p-actin promoter and a 

cytomegalovir~s enhancer. The bone marrow cells were injected into the 

recipient via the retro-orbital plexus. Mice were given a 6 week engraftment 

period before subsequent experiments. For this animal model engraftment was 
, . . 

previously verified using flow cytometry. In the peripheral blood there was a 

great~r than 75% GFP expression rate in nucleated cells 6 weeks post-transplant 

which indicates that these circulating cells we~e deriv~d from the bone marrow 171 
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Animal m~del- exogenous SDF-1 administration stroke- Two separate studies 

were perform to determine if exogenous SDF-1 administration or its blockade 

alters functi(?nal and/or histological outcome of stroke in mice. For studies looking 

at the early administration of SDF-1, an Alzet osmotic mini-pump (Alzet, , 

Cupertino, CA, model 2002) filled with 200 µI of either 1 00µM recombinant 

\ . 

mouse SDf-1 a (Peprotech, Rocky Hill, NJ, Cat#250-20a), 1.25mM FC122, or 

20% DMSO in saline (control) was implanted subcutaneously between the 

shoulder blades of the chimeric mouse three days prior to middle cerebral artery 

ligation (MCAL-see description below) (n= 5 per treatment group). The pump was 

· primed and ¢onnected to a cannula attached to the.skull and ins~rted into the left 

/ lateral ventricle of the brain releasing 0.5 µI/hour of the respective compounds 

over 14 days. Three days after pump and cannula implantation the mice : 

underwent surgery to induce stroke by MCAL. At day" 13 post-MCAL mice_ 

underwent Rotorod behavior tests as described below. At day_ 14 post-MCAL 

mice were sacrificed for histochemical analysis according to methods described 

in the Histology section (Figure ·1 ). In a ·second study investigating the effects of 

delayed administration of SDF-t, an Alzet osmotic mini pump filled with 100 µM 

of SDF-1 a was implanted subcutaneously between the shoulder blc}des of non

chimeric C57bl/6J mice 3 days after inducing stroke by MCAL. The pump was 

connected to a cannula attached to the skull and inserted into the left cerebral 

hemisphere .releasing 1.0 ul/hour over 7 days (n=6). These mice also re~eived 

daily intra peritoneal (IP) ·injections of 50 mg/kg Bromodeoxyuridine (BrdU) 

beginning 3 days following the MCAL for a total of 7 injections. Other non:-



Figure 1- Schematic diagram of experimental design for studies with early 

administration of SDF-1 in vivo. C57BU6J mice are irradiated and given a 

rescuing bone-marrow transplant of GFP+ cells from C5_7BU6-TgN(AcTbEGFP) 1 

Osb transgenic mice. After engraftment, a cannula linked to an osmotic mini

pump containing either SDF-1, DMSO or FC122 was implanted to delivery the 

experimental and control compounds into the lateral ventricle. Three days 

following pump and cannula implantation, MCAL stroke surgery was performed 

to induce ischemia in the contralateral hemisphere. Animals survived for 14 days 

prior to sacrifice and analysis. 
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chimeric mice in this study received 500 µI daily IP injections of 20 µg/ml (10 µg 

per day) rabbit ~nti-CXCR4 antibody (Torrey Pines Biolabs, Houston, tx, Cat 

#TP 503 ), or 20 µg/ml (10 µg per day) rabbit anti-GFP antibody as a co,:1trol. We 

included a fourth group of animals that received sham MCAL surgery to serve as 
. . 

our non-ischemic control. Additionally all of these mice received daHy IP 

injections of 50 mg/kg BrdU. The mice underwent open-field behavioral testing 

at day 13 post-MCAL and were sacrificed at day 14 post-MCAL. The entire brain 

was harvested and processed for immunohistoGhemical analysis as described in 

the histology section of the materials and methods chapter. 

Animal behavioral testing- Coordination of motor function was analyzed using an 

accelerated rotorod Apparatus (San Diego Instruments Rota-rod®, San Diego, 

CA). For these analyses, one day prior to sacrifice mice were placed on an 

elevated rotating beam that accelerated fro_m 0-50 RPM over 3 minutes. Prior to 

testing the mke were acclimated to the chamber for a period of 3 minutes. Mice 

were then placed on the accelerating rod and the length of time the mice were 

able to remain on the rod was recorded. The rotorod time was recorded for four 

separate trials per mouse. The averaged time of the final three trials was used for 

.statistical analysis. Open-Field behavioral tests were also performed in these 

studies by the small animal behavior core facility at MCG. Open-field behavior 

tests were performed 2 days pri,or to sacrifice in the second group of animals that 

re~eived exogenous treatments beginning 3 days post-MCAL. During these tests, 

mice were placed individually in an open cage environment for 30 minutes. The 
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computerized cage is equipped with laser beams which can track and the record 

the specific movements of the mouse such as time spent and distance traveled in 

the center of the cage versus the pedphery, as well as stereotypic and rearing 

· behavior .. Based on these measurements changes in motor, activity, and 

exploratory behavior that may occur following stroke can be detected. We 

recorded measurements at the 5 minute time point as indication of behavior in a 

novel environment, and we recorded measurements at 30 minutes as an 

indication_ of overall movement and activity. 

Histology - sacrifice, tissue fixation, embedding and sectioning- The mice were 

sacrificed 14 days following MCAL surgery. Prior to death mice we,re 

anesthetized with ketamine/xylazine (85 mg/kg + 15 mg/kg by subcutaneous 

injection, Fort Dodge Animal Health, Fort Dodge, IA). The mice were then 
. . 

perfused transcardially with cold saline followed by 3% paraformaldehyde.(PFA) 

(Sigma-Aldrich, St Louis, MO). The brain was harvested and cut in blocks using a 

·mouse brain matrix. The majority of the stroked area was contained in a 4mm 

thick block. Blocks were immersion fixed overnight on a platform rocker in 3% 

PFA, placed in 70% ethanol, and then embedded ·in Polyfin _paraffin {Trian~le 

Biomedical Sciences, Durham, NC). The 4 mm paraffin embedded block was 

sectioned serially at 1 Oum and mounted on Superfrost plus slides·(Fisher 

Scientific, Waltham, MA, Cat# 12-550-15). Every 20th section was stained with 

Hematoxylin and Eosin stain to allow alignment of the sections with reference 

figures from the Fra-nklin and Paxinos Stereotaxic mouse brain atlas 172
. Sections 
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used in subsequent analyse~ corresponded to Bregma levels 2.22mm, 1.70mm, 

0.26mm, 0.02mm, and,-0.94mm 172
• 

lm·munohistochemistry- Sections were labeled either singularly or dually with 

various antibodies for immunohistochemical studies. For specific conditions of 

individual antibodies, please refer to table .1. Briefly, sections were deparaffinized 

by moving slides through a series of 100% xylenes followed by a series of 

ethanol dilutions from 100% to 70%. After deparafinization, sections were 

incubated in 0.1 % triton-X 100/PBS solution for 10 minutes. The sections then 

underwent antigen retrieval according to the specified primary antibody (Table 1 ). 

For digestion antigen retrieval, sections we_re flooded with 0.05% Trypsin 

(lnvitrogen Gibco, Carlsbad, CA, Cat#15050-057) in combination with 20ug/ml 

Proteinase K (Oncor cat# S4508) in 1 x PBS. Slides were incubated for 20 

minutes at 30°C. For s·odium citrate antigen retrieval, slides were plaQed in 0.01 

M sodium citrate solution and heated in a microwave (Whirlpool) for 10 minutes 

at 20% power. The container with the sections w~s then removed from the 

mic_rowave and the sectior,s were allowed to remain in the heated solution for an 

additional 5minutes. After antigen retrieval slides were then w~shed and blocked 

at room temperature for 20 minutes in species appropriate 2.0% serum (i.e. 

matched to the species the labeled secondary antibody was derived from) diluted 

in 1 x PBS. Next, the prirnary antibody was applied to each section and slides 

were incubated for the specified time· (see Table 1 ). Th~ slides were then allowed 

to incubate with the appropriate secondary antibodies. For antibodies that 
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required amplification, a biotin-conjugated secondary antibody specific for the 

host species of the primary antibody was used followed by 30 minute incubation 

with an avidin biotin complex system (ABC kit Vector Cat #PK 6100). Sections 

_ with primary antibodies that required further amplificatio.n were incubated for 10 

minutes with tyrismide diluted 1 :200 in amplifiGation buffer from the kit (TSA 

Perkin-Elmer Cat #SAT700). Following amplificatiqn, sections were then 

incubated with the appropriate detection· antibodies that were conjugated to 

either.Fluorescein (Fl~C) or Cyanine (Cy3). For sections with primary antibodies

that did not require extensive amplification, the secpndary antibody was 

conjugated to either FITC or Cy3. Sections were either counterstained by 

_incubation in Bis-Benzimide (0.83 ug/ml Sigma~ St. Louis, MO, Cat#B-2883) 

solution for 8 minutes at room temperature and coverslipped with Vectashield 

. mounting media (Vector Labs, Burlingame, CA Cat# H1400), or coverslipped 

without counterstainning with Vectashield mounting media with 4' ,6 diamidino-2-

phenylindole.· (DAPI) (Vector labs cat #H-1000) and stored for analysis. 

Fluorescent microscopy and GFP+ BMD cell counting~ Fluorescently stained 

sections were visualized using a Zeiss Axioplan 2 microscope (Ze_iss, 

Thornwood, NY) with Triple, flTC, DAPI, or'Cy3 filters. Hematoxylin and Eosin 

(H&E) stained sections were visu·alized using the ·brightfield setting of the same 

microscope. For total GFP+ cell counting, a series of non-overlapping images of 

the entire penumbra! region from each section wer_e t~ken tt,rough a 1 Ox 

. objective using· both FITC ·and DAPI filters with SPOT camera and software 

(Diagnostic Instruments, Sterling Heights, ~I). FITC and DAPI images were 



Table I - Antibodies used for immunohistochemical staining of tissue 

~,,':1il~~;~}J.~tt*~?~h:t~~eJf ~~t~t:~=~~==i"""'I~'""" ••. -'.f u"""'i{-tr.,,,..,l,.,..,i,...,..~,.,.....lt·=i=:=t=f-~"""'1--,~~.,.,.}'"""~IJ~E~~.£ 
Green Fluorescent Trypsin/Proteinase K Normal Rabbit anti-GFP (1 :500) See detection N/A Donkey anti-Rabbit FITC (1 :100) 
Protein (GFP) digestion Calf Molecular antibody Jackson lmmunoResearch 

Serum Probes(A11122) (Cat# 711-095-152) 

Polymorphonuclear Sodium Citrate Normal Rabbit anti-PMN (1 :500) See detection N/A Donkey anti Rabbit Cy3 (1 :400) 
neutrophils (PMN) Calf Inter-Cell antibody Jackson lmmunoResearch 

Serum (Cat# 711-166-152) 

Heparan sulfate Trypsin/Proteinase K Normal -Rat anti-HS (1 :200) . See detection N/A Donkey anti Rat Cy3 (1 :400) Jackson 
proteoglycan (HS) digestion Horse NeoMarker (RT 794 antibody lmmunoResearch 

Serum PABX) (Cat# 712-166-150) 

Bromodeoxyuridine Trypsin/Proteihase K Normal Sheep anti-BrdU (1 :200 in see detection N/A Donkey anti-Sheep FITC (1 :100) 
(BrdU) digestion Horse 50ug/ml DNase I) antibody . Jackson lmmunoResearch 

Serum Biodesign (M20105S) (Cat# 713-095-147) 

Pecam-1 (CD31) Trypsin/Proteinase K Normal Rat anti-CD31 (1 :50) Biotinylated ABC Kit Streptavidin-Cy3 (1:1000) 
digestion Horse BD Pharmingen (550274) Donkey anti-Rat (Vector) Jackson lmmunoResearch 

Serum (1 :200)Jackson Biotinylated ( Cat# 016-160-084) 
I mmunoresearch Tyramide 
(Cat# 712-065-153) (NEN sat-700) 

Stromal cell derived Sodium Citrate Normal Goat anti-SDF-1 (1 :300) Biotinylated Horse .ABC kit Donkey anti-HRP Cy3 (1 :400) 
factor-1 (SDF-1) Horse (Santa Cruz #sc-6193) anti-Goat lgG (vector) Jackson lmmunoResearch 

Serum (1 :400) (Cat# 122-165-021) 
Vector (BA-9500) 

Lectin (RCA 120) Sodium Citrate Normal Biotinylated RCA 120 see detection N/A Streptavidin Cy3 (1 :1000) 
Calf Lectin (1 :3000) antibody Jackson lmmunoResearch 
Serum Vector (#B-1085) (Cat# 016-160-084) 

Neuronal marker Sodium Citrate Normal Mouse anti-NeuN (1 :2000) Biotinylated Horse ABC Kit Streptavidin-Cy3 ( 1: 1000) 
(NeuN) Calf Chemicon (#MAB377) anti-Mouse lgG (Vector) Jackson lmmunoResearch 

Serum (1 :200) Biotinylated ( Cat# 016-160-084) or 
Vector (BA-2000) Tyramide DAS 

(NEN sat-700) lnvitrogen 750118 
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in order to identify GFP+ cells with blue Nuclei•. Merged- images were imported 

into KS300 imag·e analysis software (Zeiss, Thornwood, NY). For each image the 

threshold was set to distinguish GFP+ cells and.background labeling. Once a 

threshold had been established, a total object count was performed.The number 

of GFP+/BMD cells for each section was determined by summing the computer· 

generated object count from each image of the series of images from one 

section. To count the number of GFP+/BMD cells associated with the blood 

vessel, the entire ipsilateral strqked hemisphere was observ~d at throug_h a 20x 

objective in every 20th section between bregma 2.22 and -0.94. During a. 

rastering scan through a 20x objective using triple, Cy3, FITC and DAPI filters 

GFP~/BMD cells ~ith visual counterstained blue nuclei contacting the Heparan 

-Suifate stained basement membrane were classified and tallied for each selected 

section based on morphology and orientation with the basement membrane. 

Oblong perivascular cells were so classified if the GFP+ cell was oriented parallel 

to the blood vessel, was outside the lumen of the blood vessel, and was not 

· within the basal lamina. Pericytes were defined as cells that were oriented 

parallel to the blood vessel, outside the qlood vessel lumen, and invested within 

_ the basal lamina. Microglial cells associated with blood vessels were defined as 

.cells that were outside of the blood vessel lumen in contact with the basement 

membrane with ramified processes. The cell count was then normalized based 

on the number of sections from each_ animal and area of region analyzed .. The 

total number of neutrophils was determined by counting the PMN+ cells during a 

rastering scan at_ 20x using Cy3 and DAPI filters. All cell counting was performed 
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with the investigator blinded to the treatment groups from which the sections 

were ·derived. 

Cortical area assessment- Sections for cortical area assessment were stained 

with H&E and images of entire brain sections were captured at 0.8x magnification 

using a Zeiss dissecting microscope (Thornwood, NY) and SPOT camera and 

software (Diagnostic Instruments, Streling Heights, Ml). Images were imported 

into the KS300 image analysis program (Zeiss, Thornwood, NY) for 

measurement. Due to the cavitation injury to the cortex and swelling of the 

sub_cortical region with the MCAL model, standard assessment of the area of 

injury could not pe used (see figure 7 A). Therefore, the area of the non-cavitated 

surviving cortex from. both hemispheres was quantified at specific stereotaxic 

levels by outlining the remaining cortex using the KS300 program: The assessor 

performing the cortex analysis was blinded as to the treatment group and 

stereotaxic level of each section. As another measurement for determining 

cortical area, s·ections were stained with either a neuron-specific antibody (NeuN) 

or cresyl violet to visualize remaining viable·cells. Images were taken at 1.0x 

magnification with .the Zeiss dissecting scope and imported into Zeiss Image 

analysis program. The area of viable neurons or cells was assessed by outlining 

the outer boundary of stained cells in the image analysis software. For these 

sections, the area was normalized for each section by dividing the total area 

analy:?ed (distance between first section and last) by the number of slides 

analyzed within that distance. The sum of the normalized areas was therJ taken 
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and reported as a volume measure. NeuN stained sections were measured at 

~fofined bregma levels between 1.70 and 0.02. Every 20th section in a 2mm block 

was stained with cresyl violet and measured. 

Blood vessel size and density assessment of brain sections- Sections stained 

with anti-CD31 or anti-heparan sulfate proteoglycan were used in analysis to 

detect changes in neovascularization. Micrographs of 2 random fields were 

captured through a 1 Ox objective using the Spot camera and software on the 

Zeiss Axioplan 2 microscope. Each micrograph ~as analyzed by setting a 

threshold of fluorescent intensity of the r:nicrograph and computerized calculation 

' ' 

of various parameters such as total area of all objects, average area and length . . 

per object, total number of objects within the set intensity level. These 

measurements were then normalized to total area ~ftissue analyzed and 

comRared across treatment groups using one-way ANOVA. Additionally a 

rastering scan of the ischemic area was performed·using a 40x objective to count 

the number of cells that stained dually with anti-CD31 and anti-BrdU. CD31 +

BrdU+ cells ~ere tallied and one-way analysis of variance was perform~d to 

detect significant differences among treatment groups. 

· 2.3 In Vivo Study of SDF-1 Induced Mobilization 

Non-chimeric animal model of SDF-1 induced cell mobilization- 9-11 month old 

C578L/6J mice·were used to investigate SDF-1 indu(?ed cell mobilization of BMD 
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cells into the peripheral circulation. An Alzet mini pump (model 2001) filled with 

either 230 µI of 50 µM SDF-1 a or-Saline was placed subcutaneously between the 

shoulder blades of the mice releasing _1.0ul/hour over 7 days.· The mice were 

monitored for one week and blood was collected at 2, 4, and 6 days. The number 

of nucle~ted peripheral blood cells were obtained using a Nucleocounter™(New 

Brunswick Scientific, Edison, NJ). Additionally, SDF-1a plasma levels were

determined using an Enzyme-Linked lmmunoSorbent Assay (described below in 

the SDF-1 protein analysis). Bone marrow was isolated from bones by 

centrifugation and collected in a microcentrifuge tube as modified. from Peister et 

. al. 173 Briefly, after sacrifice each femur and humerus were removed. The ends of 

the bones were cut using a wire bone saw.-The cut bones·were then placed into 

a microcentr_ifuge tube and centrifuged at 2000x g for _20 minutes. The pelleted 

\ 

marrow cells were then resuspended in 1 xPBS for homogenization for ~LISA 

analysis or preparation for flow cytometry. Hematopoietic stem cells were 

isolated from peripheral blood and spleen and counted using flow ~ytometry. 

Briefly,-red blood cells·were remqved, nucleated cell numbers were derived, and 

magnetic-bead-based immunodepletion of lineage-positive cells was performed. 

Antibod_ies to Gr-1, CD45R/B220, Thy-1.2, TER-11~, Mac-1, CD8, and CO2 

permitted the removal of erythroid, lymphoid, monocyte/macrophage, and 

granulocyte series cells (Miltenlyi Biotech, Auburn, CA). The Lin- cells then 

underwent positive selection _for cells with the stem cell surface· m_arkers CD117 

(c-ki_t) and Sca-1 (BD Pharmingen, Franklin Lakes, NJ) using the MCG Flow 

Cytometry Core Facility's Becton Dickinson FACS Calibur Flow Cytometer. 
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2.4 In vivo Study Endogenous SDF-1 Expression Post-MCAL 

Animal model for endogenous SDF-1 protein and mRNA expression studies

C57BL/6J mice were used to study endogenous SDF-1 protein and mRNA levels 

at various times following stroke. Mice underwent MCAL surgery as described 

-and were then sacrificed 6 hours, 12 hours, 1, 2, 3, 5, 7, 14 or 28 days later (n=3 

per time point in three independent experiments totaling 9 animals per Ume 

period). During sacrifice, mice were anesthetized with ketamine/xylazine (85 

mg/kg + 15 mg/kg by subcutaneous injection, Fort Dodge Animal Health, Fort 

Dodge, IA). A cardiac puncture· was performed to collect blood in a heparinized 

syringe for later use in ELISA protein assays as described later in protein 

analysis section of these methods. Bone marrow samples were collected as 

described in the cell mobilization section of the methods. The brain was removed -

from the skull and cut sagitally 1 mm laterally from the midline for both 

hemispheres resulting in two 2mm thick blocks from each hemishpere. Each 

block was then divided into two parts yielding an anterior and posterior section. 

Each of the four sections was placed into separate cryovials and frozen in liquid 

nitrogen. The anterior portion of the block was used for protein analysis by ELISA 

or western blot and the posterior section was used for mRNA quantification by 

real-time PCR. 

SDF-1 protein analysis by.ELISA- SDF-1 expression was quantified in blood 

plasma, bone marrow, and brain_ using Enzy_me-linked immunoassay (ELISA) 
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procedures. Brain samples were prepared for ELISA by homogenizing !issue in 

1 xPBS solution with protease inhibitor cocktail (Sigma, St. Louis•, MO cat# 

P8340). Samples were then syringed 25 times to shear DNA in the samples. 

" 
They were then centrifuged at 4600 x g for 1 O minutes at 4°C and the 

supernatant was collected and spun once more at 4600 x·gfor 10 minutes at 4°C. 

Samples were aliquoted for immediate ELISA use in ELISA or stored at -20 °C for 

future ELISA. Bone marrow from each femur was collected as described above 

in the cell mobilization section of the methods. Bone marrow was then 

homogenized in 405 ul 1 xPBS with 2.5 µI protease inhibitor cocktail. ~am pies 

were then syringed 25 t_imes and centrifuged at 4600 x g for 10 minutes· at 4°C. 

The supernatant was collected and centrifuged _once more at 4600 x g for 10 
G . 

minutes at 4°C. Samples were aliquoted and stored at -80°C. Blood plasma was 

separated from cells by centrifugation in .a table top microce_ntrifuge for 15 

minutes (2000 x g). SDF-1a protein levels were measured in brain and bone 

marrow using SDF-1a duoset kit (R&D systems, Minneapolis, MN cat #DY460) 

along with TMB (KPL, Gaithersburg, MD Cat#507600) detection reagents. SDF-

1 p protein levels were measured using a sandwich ELISA assay with mouse anti

mouse/human SDF-1 capture antibody (R&D Systems, Minneapolis, MN duoset 

Cat#DY 460), Biotinylated .goat anti-human SDF-1 p detection antibody (R&D 

systems, Minneapolis, MN cat# BAF 351 ), Streptavidin conjugated horseradish 

peroxidase (R&D Systems, Minneapolis, MN, duoset Cat# DY 460), and TMB 

detection reagents (KPL, Gaithersbwg, MD, cat #507600). SDF-1a levels were 

detected in blood plasma with a mouse SDF-1 Quantikine Kit (R&D systems, 
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Minneapolis, MN, cat#MCX120). GCSF protein levels from plasma, bone 

marrow, and brain lysates were also obtained from aliquots of the same samples 

with an ELISA kit (R&D Systems Cat #MCS00) following the manufacturer's 

directions. 

SDF-1 beta protein analysis by western blot- Using tissue collected from mice 

that were sacrificed at 6 hours, 12 hours, and 1,3,7 and 14 days as described 

above in the endogenous time study, protein was isolated from anterior portion of 

the ischemic brain hemisphere by homogenization in buffer containing 0.125 M 

Tris-Chloride, 20% glycerol, 4% sodium dodecyl sulfate and 5% ~- · · 

mercaptoethanol. Following homogenization using a motorized pestle in a 

homogenizer, samples were syringed 20 times through an 18 gauge needle and 

boiled for 10 minutes. Samples were then centrifuged at 4600 x g for 10 minutes 

and. the supernatant was collected for .total protein quantification and gel 

electrophoresis. Total protein for each sample was quantified using the EZQ 

protein kit (lnvitrogen Cat #R33200). A Nupage mini-gel electrophoresis. system 

(lnvitrogen) was used for all western blot analysis. For SDF-1 beta detection, 50 

ug of total protein was loaded into each well with 2 ul Nupage sample buffer, 1 ul 

Nupage reducing agent and deionized water for ·a total-volume of 20 ul per well of 

a 10% Bis-Tris electrophoresis gel . The gel was run at a constant voltage of 110 
) 

volts for 90 minutes. The protein was transferred onto a Polyvinylidene fluoride 

(PVDF) (lmmobilon-PSQ, Millipore Cat#ISEQ00010) membrane in Nu Page 

transfer buffer with .antioxidant at a constant voltage of 30 volts for 30 minutes. 
. -



After transfer, the membrane was washed in Tris buffered saline solution 

containing 4% tween-20 (TBST). The membrane was blocked in TBST 

containing 5% milk for 1 hour at room temperature and stained with the primary 

antibody goat anti-human SDF-1 beta (1 :300 R&D Systems, Cat #BAF351) 

overnight at 4°C. After appropriate washings, the membrane was stained with a 

horse radish peroxidase (HRP) conjugated streptavidin secondary antibody 

- (1 :500,000 Jackson lmmunoresearch cat #016-030-084) for one hour, washed in 

TBST, and visualized <?n x-ray film (Kodak) after development with SuperSignal 

West Femto detection reagent (1 :5 Pierce Cat #340_94 ). The membrane was then 

stained with mouse anti-p-actin (1 :2,500, Sigma-Aldrich, Cat #A 1978 ) antibody 

followed by staining with donkey anti-mouse secondary antibody conjugated to 

HRP (1 :30,000 Jackson lmmunoresearch, Cat #715-035-151 ), development with 

Supersignal West Femto (1 :5), and visualization on X-ray film. 

Quantitative PCR- Total RNA was isolated from brain tissue using RNeasy Plus 
I 

Mini Kit (Qiagen, Valencia, CA Cat# 7 4134 ). One µg total RNA was transcribed 

using random hexamer primers (ABI, Foster City, CA cat# N808-1027) and 

Multiscribe reverse transcriptase (ABI, Foster City, CA Gat# 4311235) in a 20µ1 

reaction according to manufacturers' protocol found in GeneAmp RNA PCR kit 

(ABI, Foster City, CA cat# N808). For Q-PCR reactions 1 µI of cDNA was added 

to SYBR Green master mix (Qiagen, Valencia, CA Cat# 204143) with the 

following sets of primers: SDF-1p forward 5'-ACAAGAGGCTAAGATGTGAGAG-

3' reverse 5-GCTCAGGAGCAGAGGAAGTG-3'; SDF-1a forward 5'-
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CAACACTCCAAACTGTGCCCTTCA-3', reverse 5' -

TCCTTTGGGCTGTTGTGCTTACT-3'; beta-actin primer assay (Quantitech cat# 

· QT0009524 ). All reactions were optimized for efficiency and samples were run in 

triplicate using Applied Biosystems real-time PCR machine model 7500 (Foster 

City, CA). Q-PCR data were an·alyzed using the Comparative Ct mathematical 

. .model for determining relative changes in mRNA expression compared to the 
. . 

control beta-actin expression as de~cribed by Livak et al 2001 174
• 

2.5. In Vitro Study of SDF-1 induced tube formation 

· Isolation of bone-marrow-derived mesenchymal stem cells (MSCs) - MSCs were 

isolated from 18 month old C57BL/6 mice (National Institute for Aging) by the 

following pro_tocol. The mice were sacrificed by CO2 overdose in the necropsy · 

room. The femora and. tibiae were dissected free of soft tissues and kept in cold 

phosphate-buffered saline (PBS) on ice. The bones were cut open at both ends 

and-flushed with complete isolation media (CIM, consisting of RPMl-1640 · 

supplemented with 9% heat-inactivated fetal bovine serum (FBS), 9% horse 

serum, 100 U/ml penicillin,· 100 µg/ml streptomycin, and 12 µM L-glutamine) 

using a 22-gauge· syringe followed by filtration through a 70-µm nylon mesh filter. 

The bone marrow was dispersed with a 25-gauge syringe to produce a single-cell 

suspension. After one wash with CIM at 1,400 rpm for 5 min, the cells were re-

- suspended in CIM. A.small aliquot of cells was diluted in ~% acetic acid- and the 

nucleated cells were counted using a hemacytometer: The cells were plated i~ 
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175-cm2 flasks at a density of 2 x 107 cells/flask and incubated at 37 °c in 5% 

CO2 for 3 hrs. The medium containing non-adherent cells was removed and the 

flask containing adherent cells were washed gently with PBS and then replaced 

with CIM. The cells were cultured continuously in CIM with the media changed 

every 3 to 4 days until they reached .~80% confluence(~ 4 weeks). The cells 

(passage-0) were washed with PBS, lifted by incubation -in 4 ml 0.25% -trypsin/1 

· mM EDTA for 2 min at 37°C, was.hed, and re-suspended at 5 x 106 cells/ml in 

PBS containing 0.5% BSA, 2 mM EDTA. 50 µI each of mouse CD11 b, 

CO45R/220B (BD Pharmingen), and Pan DC (MACS) monoclonal antibody 

conjugated magnetic microbeads were added to every 1x107 total cells. The 

mixture of cells and microbeads was incubated at 12°C for 30 minutes .and then 

placed on the I Magnet for 8 min at r~om temperature. The CD11 b-, 

CD45R/220B-, and Pan DC-negative MSCs in the supernatant were collected 

· and subjected to a round of positive-selection using mouse Sca~1 monoclonal 

antibody-FITC and anti-FITC lgG conjugated magnetic beads (MACS). After 3 

washes with PBS, the cells were harvested and expanded by plating at 50 

cells/cm2 in DMEM supplemented with 10% FBS. The cells were cultured 

continuously with media changes every 3 to 4 days until they were 70-80% 

·confluent.The procedure described here was modified from Gimble et al. 175
, 

Peister et al. 173
, and Tropel et al. 176 with a~dition of Pan DC microbeads (a · 

mixture of mouse CD-11c and PDCA-1 monoclonal antibodies) in the immuno

depletiori step, and a round of Sea-: 1 micro beads for positive selection of MSCs. 

The immuno-depletion step eliminated most (but not c;3II) of the hematopoietic 
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lineage cell_s !nduding granulocytes, macrophages, myeloid-derived dendritic 

cells, natural killer cells, 8-1 cells, 8 lymphocytes, T lymphocytes, macrophage 

progenitors, classic.al dendritic cells (DC), and plasmacytoid DCs). Although Sca-

1 is expressed on the surface of both hematopqietic and mesenchymal stem 

cells, since the hematopoietic stem cells_ were depleted from the first selection 

cycle; the Sca-1 antibody allowed only the cells that express Sca-1, the MSCs, to 

be selected. . 

Cell culture tube formation assays- Human umbilical vein endothelial cells 

(HUVEC) (pooled passage# 6-8 Cambrex Cat #C2519A) and mesenchymal 

stem cells stably transfected with green fluorescent protein (GFP-MSC) were 

used in cell culture experiments in tube formation assays. MSCs were isolated as 

described in the MSC isolation section of these methods. GFP-MSCs (a kind gift 

from Dr. Xing Ming Shi, Institute of M_olecular Medicine and Genetics at Medical 

College of Georgia) were infected with a reporter retrovirus that expresses green 

fluorescence protein (GFP) under the control of the CMV promoter (Delta-U3-

GFP). These cells can undergo osteogenic differentiation even after extended 

passages (p40 plus). In the tube formation assay, HUVECs passage 6-8 were 

grown to 80% confluency. The cells were then trypsinized with 0.25% trypsin 

(Mediatech. Cat #MT25-053-CI). 1 x 106 cells were suspended in 1 00ul 

Dulbecco's modified essential medium (DMEM) .supplemented with 

penicjllin/streptavidin. These cells were then combined With 900 ul of a collagen 

mixture containing 1.5 mg/ml collagen, 10% fetal bovine serum (Atlanta 
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Biological Cat #S11150), and 13% 10x Medium 199 (Gibco) in DMEM (Cellgro 

Cat #10-013-CV) supplemented with penicillin/streptomycin antibiotic (Cellgro 

Cat #30-002-CI}. Thirty µI of the cell-collagen mixture were then placed into the 

center of a nylon mesh ring and placed in the incubator at .37°C and 5% CO2 for 

1 hour and 30 minutes to allow the collagen to po_lymerize. Each collagen ring 

was then placed into an individual well° of a 96-well cell culture dish with media 

containing 1 % fetal bovine serum (FBS Atlanta Biologicals), Endothelial basal 

media supplemented with Epithelial growth factor, hydrocortisone, gentamicin, 

amphotericin-B, insulin-like growth factor-1, ascorbic acid, and heparin from the 

Lonza Endothelial growth media 2 (EGM-2)_ bullet kit (Lonza, East Rutherford, NJ 

Cat# CC-3162), and 1.25 ng/ml phorbol ester myristate (PMA).- Cells suspended 

in the center of nylon mesh rings were grown in the presence or absence of 

100uM recombinant human SDF-1a or SDF-1~ for 72 hours at 37°C and 5% 

CO2. In co-culture tube formation assays with MSCs, 8.0 x 1 as HUVEC cells 

were combir:,ed with 2.0 x 1 as BMD cells in 100 ul of DMEM supplemented with 

penicillin/streptomycin .antibiotic. The mixture of cells was then combined with the 

cells with collagen solution as described above. 100 uM· BrdU was added to the 

media 48 hours after the initial plating. After 72 hours, the rings,.were fixed in 3% 

paraformaldehyde for 30 minu.tes_ in preparation for immunohistochemical 

staining. 

Transient transfection of HUVEC cells- Some HUVECs used in the tube 

formation assays were transiently transfected with a pcDNA plasmid containing 
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an insert of the recombinant-human SDF-1 p coding DNA (pcDNA-SD_F-1 p) or 

GFP coding DNA (pcDNA-GFP- a kind gift from Dr. Darren Browning, 

Department of Molecular Biology and Biochemistry at Medical College of 

Georgia) to increase expression of SDF-1 p or GFP respectively. The pcDNA

SDF-1 p plasmid was created_ by inserting cDNA encoding the human SDF-1 p 

sequence (a kind gift from Dr. Stephen Peiper, Department of Pathology at 

Medical College of Georgia) into the of the pcDNA vector (a kind gift ·from Dr. 

Darren Browning). HUVECs were transiently transfected by electroporation. 

Once cells reached 80% confluency cells were trypsinized, and approximately 4 

x 106 cells were resuspended in 400ul opti-mem reduced factor media. 5 µg of 

either pcDNA-SDF-1 p or pcDNA-YFP vector was added and the cell suspension 

was placed in a 4mm electroporation cuvette. Cells were then electroporated 

using a square wave protocol set at 250V for 25msec in the BioRad Gene Pulser 

Xcell _electroporation machine. After electroporation, recovered cells were placed 

in a 100 mm2 cell culture dish for 24 hours before trypsinization for usage in the 

tube formation assay described above. 

lmmunohistochemical staining and analysis of tube formation- Rings were 

stained in 96-well plates using the following protocol. Cells were treated with 

0.1 % triton-x for 5 minutes, washed in 1 x PBS for 2 minutes, and then blocked in 

2% normal horse serum for 30 minutes at room temperature. Next, rings were 

incubated for 1 hour in primary antibody for one hour at room temperature, 

washed and then incubated for 1 hour in· the appropriate secondary antibody 
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(Tabl~ #2). Rings were then removed from the 96 well plate and placed on 

Superfrost plus slides. Once on the slide, Vectashield coverslipping media with 

DAPI was applied to each ring followed by a coverslip. Fluorescently stained 

cells i'n the collagen matrix in the center of the nylon mesh ring were visualized 

with a Zeiss LSM 510 Meta confocal microscope. For tube formation analysis, 

micrographs of cells stained with von Willebrands factor visualized with Cy3 

fluorescence were taken through a 1 Ox objective of 2-3 random fields within the 

center of each ring. Using Zeiss imaging software, the threshold ·of detectable 

stained cells was determined for each micrograph, and the total area, length, and 

intensity were calculated. The average of all fields for each ·ring was calculated 

and AN OVA statistical ,analysis was performed -to compare tube formation in all 

rings after different treatments (n> 3 rings per different treatment condition). 
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Table II- Antibodies used for immunocytochemical staining of cells in vitro 

anti-GFP (1 :400) Donkey anti-Rabbit FITC (1 :100) 
Molecular Jackson lmmunoResearch 

Serum Probes(A 11122) (Cat# 711-095-152) 

Heparan sulfate Normal Rat anti-HS (1 :400) Donkey anti Rat Cy3 (1 :400) 
proteoglycan (HS) Horse NeoMarker (RT 794 Jackson lmmunoResearch 

Serum PABX) (Cat# 712-166-153) 

Bromodeoxyuridine Normal Sheep anti-BrdU (1 :200) .Donkey anti-Sheep FITC (1:100) 
(BrdU) Horse Biodesign (M20105S) .Jackson lmmunoResearch 

Serum (Cat# 713-095-147) 

Lectin (RCA 120) Normal Biotinylated RCA 120 StreptavidirJ Cy3 (1:1000) 
Calf Lectin (1 :3000) Jackson lmmunoResearch 
Serum Vector (#B-1085) ( Cat# 016-160-084) 

Von Willebrand Normal Rabbit anti- human vWF Donkey anti-Rabbit Cy3 (1 :400) 
Factor (vWF) Calf Dako (A0082) Jackson lmmunoresearch 

Serum (Cat# 711-166-152) 



3. RESULTS 

3.1 Temporal Expression of Endogenous SDF-1 

In order to better understand natural expression patterns of SDF-1 during 

injury, we measured endogenous SDF-1 protein expression in bone marrow, 

plasma, and brain along with mRNA expression in the brain 6 hours, 12 hours, 1, 

2, 3, 5, 7, 14 or 28 days following middle cerebral artery ligation (MCAL) and in , 

uninjwed control mice. We measured changes in SDF-1 levels because changes 

in bone marrow and plasma expression of SDF-1 are thought to be crucial in the 

mobilization of BMD cells info pe~ipheral circulation 151
. 

ELl~A analysis of the bon~ marrow revealed that SDF-1a showed a brief 

decrease 2 days post-MCAL ~ompared to levels at 12 hours, 7 days and 28 days 

(p<0.037)(Figure 1A). Preceding and possibly related to the decrea_se_of SDF-1a 

levels in the bone marrow, SDF-1a level~ showed an earlier ris~ at1 day post

MCAL in the plasma ·compared to all other time points ·(p<0.001 ), and there was 

a late decrease at 28 days compar_ed to levels 12 hours an_d 7 days post-MCAL 

(p<0.01 )(Figure 1 B). Additionally, at 6 hours and 2 days post-MCAL we saw an 

slight rise in nucleated cells in blood. Between 3 and 5 days post-MCAL we saw 

a significant increase in circulatin•g nucleated cells compared to control animals 

(p<0.001) (Figure 1 C). 
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Figure 2- Endogenous SDF-1 expression in BM and plasma and cell 

mobilization following stroke. ELISA analysis-shows that SDF-1 a protein 

expression in bone marrow decreases significantly at 2 days but recovers by 3 

days post-MCAL (*p< 0.04 compared to 12 hour, 7day, and 28 day time points) 

(A). SDF-1 a protein expression in plasma increases significantly at 1 day post

MCAL in a brief spike (#p< 0.001 compared to all other time points) (BJ. 

Nucelated cells are increased significantly in peripheral blood by 5 ·days-posf 

MCAL (+p< 0.001 compared to control) (CJ. One-way Analysis of Variance1 

(ANOVA) was used to compare SDF-1 levels in the plasma and bone marrow 

and to compare nucleated cell cont to determine significant changes at different 

time points (Tukey's post-hoc test; n=3 animals per time point). 
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As described in the introduction, previous ·work with a mouse model has 

shown upregulation of SDF-1 expression in the ischemic brain hemisphere at 7, 

1.4, and 28 days following. In the studies reported herein, temporal cerebral SDF-

1 expression was quantified following a permanent MCAL using ELISA .and 

western blot. The results of SDF-1a ELISA showed that in the ischemic 

hemisphere soluble SDF-1a protein levels peaked at 12 hours post-MCAL, 

preceding the plasma peak, and were significantly higher than SDF-1 a levels in 

- the contralateral hemisphere by 1 day post-MCAL (p<0.05). SDF-1 a protein then 

fell to pre-injury levels by 2 ~ays post-MCAL. Interestingly SDF-1 a slowly rose 

again by 14 days post-MCAL and remained elevated at 28 days post-MCAL 

though not significantly different from the contralateral hemisphere (Figure 2A). 

When measuring SDF-1 ~ protein levels by ELISA analysis we did not see the 

same dynamic changes that we saw with SDF-1a protein levels and thes levels 

of SDF-1 ~ were greatly decreased compared·to-a levels (Figure 28). Because of 

the propensity of SDF-1 ~ to bind to heparan sulfate groups in tissue, brain 

samples were homogenized in a denaturing lysis buffer with detergent for protein 

analysis using western blot. SDF-1 ~ protein levels were elevated by 6 hours 

following MCAL compared to the control and by 3 days post-MCAL through at 

least 14: days post-MCAL (Figure 3A). 

Using Q-PCR we also examined mRNA levels following MCAL. The brain 

·· SDF-1 a mRNA levels mirrored but _preceded the prot~in pattern with an initial 

peak at 6 hours followed by a decline by 24 hours and then a late increas·e 



Figure 3- Endogenous soluble_ SDF-1 expression in brain following stroke. 

Based on ELISA, SDF-1 a protein expression begins to rise by 6 hourspost

MCAL is ~ignificantly elevated in the ipsilateral stroke hemisphere compared to 

the contralateral hemisphere (*p< 0. 05) by1 day post-MCAL, but falls to pre-injury 

levels by 2 days post-MCAL. There is a later rise by 28 days post-MCAL (A). 

While SDF-1 a protein expression in the ipsi/ateral hemisphere undergoes 

dynamic changes post-MCAL, SDF-1/Jexpression does not (B). A two-factor 

repeated measure ANOVA is used to examine differences in SDF-1a 

concentrations in the brain and a Bonferroni correction to the overall alpha level 

of 0. 05 is used to examine post hoc pair-wise differences (n=3 animals .per time . 

point). 
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in expression from day 7 through day 28 post-MCAL. In contrast, a greater 

change in SDF-1 ~ mRNA levels was seen with an initial peak at 6 hours post

MCAL followed by ·a second spike at 2. days then a steady high level starting by 

day 5 and extending through day 28 compared to the control (Figure 38). The 

mRNA pattern for SDF-1 ~ mirrors that seen for the western blot analysis rather 

than the soluble ELISA. This finding suggests that SDF-1 ~ is not free in the 

injured brain bu~ bound and localized within the tissue. 

In addition to the SDF-1 expression patterns, the expression patterns of 

. GCSF were also measured in bone marrow, plasma, and brain in tissue from the 

same group of animals at the same time points since it is thought that GCSF 

regulates bone marrow SDF-1 levels. In the bone marrow GCSF levels rose 

rapidly with a detect.able elevation at 6 hours through 1- day post-MCAL 

preceding the drop in SDF-1 bone marrow levels (Figure 4A). This rise was 

- followed by a rapid decline in bone marrow GCSF levels by 2 days after MCAL. 

··Plasma and brain increases in GCSF levels coincided with or precede BM 

increases (Figure 48 and C). 

Lastly in the MCA ligation stroke model, we were able to localize 

generalized SDF-1 protein expression in the injure~ tissue using an antibody that 

recognizes both SDF-1a and SDF-1 ~ (Figure 5A). At higher magnification it was 

evident that SDF-1· was highly expressed in the cortex and external capsule 

(Figure 58), and in the striatum, SDF-1 expression was closely associated with 

blood vessels and microglial cells (Figure 5C)_. We previously reported increased 

SDF-1 protein expression in the brain through 28 days following ischemia in a 



. ' 

Figure 4- Endogenous SDF-1-mRNA ~nd SDF-1pprotein expression 

in brain following stroke. Representative western blot of SDF-1 pin the 

ipsilateral stroke hemisphere shows a strong early increase in SDF-1 p protein by 
. . . 

6 hours post-MCAL follo_wed by a later increase from 3 days to at least 14 days 

post-MCAL compared to sham animal (n= 3 animals per time point) (A). Q-PCR 

analysis indicates a limited change in SDF-1 a mRNA levels immediately 

following MCAL and 7.cfays later. lri contrast, SDF-1 p mRNA levels increase 

approximately 5-fold beginning 5 days post-MCAL similar to SDF-1 p protein 

expression seen by western blot (BJ. 
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Figure 5- Endogenous GCSF expression following stroke. In the bone 

marrow, GCSF levels rise early at 6 hours, remain elevated through 1 d?JY and 

sharply decrease by two days (A). Similar protein expression patterns are seen in 

the plasma with increased levels of GCSF at 6 hours, 12 hours, and 1 day post

MCAL (B). In the brain, there is a slight delay in the upregultaion of GCSF, and 

protein levels rise above control levels in the ipsilateral stroke hemisphere 

beginning at 12 hours post-MCAL (C). 



A 

C 

c-- 1000 -r--------------.... .§ 
0) 

.S 800 
C: 
0 g 600 · 
C: 
(l) 
(J 
C: 
0 
(.) 

LL 
Cf) 
(.) 
(.!) 

400 

200 

f 
t 

180 ,-----::===============:::::-i g 160 I • Non.-stroke hemisphere I 
o O Stroke Hemisphere 
Uc140 
g, ~ 120 
g §_ 100 

"fil ~ 80 
N- 60 =~ §-..... 40 

~ 20 
0 ..._ ___ ..--.-,--,---,---,,,--..---r.-..-...---' 

~<& r-~ n ~ r..~ ,,;:_\!;,;, ~\C:, n::.'C:, ,x,f:, n::.'C:, -_,e:, ~v v ...,_.,. v r,;,.tilr;.l>•r,,b-•r;.li"lr;.l>•r{lf) 
cf' ..... 'l,vO.,v<r:,v'\v...,_l><v~v 

B 

53 

14 

C: 12 · 0 
:.::.'2 

t I e•- 10 1:-m 
(l) e a• • a o. a 0) 6 
(.)~ 

I i LL C> 4 I • Cl) 0. • I • u-
(.!) 2 

0 .,__....---,---.--..--~-------.--------...----' 



, Figure 6- Localization of SDF-1 expression in brain following stroke. 

Montage of images taken through a 1 Ox ·objective from a· tissue section stained 

with an SDF-1 antibody that recognizes both a and p isoforms. The image shows 

increased labeling for SDF-1 in the ischemic hemisphere compared to the non

ischemic hemisphere at 14 days Post-MCAL (A). This strong expression of SDF-

1 in the cortex and external capsule (ec) (B) and associated ·with blood vessels 

(arrows) and microg/ia (arrow heads) (C) can be seen at higher magnification 

(20x objective) at 14 days post-MCAL. 
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middle cerebral artery occlusion (MCAo) stroke model using 

immunohistochemical analysis76
. The current study demonstrates that there is 

differential temporal expression of SDF-1a and SDF-1J3 following cerebral 

ischemia which may be linked to peripheral SDF-1 levels. 

3.2 Exogenous SDF-1 Induces Cell Mobilization 

To determine if systemic administration of SDF-1a induces cell 

mobilization, osmotic mini-p.umps were implanted subcutaneously to continuously 

release either S0µM SDF-1or saline over the _course of 7 days. By six days post

pump implantation the number of nucleated cells in peripheral blood was 

significantly increased with SDF-1 a treatment (p=0.008, Figure 6A). Flow 

cytometry results indicated that there is a significant increase of hematopoietic 

stem cells in peripheral blood and spleen 4 days following initiation of SDF-1 a 

treatment (p=0.001, Figure 68). The continuous systemic administration of SDF-

1 a induced bone marrow cell mobilization, including the.mobilization of 

hematopoietic stem cells. This data closely fits with the mobilization of BMD cells 

seen following MCAL (Figure 1 A). 

3~3 Assessment of Cortical Loss with Exogenous SDF-1 

To determine if SDF-1 _aids in cerebral repair by preserving cortical tissue 

in the ischemic penumbra, we measured the area of remaining cortical tissue in 

·stained sections ·corresponding to Bregma levels, -1. 70mm, 0.26mm, and 0.02mm 

and in sample sections taken at consistent intervals through a 4mm block. A 

·necrotic cavitation forms in the area of cortex-where the core of the stroke is 



Figure 7- Exogenous SDF-1 induction of cell mobilization. The count of the 

total white blood cells (WBC) in spleen and peripheral blood increases . 

significantly (*p=0.008) with exogenous osmotic pump administration of SDF-1 a 

by six days following pump implantation compared to control mice and inice that 

received saline or control mice that did not have a pump implanted (A). The·· 

hematopoietic stem cell (HSC) count 4 days after pump implantation, normalized 

to the total number of WBCs, shows a significant increase of HSCs in SDF-1 a 

treated animals c_~mpared to saline treated animals (One-Way ANOVA with 

Tukey's post-hoc test; +p<0.001;) (B). 
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.located. By 14 days post-MCAL, the cavity has grown extensively (Figure 7A). 

Therefore, the _remaining cort~x was measured as an inverse indication of 

cortical-damage induced by the MCAL model. When SDF-1 was delivered by 

osmotic mini-pump via an intra-ventri~ular cannula for 14 days starting 3 days 

prior to the MCAL, there was an overall decrease in cortical area. This was also 

observed when examined by bregma level (Figure 78). At Bregma 1.70, 0.02, 

and -0.94, S_DF-1 treated animals had significantly decreased cortical area when 

compared to the vehicle-treated control (p=0.012; 0.046, and 0.044 respectively). 

At other bregmas, the sa-me trend was seen, but the changes were not 

significant. The cortical area of animals receiving the SDF-1 antagonist FC 122 

was not statistically different from either SDF-1 treated ~nimals or DMSO treated 

-animals. Rather, the FC 122 group was intermediate to the other two groups. 

- Additionally, when the area of surviving neurons was quantified by measuring the 

total area of NeuN stained objects, we saw similar results. When the 

measurements of each bregma were combined into a single normalized volume 

measurement (dividing the total area of stained neurons by the total area of the 

region analyzed), the SDF-1 treated animals had significantly decreased neuron 

stained cell volume compa_red to the DMSO control animals (p=0.024 Figure 8). 

Thus, early treatment with SDF-1 a correlated with increased cortical damage 

following cerebral ischemia. 

Additional animals were used to investigate late treatment with SDF-1 and 

with an antibody to block SDF-1 binding to the CXCR4 receptor. Interestingly, 

when SDF-1a was given beginning 3 days post-MCAL, the compound did not 



Figure 8- Early SDF-1 administration prior to the MCAL reduces surviving 

cortical area following stroke. Representative micrographs taken through 1 x 

objective show cavitation (Arrows) of cortical tissue present 14 days post-MCAL 

in mice treated with DMSO, FC122, and SDF-1 a beginning 3 days pre-MCAL 

(A). Quantification of remaining cortical area shows a·significant Joss of cortical 

area at Bregma 1. 70 (*P=0.012), Bregma 0.02 (+P=0.046) and Bregma -0.94 

(#p=0.044) in SDF-1 treated animals compared to those treated with the DMSO 

vehicle control. Significance was determined by One-way ANOVA at each 

bregma with Bonferonni's post-hoc tests (n= 5 animals per DMSO and FC122 

treatment groups; n= 4 animals in SDF-1 treatment group)(B). 
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Figure 9- Early administration of SDF-1 reduces neuronal volume following 

stroke. Analysis of NeuN stained sections reveals that administration of SDF-1 a 

3 days prior to injury significantly decreased the volume of stained neurons 

compared to animals treated with the vehicle control, DMSO(n=5), (*p=0.024; 

one-way ANOVA with Tukey's post-hoc tests) while the SDF-1(n=4) antagonist· 

FC 122 (n=5) did not. 
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have the same detrimental effect as when SDF-1 was administered early (Figure 

9 and 1 0).When the remaining cortex on H&E sections was measured, at bregma 

1 :70 the animals treated with either the control lgG antibody, or SDF-1 had a 

significant reduction in remaining cortex compared to the sham operated group 

(i.e. there was significant cortical tissue loss) while animals treated with the anti

CXCR4 blocking antibody did not (p< 0.03). At bregma 0.26 and 0.02 all 

treatment groups had significantly reduced cortical area compared to sham 

operated animals (p<0.001 Figure 9A). When looking at th_e cortical area of the 

non-stroke hemisphere at each bregma, we saw significant increases in cortical 

area for all groups receiving MCAL regardless of treatment when compared to 

the sham operated at bregma 0.26 and 0.02 (P<0.004 ), but no significant 

differences at bregma 1. 70. Also, there was a significant increase in non-stroke 

cortical area in animals treated with either lgG control antibody or SDF-1 

compared to ~he anti-CXCR4 antibody treated animals at bregma 0.26 (p<0.004) 

and also an increas~ in SDF-1 treated animals compared to anti-CXCR4 at 

bregma 0.02 (Figure 98). After normalizing the cortical area of the stroke to the 

non-stroke hemisphere by calculating the difference between the two 

hemispheres, all MCAL groups, regardless of treatment, had a significantly l~rger 

difference between the two hemispheres at each bregma compared to sham 

operated group (p<0.001) (Figure 9C). SDF-1 treated animals had significantly 

larger difference between the stroke and non-stroke hemisphere compared to 

anti-CXCR4 treated animals at Bregma 0.02 (p=0.029). For a volume measure of 

cortical assessment of delayed treatments, every 20th ·section was stained with 



Figure 10- Delayed blockade of SDF-1 paitially preserves cortical tissue 

following stroke. The remaining area of cortex measured in the ipsilateral stroke 

hemisphere from H&E stained sections demonstrates that MCAL induced a 

significant reduction in cortical area for all treatment groups compared to sham 

animals at bregma 0. 26 and 0. 02 but only SDF-1 a and ,control lgG treatments 

significantly reduced cortical area at the more anterior bregma 1. 70 when given 

starting 3 days post-MCAL (A). In the contralateral hemisphere there was . 

increased cortical area with MCAL for each treatment group· compared to sham 

at bregmas 0.26 and Q. 02, and a similar trend at bregma 1. 70. There was also a 

significant increase in cortical area of lgG- or SDF-1 ~treated animals- compared to 

anti-CXCR4 treated animals (B). After normalizing the remaining cortex area on 

the stroke side to the non-stroke side by calculating the difference between the 

two hemispheres, all MCAL recipients regardless of treatment had a significantly 

greater differenc~ compared to_the sham group. In addition, at bregma 0.26, 

SDF-1 treatment increased the cortical difference when compared to anti-CXCR4 

treatmert. The. cortical difference with lgG treatment was also significantly 

greater than anti-CXCR4 at bregma 0.02 (C). This pattern was a trend also at 

bregma1. 70. One-way ANOVA with Tukey's post-hoc test were used to . 

determine sig'}ificant changes between Sham (n=6), anti-CXCR4 (n=6),_ lgG 

(n=3), and SDF-:1(n=6)treatment groups. (Within each bregma level* p< 0.03 

compared to Sham; #p< 0. 004 compared to all other treatments;. +p< 0.04 -

compared to anti-CXCR4) 
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cresyl violet to identify all remaining nuclei in ·the cortex. Only the area of 

remain,ing tissue with visible nuclei was measured and after normalizing area 

across all sections to create a volume measure, the results were similar to those 

of the H&E stained sections. As expected, the sham group had significantly 

greater cortical volume than all treatment groups in the stroke hemisphere 

(Figure 1 0A; p<0.04), significantly reduced cortical volume-in the non-stroke 

hemisphere (Figure 1 OB; p<0.006), and significantly smaller difference between 

the two hemispheres than each _of the MCAL treatment groups (Figure 1_0C; p< 

0.001 ). Interestingly, again assessment of both the cortical volume in the non

stroke hemisphere and cortical volume difference between hemispheres showed 

that anti-CXC4 treated animals had a smaller cortical- area as well as decreased 

-difference between the cortices of the two hemispheres compared to SDF-1 
. , 

treated mice (Figures 1 OB and C; p< 0.05). The increase in cortex area and 

volume in the non-ischemic hemisphere suggests that enlargement of the non

stroke hemisphere, possibly due to edema, is occurring. Changes seen in the 

non-ischemic hemisphere were somewhat surprising,- because it is thought that 

brain edema cannot be detected at 14 days post-ischemia. To ensure that the 

administration of SDF-1 of the antibodies did-·not induce changes in the non

ischemic hemisphere, the non-ischemic cortex was measured in a third set of 

mice (n= 5 per group) that received MCAL or sham surgery without .any 

treatments. 



Figure 11- Delayed blockade of SDF-1 increases cortical volume following 

stroke. The quantification of total cortical volume indicates that sham animals 

have significantly increased neuronal volume in the ipsilateral hemisphere 

compared to all treatment groups (A). Contralaterally the~e is a significant 

reduction in neuronal staining volume compared to all treatment groups (B). 

There is no difference between the two hemispheres in the sham group. This 

different compared to all MCAL treatment groups. Additionally, there is a trend for 

the_ anti-CXCR4 treatment to yield a smaller side-to-side difference than either 

SDF-1 treatinent or the lgG control that_ is shy of significance (C). Measurements 

at various bregma levels f?f tissue taken from a second series of sham operated 

or MCAL only mice (not receiving any treatme~ts) indicate that after MCAL,_ the 

area of the contralateral hemisphere of stroked mice is significantly larg.er than 

Sham operated animals 14_days post-ischemia(D). One-way ANOVA and 

Tukey's post-hoc statistical tests were used to determine significant changes 

between treatment group·s (n> 3 animals per treatment group) for each 

hemisphere. ( *p< 0. 040 compared to all treatments; +p< 0. 05 compared to anti

CXCR4; #p< 0.035 compared to sham at each bregma) 
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Under non-treated conditions, there was a significant increase in the no~

ischemic hemisphere in mice that underwent MCAL versus mice that received a 

sham operation suggesting that enlargement of the hemisphere detected by 

these_ analyses is part of the normal response to ischemia (Figure 1 OD; p< 

0.035). These cortical assessment results suggest that SDF-1 treatment 3 days 

post~MCAL, unlike starting administration 3 days pre-MCAL, does not worsen 

cortical injury. Further, the blockade of the CXCR4 receptor may.be beneficial 

when given at this later time point. 

3.4 SDF-1 Induces BMD· Cell Homing to the lschemic Penumbra 

In studies where SDF-1, FC122, and DMSO were given 3 days prior to 

MCAL, GFP chimeric ·animals were used to track transplanted bone marrow cells· 

and any cells derived from the transplanted cells using the GFP marker. In order 

to determine if SDF-1, FC122, or DMSO treatments influenced the homing of 

bone marrow derived cells to the brain, the BMD cells in the ischemic penumbra 

were analyzed by ·labeling the GFP+ bone marrow derived cells (GFP-BMD) with 

an anti-GFP antibody. First, the staining of brain sections from these animals with 

an anti-GFP antibody in conjunction with anti-SDF-1 antibody.showed that GFP . 

positive bone marrow_ derived c_ells (GFP-BMD) migrated to areas of increased 

SDF-1 expression (Figure 11 D-Ff Second, as seen-in the. representative 

micrographs, SDF-1 and FC122 treated animals had more GFP-BMD cells in the 

ischemic penumbra 14 days post-MCAL compared to the DMSO treated control 
- -

group (Figure 11A-C). 



· Figure 12- SDF-1 induces BMD cell homing to the brain following stroke. 

lmmunohistochemical stained i117ages captured through a 1 Ox objective of 

sections taken 14 days-post MCAL from GFP-chimeric animals that were treated 

3 clays prior to MCAL show that BMD cells home to the brain and cells are 

associated with SDF-1 expression. Sections stained with 'GFP antibody show 

increased GFP+ BMD cell (FITC labeled-cells) homing to the ischemic 

penumbra in FC122 (B) or SDF-1 (C) treated animals relative to DMSO treated 

animals (A). A brain section stained with anti-GFP antibody (D, FITC labeled) 

and anti-SDF-1 antibody (E, Cy3 labeled) demonstrates the homing of GFP+ 

BMD cells to areas of increased SDF-1 levels (F, merged image). The total 

number of BMD cells, summed from four bregma levels, is significantly increased 

for SDF-1 and FC 122 treated animals (*p< 0.04) compared to DMSO treated 

controls (G) Quantitation of GFP+ BMD cells in ischemic penumbra show that 

SDF-1 treated animals have a significant increase in the homing of BMD cells at 

bregma 2.22 and 0.02 (+p< 0.01 compared to bMSO and FC122 and #p=0.02 

compared to DMSO respectively with One-way ANOVA and Tukey's post-hoc 

statistical analysis n=4-5 animals per treatment group) (H). 
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For quantification and ·statistics the total number of GFP+ labeled cells were 

counted in the penumbra! area from these brain sections corresponding to 

bregma levels 2.22mm, 1.70mm, 0.26mm, and 0.02mm using Zeiss Image_ 

analysis program from 1 Ox micrographs (Figure 11 H). Animals treated with SDF-

1 had a significantly higher total GFP+/BMD cell count than either DMSO or FC 

, 122 groups at bregma 2.22mm (p< 0.01 ), and a significantly higher count than 

DMSO group at bregma level 0.02mm (p<0.02). Bregma 1. 70 and 0.26 showed a 

similar trend but did not reach significance (P=0.079 and 0.064 respectively). 

Wtien the total number of GFP+/BMD cells was summed across all bregma 

levels animals treated with SDF-1, as well as with FC122, had sfgnificantly higher 

nurnbers of BMD cells than animals-treated with the vehicle control (p< 0.04) 

figure 11 G). 

' , 

In order to identify the phenotypes of the GFP-BMD cells in the brain·, 

immunohistochemical analysis wa·s performed using markers to identify 

· neutrophils (anti-PMN), microglial cells (RCA-120 lectin), and perivascular cells 

(Heparan Sulfate) that co-labeled for GFP. The vast majority of GFP+/BMD cells · 

stained positive with the RCA-120 lectin and displayed extended ramified 

processes characteristic of activated microglia (Figure 12D-E). There were a few 

neutrophils present in the penumbra at 14 days-post MCAL. The animal treated 

with SDF-1 pre~MCAL had a significantly greater number of neutrophils (p< 0.05 ) 

relative to the FC 122 or DMSO treated controls (Figure 12A-C and 13A). During 
, , 

the scan we identified and tallied three distinct cell types associated with heparan 

.sulfate proteoglycan labeled vascular basement membrane based on the location 



Figure 13- Phenotypic analysis of BMD cells in ~he brain following stroke. 

Micrographs of brain sections showing bone marrow derived (BMO) phenotypes 

14 days post-MCAL. Antl:.PMN antibody staining illustrates the presence of 

neutrophils (A, Cy3 labeled) in ischemic penumbra (B, OAP/ labeled cell nuclei. C 

merged image). Arrows show co~localized staining with anti-GFP antibody (0, 

FITC labeled) and RCA 120 /ectin (E, Cy3 labeled} which indicates the presence 

of BMO microglial cells (F, merged image). Sections stained with anti-GFP 

antibody (FITC labeled) and anti-heparan sulfate proteoglycan (Cy3 labeled) 

show. the presence of migrating axial BMO cells hear b/ooq vessels (G axially 

oriented - large arrow; diapedesing cell- small arrow), BMO pericytes (H, 

arrowheads) located within the basal lamina, and BMO perivascular microglia (/). 

The arrow (J-L) shows a rare GFP+ labeled BMO cell (J, FITC labeled) in 

ischemic penumbra with nuclear (K, OAP/ labeled) and process morphology 

consistent with an astrocyte (L, merged image). 
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and relationship to the basement membrane and cell morphology. There were 

perivascular microglial cells identified by their location, contacting the abluminal 

portion of the blood vessel, and morphology demonstrating ramified processes 

(Figure 121). A second population of GFP+/BMD perivascular cells was identified . 

as migrating (or axially align_ed) cells due to their oblong morphology, abluminal 

location outside of the basement membrane ari9 orientation parallel to the axis of 

the blood vessel (Figure· 12G). The third perivascular cell we tallied was a 

population of cells that appeared to be GFP+/BMD pericytes. These cells were 

classified based on their orientation parallel to the vessel axis (rather than 

perpendicular to it which would have suggested active diapedesis) and that they 

were invested within the blood vessel's basement membrane (Figure 12H). 

Interesting, in an SDF-1 treated animal we did identify one GFP+/BMD cell that 

had ramified processes and a nuclear morphology similar to that of an astrocyte 

(Figure 12J-L). It was not determined if this rare cell phenotype represented 

differentiation of, or cell fusion with, a bone marrow-derived cell. Additional 

phenotypic analysis indicated that the GFP-BMD cells were negative fpr neuronal 

(anti-NeuN), and endothelial cell markers (a_nti-CD 31) (Data not shown). Overall, 

the results of the chimeric study show that following ischemia, early 

administration of SDF-1 increases homing of neutrophils and other GFP-BMD 

cells the- majority of which consisted of microglial and perivascular cells. 

Non-chimeric mice were used for studies in which SDF-t, anti-CXCR4 

antibody or an lgG isotype control antibody (anti-GFP) antibody was given 

beginning 3 days post-ischemia. 



Figure 14- SDF-1 increases the n~mber of neutrophils in the brain following 

stroke. Quantification of neutrophils in the ischemic penumbra 14 days post

MCAL Phenotypic analysis shows a significant increase (*p< 0. 05) in antibody 

labeled neutrophi/s in the ischemic penumbra of SDF-1 treated animals (n=4) 

compared to either DMSO treated(n= 5) or FC 122 treated animals (n=5) when 

treatments were given 3 days prior _to MCAL (A). When beginning treatment 3 

days post-MCAL, both SDF-1 (n=6) and lgG treatments (n=4) significantly 

increased the number of neutrophils compared_ to sham (n=6). The anti-CXCR4 

treatment group (n=6) did not have a significant change in neutrophil number 

compared the other treatments or to the sham (Significant changes were 

detected using One-way ANOVA with Tukey's post-hoc test; +p< 0.05 compared 

to sham) (B). 
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Since we did not have the GFP marker to identify BMD cells, we simply stained 

for neutrophils in these animals, since these cells are known to be derived from · 

the bone marrow 177
. By counting and summing the number of neutrophils in 

sections corresponding to Bregma 1. 70, 0.26, and 0.02 for a total neutrophil 

count we saw that treatment with SDF-1 or the control antibody correlated with 

significantly higher numbers of neutrophils compared to Sham control (p< 0.05) 

while anti-CXCR4 antibody treated mice were not different from Sham control 

(Figure 138). These observations suggest that the late SDF-1 treatment did not 

enhance neutrophil migration above normal levels following MCAL (lgG control) 

while the anti-CXCR4 antibody treatment may have partially blocked neutrophil 

migration to the brain. 

3.5 Blockade with Anti-CXCR4 Treatment Decreases Cell Proliferation 

In studies with the non-chimeric mice that received either SDF-1, anti

CXCR4 antibody, or anti-lgG antibDdy beginning 3 days post-MCAL, 

bromodeoxyuridine (BrdU) was also administered to these animals starting at the 

same time as .the different treatments to study the ability of SDF-1 to induce 

proliferation. After staining sections that corresponded to bregmas 1. 70, 0.26 and 

0.02 with anti-BrdU antibody, differences between treatments were determined 

by calculating the total area of stained cells from images takeff at 1 Ox from two 

different fields in the ischemic penumbra. The total area was summed· across 

both fields and all bregmas. The BrdU stained area in all treatment ~roups was 

significantly larger compared to the Sham group (p<0.001 ), and .though not 



Figure 15- BrdU+ cells are increased in the brain following stroke. 

Quantification of BrdU+ cells by measuring total BrdU+ stained area in the 

ischemic penumbra shows that MCAL stimulates cell proliferation compared to 

sham animals in all treatment groups beginning 3 days post-MCAL. Additionally, 

anti-CXCR4 treatment may partially block proliferation, although it is not 

statistically significant (+p< 0.086 SDF-1 compared to anti-CXCR4). (One-way 

ANOVA with Tukey's post-hoc test used for statistical analysis; *p < 0.001 sham 

compared to all treatments) 
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significant, there was a strong trend of anti-CXCR4 treated animals having less 

BrdU stained area compared to SDF-1 and anti-lgG_ treated mice (Figure 14). 

The BrdU+ cells were phenotyped by dual staining of the sections with various 

phenotypic markers to identify astrocytes (anti-GFAP), microglial cells (RCA-120 

. \ 

lectin), and neutrophils (anti-PMN). The BrdU+ cells co-labeled with the RCA-120 

lectin microglial marker and anti-GFAP astroglial marker (Figure 15D-F and G-H) 

but not the neutrophil marker (Figure 15 A-C). Thus it appears that anti-CXCR4 

treatment may partially block the proliferation of microglial cells and astrocytes, 

or a combination of proliferation and homing of the microglia. The SDF-1 

treatment group did not show enhanced proliferation in the ischemic region 

compared to the injured anti-lgG control animals. 

3.6 SDF-1 Induced Neovascularization in the lschemic Brain 

W~ hypothesized that SDF-1 treatment would induce neovascularization 

following ischemia. First, to determine if. SDf-1 treatment induces 

neovascularization if given 3 day prior to MCAL, animals were_ sacrificed on day 

14 post-MCAL and sections of brain tissue were taken from regions 

corresponding to .bregmas 1.70, 1.1 0,· 0.26 and -0.94 and stained with anti-_. 
. . 

heparan su!fate. proteoglycan to label the basement membrane of the blood 

vessels. Vascular- density was determined by measuring total area of stained_ 

vessels. per unit ar~a of tissue in cortical field (S 1) and a sub-cortical field (S2)._ 

· No significant differences were detected in total vascular density of stained blood . . 



Figure 16- Phenotypic· analysis of BrdU+ cells in brain following stroke. 

Representative confocal micrograph taken through a 20x objective illustrates that 

anti-BrdU stained cells (A- Cy3-labeled) do not co-localize with anti-PMN stained 

neutrophils (B- FITC labeled) in the merged image (C). Confocal micrographs 

taken at 40x magnification show BrdU+ cells (D & G Cy3 lab~lled) express 

microglia cell marker RCA-120 (E arrow....: dual labeled c~lls) and the astrocytic 

marker GFAP (H arrowheads -dual labeled cells). Panels F and I show merged 

images. 



73 



74 

vessels at each bregma i_n either of the two distinct regions of the penumbra 

(Figure 16A and 8). Additionally, when looking at changes in the number of 

vessels stratified by size in the cortic_al an_d sub-cortical fields, no signifi_cant. 

differences across the bins for vessel area were detected between treatment 

groups at bregma 0.26 (Figure 16 C and D) or at any.of the other bregma 

analyzed (data not shown). When looking at-sections stained with the 

endothelial cell marker CD31 in similar regions of tissue taken from animals that 
\ 

received SDF-1, anti-CXCR4 or anti-lgG beginning 3 days post-MCAL, again no 

significant changes in vascular density were noted among the treatment groups 

nor were changes seen between treatment groups and sham animals (Figure 

17). Thus, by 14 days post-MCAL it appeared that neither exogenous SOF-1a 

nor CXCR4 blockade affects the overall degree of vascularization in the surviving 

tissue following stroke irrespective of whether these treatments are given early ·or 

late. 

Even though we did not see changes in overall length, area, or density of 

blood vessels in the SDF-1 treated animals, we used dual staining protocols to 

detect more subtle differences that might indicate changes in vasculogenesis or 

angiogenesis. For detection of vasculogenic neovascul~rization we used tissue 

t~ken from our GFP chimeric mice that were treated with SDF-1, FC122,·or 

DMSO, to identify immunohistochemically dual stained. BMD cells with the 

endothelial cell marker CD 31. Cells co-labeled with both the BMD cell marker 

and the endothelial cell marker would indicate that new bl.ood vessels were 

formed at least in part by the integration of BMD progenitor _cells which is 



Figure 17- Early SDF-1 treatment does not alter overall vascular denstiy. 

Vascular density of ischemic penumbra was measured in a cortical region of the 

penumbra (A) and in a sub-cortical region of the penumbra (B) at 4 different 

bregma levels. Histograms showing blood vessel distribution stratified by the 

area of individual vessels in cortical field (C) and the sub-cortical field (D) 

demonstrate that no significant differences across bins for vessel area were 

detected. These graphs suggest that pre-MCAL treatment with either SDF-1 or. 

FC 122 does not alter the overall density of blood vessels per unit area of tissue 

compared to the DMSO control at any of the bregma levels_ measured. 
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Figure 18- Delayed -treatment with SDF-1 do·es not increase overall vascular 

density. Vascular density was measured at 14 days post-MCAL by determining 

the total area of labeled blood vessels per unit area of tissue measured. An~lysis 

done from a cortical (A) and sub-cortical (B) region of the ischemic penumbra at 

3 different bregma levels revealed that animals that received treatment beginning 

3 days post MCAL did not have· significant changes in vascular density compared 

to the sham. When the total area of blood vessels per unit tissue was combined 

for all three bregmas in the cortical region or sub-cortical region (C and D 

respectively), there was no significant differences between treatment groups nor 

in comparison to the sham operated mice. Statistical differences were 

determined by One-way ANOVA. 
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vasculogenesis. As mentioned previously in the homing section of the results · 

portion of this dissertation, no cells were detected that co-labeled with both GFP . 

and CD31. This supports the idea that there was no significant vasculogenesis 

with new blood vessels formed from the integration of BMD endothelial cells. 

After finding the presence·of perivascular cells using antibodies to detect 

heparan sulfate and G-FP, a rastering scan of the entire stroke hemisphere was 

performed to identify GFP+/BMD perivascular cells that could possibly contri,bute 

to neovasculariztaion. Numerous GFP-BMD perivascular cells that fit the criteria 

for pericytes were observed (Figure 18A). However, neither SDF-1 nor FC122 

treatments significantly affected the number of any of the perivascular cell 

populations, nor did they change the total number of perivascular cells (Figure 18 

A and B). These findings suggest that SDF-1 alone is not sufficient for BMD cell 

integration into blood vessels. In order to look at changes related to 

angiogenesis, brain tissue sections were taken from the second group of anirnals 

that had received BrdU injections. These sections were stained for both BrdU 

and CD 31 to identify blood vessels that included newly proliferated endothelial 

cells that were formed following the MCAL. BrdU+/CD31 + dual labeled cells were 

found in the ischemic penumbra (Figure 19 A-H). However, these were relatively 

rare _events with the maximum number of BrdU+CD31 + cells in any individual 

section not exceeding 11 cells. Additionally, there were no a significant 

differences in these cell numbers between the SDF-1 treated, anti-CXCR4 

treated, or anti-lgG treated control mice (Figure 19 I and J). This anaJysis of the 

ischemic penumbra would indicate that angiogenesis is occurring, but.that 



Figure 19- BMD perivascul~r cell count after early administration of ~DF-.1. 

One-way ANOVA revealed that neither SDF-1 nor FC 122 treatment altered the 

number of cells associated with each of the perivascular cell classifications (A), 

nor in the cpmbined total nu_mber of perivascular cells across catagories (B). 



A 

- OMSOcoonlbyee0type 
'2Z.a FC122CWntbyceUtype 
c::J SDF-1 countbyceOtype 

78 

8 



Figure 20- Evidence of angiogenesis in vivo. Arrow in micrographs of CD31+ 

(A and E; Cy3 labeled) endothelial cells in the ischemic penumbra show that 

these cells also express cell proliferation marker BrdU (B and F; FITC labeled) as 

well as endothelial morphology from both a longitudinal (A-D) and cross-sectional 

view (E-H). DAPI nuclear labeling shows the nuclear morphology of the . 

endothelial cells (C and G). The triple filter (D and H) shows dual label~d newly~ 

proliferated endothelial cells (D and H). Quantification after a rastering .scan of 

the ischemic region reveals that there are significantly more BrdU+ICD31+ in 

anti-CXCR4 treated mice at bregma 1. 70 · when compared to sham (I) and in anti

CXCR4 and control lgG treatments at bregma· 0.02 (J) compared to Sham. (One

way ANOVA and Tukey's post-hoc-test used to determine significance; *p< 0.05 

compared to Sham at each bregma) 
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neither early nor delayed administration of SDF-1 induces large scale 

neovascularization in the ischemic_ hemisphere 14 days post-MCAL. 

80 

Of particular interest though were numerous newly-formed blood vessels 

seen in the non-ischemic hemisphere of mice that received SDF-1 3 days post

MCAL. In these animals the location of the cannula track that could be seen in 

the tissue sections suggests that the cannulae were misplaced, and instead of 

pumping SDF-1 into the lateral ventricles as in the previoµs study of the early 

administration of SDF-1, the cannulae secreted SD~-1 into the parer:,chyma of 

the non-ischemic hemisphere. Only in animals that received SDF-1 in the brain 

parenchyma did we find large misshapen CD31 + BrdU+ blood vessels (Figure 

20). These malformed blood vessels were seen in 100% of the 3 day post-MCAL 

SDF-1 treated animals (Figure 20E-K) and were not see11 in any other sections 

taken from the other treatment groups (Figure 20A-D). The vessels are unusual, 

quite large, and apRear to have stratified endothelium with a vast accumulation of -

cells surrounding the vessel lumen between two layers of cells with a high 

surface expression of CD31 (Figure 20G and H). Some of these cells exhibited 

punctuate cellular labeling of CD31 co-labeled with anti-BrdU (20 J and K). 

J"aken,together, these results indicate that dir~ct administration of SDF-1a 3 days 

post-MCAL to the brain parenchyma can induce neovascularization through 

angiogenic mechanisms. These results also suggest that the SDF-1,-treatment · 

group in the delayed study may not have received SDF-1 in the stroked _ 

hemisphere and that data from this group may need to be interpreted carefully.. 



Figure 21-Abnormal blood vessels found contralateral to stroke injury with 

delayed SDF-1 treatment. Blood vessels and newly proliferated cells in the non-stroke 

hemisphere are visualized by staining with CO31 (Cy3-red) and BrdU (FITC-green). 

Micrographs taken through a 40x objective with individual filters show normal CO31 + 

blood vessels (A-Cy3 labeled) and BrdU+ cells (B-FITC labeled) and normal distribution 

of cell nuclei (C- OAP/ labeled) found in the brains of mice that did not receive SOF-1. 

Micrographs taken at the same magnification of non-ischemic tissue in SOF-1 treated 

mice near cannula implantation demonstrate large abnormal CO31 + blood vessels (E

Cy3 labeled) consisting of multiple BrdU+ cells (F- FITC labeled) an accumulation of cell 

nuclei surrounding the vessel lumen (G- OAP/ labeled). Triple filter images of the same 

fields demonstrate distinct differences in size and cellular arrangement between normal 

· (0) an.d abnormal blood vessels (H). In confocal micrographs taken through 63x 

objective, it is evident that normal CO31 + blood vessels in the non-ischemic hemisphere 

of non-SOF-1 treated mice are single layered structures with lumen lined by highly 

concentrated CO31 label and there are not BrdU+ cells integrated into the blood vessel 

(/). In contrast, blood vessel of SOF-1 treated animal in the same region displays a multi

layered structure outlined by high expression of CO31 around the vessel lumen and 

surrounding the entire vascular structure. Some but not all cells within vessel wall 

display a lower expression of punctuate CO31 labeling (J arrowhead). The same vessel 

can be seen showing BrdU+ labeled cells within the vascular structure, and most of 

· these cells display co-localized BrdU expression with punctuate CO31 expression 

patterns (K arrows). 
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3. 7 Analysis of Functional Outcome Post-MCAL 

We sought to determine -if our treatments to overexpress SDF-1 or block 

CXCR4 improved functional recovery of the mice following MCAL. In studies with 

early administration of SDF-1, FC122, or DMSO, rotorod testing was utilized to 

measure changes in functional recovery. At 13 days post-MCAL mice were 

tested with rotorod apparatus which is commonly used to measure coordination 

and motor ability of the mice. One-way ANOVA analysis revealed that rotorod 

time was significantly lower in SDF-1 treated animals compared to vehicle 

treated control groups (p=0.0046) (Figure 21 ). A lower average rotorod time 

represents decreased motor function. Animals treated with the SDF-1 antagonist 

FC122 had average rotorod times that were intermediate to the SDF-1 and· 

vehicle treated groups, although the times were not statistically significantly 

different from either the SDF-1 or the vehicle treated group. In the study with 

delayed administration of SDF-1, anti-CXCR4 or anti-lgG we looked for functional 

differences 13 days post-MCAL using a second assay, Open Field behavioral 

testing. Open Field testing is used to mea$ure exploratory activity of the mice 

following MCAL. The different elements measured, such as total distance 

traveled, rearing _activity and time spent in the periphery versus the center of the 

cage in the first 5 minutes of exposure to the cage or over 30 minutes, did not 

show significant differenGes between the treatments (data not shown). Since 

significant differences between normal injured control and sham operated control 

mice were not detected, open field testing 13 days after injury may not have been 

sensitive enough to detect small changes in behavior 13 days post.:.MCAL. 



Figure 22- SDF-1 treatment prior to MCAL decreases functional recovery. 

SDF-1 treatment significantly reduces rotorod performance compared to DMSO 

control treatment (*p=0.0046 as determin.ed by One-way ANOVA with 

bonferroni's post-hoc test; n=4-5 animalsper treatment group). 
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3.8 SDF-1 Induces Angiogenic Tube Formation 

In addition to examining the effect of SDF-1 in vivo, we sought to 

determine if SDF-1 can induce angiogenic or vasculogenic like processes in vitro 

using an endothelial cell tube formatio_n as~ay. In our assay, we were able to look 

at the endothelial cell tube formation and proliferation, as well as interactions with 

MSCs in a 3D collagen matrix. In order to determine if SDF-1 induces tube 

formation we grew human umbilical vein _endothelial cells (HUVECs) in a 3D 

collagen matrix suspended in the center of a nylon mesh ring in an endothelial 

cell media without the angiogenic factors vascular endothe_lial growth factor 

(VEGF) and basic fibroblast growth factor (bFGF). After 72 hours in culture we 

fixed and stained the rings with the suspended HUVECs in the collagen matrix 

with endothelial cell markers such as von Willebrand Factor (vWF) or lectin 

(RCA-120). The stained cells· were visualized using confocal microscopy. Initially, 

we found that 1 OOng/ml SDF-1 ~ was able to induce tube formation similar to tube 

formation induced by 50 ng/ml VEGF 7_2 hours after initial plating in the presence 

of 2.5ng/ml phorbol ester myristate acetate (PMA) (Figure 22 A-F). The tubes 

formed in this•matrix consisted of multiple cells migrating and organizing 

themselves into a branched tubular structure (Figure 22G-H). Even when the 

concentration of PMAwas reduced to 1.25ng/ml, which prevents extensive tube 

formation, tubes can be formed with the addition of either 1 OOng/ml SDF-1 a or 

SDF-1 ~ (Figure 23 A-C). The stained tubes were_ measured with Zeiss _Image 

-analysis software to find the total area and total length of labeled tubes in 

confocal micrographs taken at 1 Ox objective magnification. 



Figure 23- SDF-1P induces tube formation similar to VEGF in vitro. HUVECs 

· grown in collagen matrix are stained with an antibody to the endothelial cell 

marker von Willebrand Factor visualized with Cy3 and counterstained with OAP/ 

to label cell nuclei. When HUVECs are grown in a collagen matrix without 

phorbol myristate acetate (PMA) in the absence (A) or presence of VEGF (B) or 

SDF-1 p (C), they do not organize into tube structures as seen in these 

representative micrographs taken through a 1 Ox objective. When PMA is added 

to the media, only limited tube formation occurs without additional angiogenic 

factors (D). With the addition of VEGi= (E) or SDF-1/J (F) to the media there is an 

increase in tube formation. In images taken at a higher magnification (40x 

objec_tive) on either a fluorescent (G) or confocal (H) microscope, it is evident that 

the tubes formed in this assay consist of multiple cells aligning themselves into a 

vascular-like structure. 
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Figure 24- Both exogenous SDF-1a·and SDF-1P induce tube formation in 

vitro. Confocal micrographs taken (20x magnification objective) of HUVECs in a 

tube formation assay stained with anti-vWF show that PMA alone is not sufficient 

to induce significant tube formation (A), but that addition of either SDF-1 a (B) or 

· SDF-1 p (C) to the media stimulates cells to form tubes. Quantitative analysis of 

these micrographs measuring total area (D) or total length (E) of stained cells 

demonstrate the significant increase in tube formation with either 100 ng/ml SDF-

1 a or SDF-1 p to a similar·degree (*p< 0. O 14 compared to PMA alone as 

determined by One-way ANOVA with Tukey's po~t-hoc test; n=6 rings per 

treatment condition). 
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AN OVA statistical analysis showed that addition of 1 00ng/ml of SDF-1 a or SDF-

1 p to media containing 1.25 ng/ml PMA significantly increased total area and 

total length compared to PMA treatment alone (Figure 23 D and E). 

This system also allows for the investigation of interactions of bone 

marrow cells with HUVECs during tube formation to determine if BMD cells 

integrate into newly formed tubes similar to vasculogenic processes that occur in 

somatic tissues in vivo. Co-culture experiments were performed where isolated 

mesenchymal stem cells expressing GFP (GFP-MSCs) under a retroviral 

promoter were mixed with HUVECs in a 1 :5 ratio. GFP-MSCs did not integrate 

into the tubes of HUVECs differentiating into endothelial cells. However GFP~ 

MSCs interacted closely with tubes by associating with HUVECs on the outer 

surface of the tubes. Morphologically, they appeared to be similar to pericytes 

(Figure 24 A-C). When measuring overall tube length and area, no significant 
. . 

changes between the GFP-MSC/HUVEC co-culture and HUVECs alone were 

detected (Figure 240 and E). To see if GFP-MSCs might affect endothelial cell 

proliferation, BrdU was· administered 24 hours after cell pl_ating to detect-newly 

proliferated cells during tube formation prior to fixation at 72 hours. However, 

since this is a single pulse label of BrdU which has a brief half life, the- BrdU 

labeling may mainly represent proliferation within the first 6 hours after 

. administration and may miss labeling the majority of new cells. Interestingly, 

newly proliferated. cells were shown to be· integrated into the tubes by co-staining 

the tubes with anti-vWF and anti-BrdU (Figure 25 A-O). By a rastering scan (with 



Figure 25- MSCs associate with tubes in a perivascular fashion. A confocal 

micrograph (20x objective) showing only RCA 120 lectin stained HUVECs (A) or 

only GFP-MSCs (B) after 3 days in a co-culture tube formation assay with GFP

MSCs. Arrows point out GFP-MSCs that have migrated and have become· 

associated with HUVEC stained tubes. The perivascular orientation of the GFP

MSCs is easily seen in the merged image (C). In tube formation assays of 

HUVECs only or HUVEC co-cultured with GFP-MSCs, SDF-1 a or SDF-1 padded 

exogenously to the media significantly increased total area (D) and length (E) of 

RCA 120 stained tubes in both the single HUVEC culture ( *p< 0.05 compared to 

PMA only) or when co-cultured with GFP-MSCs (+p< 0.05 compared to PMA 

only). Statistical significance between treatment conditions was determined in 

either single culture assays or co-culture using One-way ANOVA and Tukey's 

post-hoc test (n=5 rings per condition). 
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Figure 26- SDF-1 induces angiogenic tube formation in vitro. HUVECs 

stained with vWF after 3 days in the tube formation assay (A- red Cy3 filter; 40x 

objective) are capable of proliferating as evidenced by BrdU incorporation (B

green FITC filter) into the cell nucleus (C blue DAPI filter) and contribute to 

cellular composition of the tube (D-Triple filter image). In a co-culture tube assay 

of HUVECs and GFP-MSCs, a cell count indicates that SDF-1 a or p significantly 

increase total number of BrdU+ cells (both HUVECs and MSCs) in the assay (E; 

#p<0.006). In both MSC co-cultures and in single cultures, BrdU+HUVECs 

exposed to SDF-1 a or fJ both demonstrated significant increases in 

BrdU+HUVECs compared to PMA alone. Additionally" there is a significant 

increase in BrdU+IHUVECs with SDF.:.1b treated cells co-cultured with GFP-MSC 

compared to SDF-1atreatment (+p= 0.001). Both SDF-1aand SDF-1/J also 

induced MSC proliferation as detected by number of BrdU+ MSCs in the co

culture assay (G; -p< 0.05). Statistical significance between treatment conditions 

was determined in either single culture assays or co-culture using One-way 

ANOVA and Tukey's post-hoc test (n=4 rings per condition). 
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a 40x objective), the number of BrdU+ cells were counted in each ring. In co

culture experiments with GFP-MSCs, the addition of ~DF-1a or SDF-1j3 

significantly increased the total number of BrdU positive cells (both HUVECs and 

MSCs) compared to PMA alone (Figure 25E). Additionally, co-culture with GFP

MSCs further increased the number of BrdU+ HUVECs in all media conditions 

(Figure 25F). The _number of BrdU+ MSCs also was increased with ~he addition 

of either SDF-1 u or SDF-1 J3 (Figure 25G). 

By just adding SDF-1 to the media, we were concerned that there was not 

a gradient leading up to the ~ndothelial cells that would facilitate the integration · 

of MSCs into the tube structures. Therefore, in order to create a cell centered 

gradient, HUVECs were induced to overexpress SDF-1J3 by transiently 

transfecting them with an SDF-1 j3 mammalian expression vector (pcDNA-SDF-

1 j3) to increase cellular SDF-1 j3 expression. These SDF-1 j3 transfected cells were 

placed into the tube formation assay. Controls included HUVECs that were 

transiently transfected with a reporter GFP mammalian expression vector 

(pcDNA-GFP) and non-transfected HUVECs. Increased SDF-1 j3 was detected in 

the media of pcDNA-SDF-1 J3 HUVECs compared to transfected and non

transfected controls in the tube formation assay 48 and 72 hours post

transfection (Figure 268). Correlating _to increased SDF-1 j3 protein production 

and secretion, cells transfected with pcDNA-SDF-1 j3 had-significantly increased 

tube formation as measured by total area and total length (Figure 27). 



Figure 27- HUVECs Transfected with pcDNA-SDF-1/3 vector have increased 

· SDF-1 p expression. Measurement of secreted SDF-1 fJ in the media of tube 

assay showed that SDF-1 fJ transfected cells had increased secreted SDF-1 fJ at 

48 and 72 hours post-transfection (*p= 0.001 and +P< 0.001vs transfcted and 

non-transfected controls at 48 and 72 hours respectively). MSCs in co-culture 

also appear to contribute to increased secreted levels of SDF-1 /3, but this 

increase was not significant. Results are representative of three independent 

experiments and statistical significance between treatment conditions was 

determined in using One-way ANOVA and Tukey's post-hoc test (n=4 rings per 

condition) 
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Figure 28- SDF-1P transfection of HUVECs increases tube formation. 

Micrographs of vWF stained HUVECs in tube formation assay where PMA only 

was added to media show increased tube formation of SDF-1 p transfected 

HUVECs (C) compared to non-transfected HUVECs (A) and GFP transfected 

HUVECs (B). Measurement of total area and total length of stained tubes 

indicate a significant increase in SDF-1 transfected HUVECs. compared to 

GFPtransfected and non-transfected controls when PMA only is added to media 

(*p< 0.01). Addition of exogenous SDF-JP to the media does not further increase 

tube formation of SDF-1 transfected cells, but it increases· tube area and length 

of controls compared to that of SDF-1 transfected cells (D and E). Significant 

increases were determined using One-way ANOVA and Tukey's post-hoc test 

(n=4 rings per condition). 
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However, even with the creation of the endothelial-based SDF-1 p gradient GFP

MSCs did not integrate into the tubes as endothelial cells in co-culture assays. 

GFP-MSCs again seemed to associate with the tubes as perivascular cells, but 

did not fully integrate into the tubes. This was similar to what was found with the 

addition of SDF-1 to the media. 



4. DISCUSSION 

This thesis project was designed to investigate the patter11 and timing of 

endogenous SDF-1 expression following stroke and to determine if SDF-1 aids in 

cerebral repair by inducing BMD cell homing and neovascularization following 

stroke. The data presented here clearly show that (1) SDF-1 is upregulated in the 

brain and periphery following MCAL ischemic injury; (2) SDF-1 induces 

mobilization and homing of BMD cells to the brain; and (3) SDF-1 has the ability 

to induce neovascularization in vivo and in vitro through angiogenic mechanisms. 

When looking at endogenous levels of SDF-1 in the bone marrow, blood, 

and brain following ischemia, we saw an increase i~ SDF-1 protein and mRNA 

levels (Figures 1-3). The temporal expression pattern of SDF-1a in the blood and 

bone marrow is similar to what others have reported after renal ischemia or 

hindlimb ischemia 178
-
180

. Our studies show a progression of endogenous SDF-1 

expression patterns locally and systemically that stems from the initial hypoxia 

produced locally in the brain. In accordance with studies by Ceradini et aI100
, the 

stabilization of hypoxia inducible factor-1 (HIF-1) in the }schemic cortex could be 

responsible for the significant rise in cerebral ipsilateral SDF-1a protein·levels as 

soon as 12 hours following MCAL. Though the increase in SDF-1a levels ended 
~ 

by 2 days post-MCAL, expression of SDF-1 in the bone marrow preceded the 

peak expression of plasma. 

94 
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SDF-1 a protein levels indicating that local release of SDF-1 in the brain may gain 

access to the peripheral vasculature and contribute to the increased SDF-1a 

plasma protein levels (Figures 1 and 2). Similar SDF-1 expression patterns were 

s~en following myocardial infarction (Ml) 168
. In other studies looking at plasma 

levels of SDF-1 a following tissue ischemia similar temporal expression patterns 

of SDF-1 a plasma levels were found to be elevated soon after ischemic tissue 

SDF-1 levels rose 179
. These findings suggest that peripheral tissue injury 

generates systemic signaling in part via SDF-1 a. We saw a sharp decrease in 

SDF-1 a protein levels in the bone marrow 2 days post-ischemia (Figure 1 ). 

Again this temporal expression pattern has been seen in other studies where 

there seems to be a reciprocal plasma SDF-1 a protein expression pattern 

compared to that of the bone marrow 126
•
180

. The timeline in these studies of -

systemic SDF-1 a expression culminated in the mobilization of nucleated cells 

into the periphery by 5 days post-ischemia. These time course experiments 

indicate that specific timing of. SDF-1 a expression in various tissues could be 

crucial 'for the mobilization of BMD cells that may then home to the initial site of 

ischemia where local levels of SDF-1 remain elevated for'as long as 28 days 76
. 

In these studies we also investigated the temporal expression pattern of 

SDF-1 p to see if this isoform is expressed concurrently with SDF-1a following 

stroke. To our knowledge this is the first time course study quantifying both 

endogenous SDF-1 a and SDF-1 p systemically, as weU as in the brain, following 

cerebral isc.heniia. We found that in contrast to SDF-1a, the peak of SDF-1p 

expression is later in the brain (Figure 3 and 4 ). The selective overexpression of 



one isoform of SDF-1 over another following ischemic injury has been previous 

reported. Pillarisetti and Gupta looked at SDF-1 a and ,SDF-1y following cardiac 

ischemia and found that SDF-1a mRNA levels were selectively increase.ct. 

However they did not investigate SDF-1 p, which is not present in rat heart 181
•
182

. 

Stumm et al found that SDF-1a mRNA was upregulated in neuronal populations 

while SDF-1 p upregulation appeared to be localized to endothelial cells or 

vascular structures following cerebral ischemia 134
. Though the exact actions of 

each SDF-1 isoform have not been elucidated, these studies suggest that the 

. differential temporal expression and differential l_ocalization of isoforms could 

indicate distinct roles for the isoforms. The late rise in SDF-1 p c9uld indicate that 

it is more crucial for later reparative or homing processes in brain rather than 

early mobilization events in the periphery. 

BMD cell mobilization may be a key process in ce~ebral repair followir,g 

. stroke. SDF-1 and its receptor, CXCR4, play a critical role in both engraftment of 

HSCs into bone marrow and the mobilization of stem/progenitor cells from bone 

marrqw niches into the peripheral circul~tio~ for injury repair 154
-
156

. However, the 

mechanisms behind SDF-1-induced mobilization remain controversial: Due to the 

inverse relationship of plasma SDF-1 levels to the bone marrow SDF-1 levels 

seen here ·and in other studies, it was originally thought that the change in th_e · 

concentration gradient may be sufficient to mobilize cells from the bone marrow 

cavity. Currently, it is postulated that the primary mechanism of stem cell 

mobilization from the bone marrow is a reduction in local bone mar"row SDF-1 

levels 154 mediated by proteolysis of SDF-1 155 or by a reduction in SDF-1 mRNA 
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levels 158
. The mobilization studies reported here, and by others show that 

increased serum levels of SOF-1 correlate with increased mobilization of BMO 

cells 122
•
124

. Additionally, some SOF-1 antagonists such as AM03100 have been 

shown to induce BMO cell mobilization as well 1
83

-
187

. The observation of 

increased serum SOF-1 leading to increased BMC mobilization seems 

paradoxical in that reduced SOF-1 in the bone marrow microenvironment leads 

to bone marrow cell mobilization while increased local bone m·arrow expression 

leads to homing of cells to the bone marrow, as well as their retention in the bone 

marrow 154
•
155

•
188

·
189

. One possible mechanism for SOF-1 induced cell 

mobilization, which also explains SOF-1 antagonist induced cell mobilization, is 

that the competitive inhibition of the CXCR4 by factors that bind to the receptor 

but block its activation, may mediate mobilization. This would have a similar, but 

_ possibly more rapid effect than reducing local expression of SOF-1. Recently a 
I 

serum peptidase C026/dipeptidyl peptidase (OPP IV) that rapidly clips the last 

two N-terminal amino acids of circulating SOF-1 has been described 138
•
156

. This 

· enzyme is found both free in the serum and bound to the surface of bone marrow 

cells 156
. This peptidase leaves the N-terminal truncated SOF-_1 able to bind 

CXCR4 but not activate it, such that the OPP IV:-truncated form can competitively 

inhibit full-length SOF-1 156
. Bonig et al found that low.levels of OPP IV on the 

surface of mobilized hematopoietic cells contributed to increased·chemotaxis 190
. 

In the present studies granulocyte colony stimulating factor (GCSF) synthesis 

and release following MCAL may also have mediated SOF-1 induced cell 

mobilization. GCSF, itself a well known BMO neutrophil, monocyte, and stem cell 
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mobilizing factor, was also examined. Its brain, plasma, and bone marrow 

expression preceded SOF-1, and its primary mechanism of cell mobilization is 

thought to be mediating a reduction in bone marrow levels of SOF-1. Its peak 

post-MCAL levels in the bone marrow preceded the rapid decline in bone marrow 

SOF-1 levels (Figures 1 -and 4 ). GCSF has been shown to reduce SOF-1 mRNA 

and protein levels in the bone marrow 158
. Studies suggest that GCSF activates 

proteases such as elastase and matrix metalloproteinase 9 which can completely 

proteolyze SOF-1 and potentially proteolyze cell adhesion molecules _permitting 

the mobilization of cells 159
•
191

. Additionally, GCSF can activate bone marrow cell 

surface OPP IV which may in turn increase the bone marrow concentration of 

cleaved SOF-1 blocking interactions with CXCR4 144
•
157

. These studies support 

the idea that competitive inhibition of CXCR4 by either OPP IV-cleaved SOF-1 or 

SOF-1 antagonists (e.g. FC 122 or AMO 3100) mediates mobilization of 

neutrophils, stem/progenitor cells and other cells from the bone marrow, to the 

blood 183
-
187

. Because BMO cell mobilization is a necessary precursor to the 

homing of these cells to the site of injury the increased number of BMO cells in· 

the ischemic penumbra of FC 122-treated mice (Figure 11) is most likely due to 

FC 122 induced mobilization. If there are large numbers of cells in circulation 

- then there are more cells available for integration into the ischemic tissue, and 

the common observation of increased BMO cells in the ischemic brain with both 

, SOF-1 and FC 122 treatments may be the result of a shared ability to mobilize 

BMO cells into the peripheral circulation. 
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The next step· beyond understandiAg endogenous SDF-1 expression 

patterns and SDF-1 induced mobilization is the modulation of SDF-1 levels 

following stroke to increase homing of BMD cells. Like in other models of 

ischemia_, the homing of BMD cells could be critically important to the re

establishment of blood flow and tissue preservation in the brain following stroke 

as well as a source of cells that provide trophic support. SDF-1 has emerged as 

a major attractant'of reparative cells to sites of injury 151
•
192

-
194

• With the 

modulation of SDF-1 levels to increase mobilization and homing of BMD cells, 

key factors such as timing and isoform specificity must be considered. The 

homing ability of SDF-1 is proposed to function through the induction of the Akt, 

JAK/STAT, MEK/ERK, and Pl-3 kinase intracellular pathways that then lead to 

upregulation of integrins involved in cell surface adhesion by binding to ICAM 

and VCAM expressed on activated endothelial cells. The increased expression of 

adhesion molecules enables firm adhesion of circulatory cells to the endothelial 

cell surface and the initiation. of diapedesis 130
•
190

•
194

-
198

. Concurrently, -other 

intracellular pathways are activated by SDF-1 binding to CXCR4 to increase 

proteases such as MMP-9 crucial for degradation of vascular extracellular matrix 

proteins aiding in the diapedesis of cells into tissue parenchyma 199
. While both 

SDF-1a·and FC122 may increase mobilization of BMD cells, they may have 

different actions regarding actual·cell homing. Mobilized cells may home in 

response to CXCR4 activation by both endogenous and exogenous uncleaved 

SDF-1 associated with' injured tissue. In contrast, within the brain, FC 1:22 blocks 

CXCR4 activation and may consequently limit homing. These studies show that 
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, early administration of SDF-1 a beginning 3 days pre-MCAL increased the 

number of BMD derived cells in the brain, and that blockade of CXCR4 beginning 

3 days post-MCAL reduced BMD cells in the ischemic penumbra (Figures 11 and 

13). Thus we know that the SDF-1/CXCR4 axis is important in cell homing to the 

ischemic brain, which is similar to what other studies have shown about cell 

homing to areas of high levels of SDF-1 such as bone marrow or injured tissue 

76
,
125

,
135

•
180

,
188

,
200 126

• In many cases increased homing of BMD cell_s has led to 

tissue preservation and functional rec<?very 127
•
165

•
201

•
202

• However, in our studies 

we have shown that exogenous SDF-1 a administered directly into the left 

ventricle beginning 3 days prior to acute ·cerebral ischemia may actually increase 

cortical damage and decrease functional recovery,. despite or potentially because 

· of the increased number of BMD cells homing into the ischemic penumbra. 

These results are somewhat surprising, but not entirely unexpected. In thinking 

about therapeutic approaches to treat stoke, the temporal course of inflammatory 

events must be c_arefully _evaluated. In this study treatment with SDF-1 a prior to 

injury and during the early inflammatory response phase had a detrimental effect. 

An increase in neutrophil number (Figure 13) was observed which correlated with 

both a decrease in surviving cortex area (Figures 7 and 8} and ~unctional ability 

assessed by the rotorod assay (Figure 22). SDF-1 is known to induce the 

. mobilization and migration-of various-BMD cell types, including neutrophils 177
•
203

• 

By upregulating SDF-1 a during the height of the early inflammatory response, we 

may have increased the negative response mechanisms relative to positive 

reparative processes. By delaying treatments to three day post-MCAL we saw a 
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decrease in infiltration of neutrophils (Figure 13) that r:nay correlate with a slight 

increase in preservation of cortical tissue (Figures 9 and 10). With the delayed 

blockade of CXCR4 by the antibody we sa·w a significant reduction in the 

difference of the cortical volume between stroke and non-stroke hemispheres 

compared to SDF-1 treatment. While neither SDF-1 nor anti-CXCR4 treatment 

increased the cortical volume in the stroke hemisp.here compared to lgG antibody 

control treatment, we saw a significant increase in the cortical volume of the non

stroke side of SQF-1 treated animals compared to anti-CXCR4 treated mice. 

Interestingly,· we found that there was a significant increase in cortical ·volume in 

the non-ischemic hemisphere with MCAL (also at 14 days post-ischemia) 

compared to sham operated mice even in no~-treated animals suggesting that 

this phenomenon is not specific to our treatments. Because the blockade of · 

CXCR4 negates this increase, we speculate that this increase in cortex or 

hemisphere size is mediated by inflammatory response cells that may induce 

edema. The occurrence of secondary post-ischernic involvement_of the 

contralateral hemisphere has been reported by others, ·but this is a topic about 

which little is known 204
. Therefore, these secondary changes need to be studied 

further. Delayed SDF-1 treatment in these studies did not worsen the injury 

above control levels. This could be a result of the timing·, or it could be due to the 

possibility that the exogenous SDF-1 treatment may not have had significant 

access to" the. stroked hemisphere· due to cannula placement. However, other key 

neutrophil attra_ctants expressed in the injury site would still be present through 2 

days following ischemia such as interleukin-8 so a certain level of mobilized 
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neutrophils could still be expected to home to the brain 47
. In acute lung injury it. 

was found that the late expression of SDF-1 may be responsible for late 

migration of neutrophils to the injured tissue and that the SDF-1/CXCR4 axis may · 

be responsible for mediating inflammatory and repair mechanisms 205
• Therefore, 

the timing of exogenous SDF-1 application may be critical. Analogously, in 

studies looking at the administration of VEGF as a therapeutic compound in . 

stroke it was found that early administration was detrimental while administration 

at later time points _seeme9 to be beneficial 102
•
111

·
206

-
208

. Along the same lines, it 

was four:,d that hematopoietic cytokines were more beneficial when given during 

the subacute phase (11-20 days post-ischemia) instead of during the acute 

phase(1-10 days post-ischemia) following ischemic stroke 49
. 

Other factors to consider in addition to the timing of SDF-1 upregulation 

are i~oform-specific expression and isoform-specific function. In our study of 

endogenous SDF-1_ mRNA expression, we saw that after MCAL SDF-1ci mRNA 

· expression rises early then decreases, similar to the pattern for protein levels, 

whereas SDF-1 p mRNA expression shows a later rise in the brain (Figure 3). 

The late rise in SDF-1 p could indicate a more reparative role for this isoform 

compared to SDF-1a. Such a role maybe mediated by.different adhesion 

characteristics in binding of SDF-1 p to heparan sulfa_te groups to modulate the 

microenvironment distribution of SDF-1 pin the microenvironment. Protein 

analysis in this study showed a dynamic change_ in the SDF-1a expression 

especially at t_he early time points. As assessed by ELISA the soluble SDF-1 p 

protein expression seemed to be unchanged compared to SDF-1a lev·els with 
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ELISA analysis. This may be a 'result of increased adhesion of SDF-1 ~ within the 

injured tissue, potentially to the heparan sulfate, leading to decreased release of 

SDF-1 ~ from the tissue .. Without the complete solubilization of SDF-1 p protein 

from the tissue, our ELISA analysis would not be able to accurately detect SDF-

1 ~ levels in the brain. In contrast,. western blot analysis showed patterns of SDF-

1 p protein in the brain similar to the pattern of SDF-1 p mRNA levels suggesting 

that SDF-1 p expression does undergo dynamic increases following MCAL. There 

is brief rise at 6 hours, but a greater rise of SDF-1 pat 14 days post-MCAL. Since 

in this stu_dy we administered exogenous SDF-1a early and saw deleterious 

effects, future studies will examine the effects of delivery of exogenously 

administered SDF-1 p within the injured area and also the_effect of timing of 

de.livery. 

Another reported function of SDF-1 is to stimulate neovascularization 

following ischemia. Several studies have shown that SDF-1 has angiogenic 

properties in terms of its ability to induce tube formation in vitro 160
•
162

·
163

·
209

•
210

. In 

a tube formation assay within a collagen matrix, studies here showed that 

exogenous SDF-1 added to the media, as_ well as overexpression of cellular 

SDF-1, induced tube formation (Figures 23, 24, and 29). Our in vivo studies 

specifically looked for changes in overall neovascularization in th~ brain by 

measuring total capillary density as well as size distribution of blood vessels in 

the ischemic penumbra. Neovascularization has been documented as occurring 

in the brain as soon as 3 days following ischemia 104 and reportedly can be 

detected histologically through 6 weeks post-ischemia 19
. While we did see 
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evidence of neovasculc;Jrization, we did not detect sig·nificant changes in blood . 

vessel density with early treatments of SDF~1 or with its antagonist in tissue 

collected 14 days post-MCAL. Later treatments starting 3 days post-MCAL had 

similar results, and no significant changes occurred in density of blood vessels 

per unit area. These reports appear to be contrary to previous studies, but one 

major difference between studies presented h~re and previous studies is the time 

of the endpoint investigated. By looking at the late time point of 14 days post

MCAL, we could have missed capillary density changes because ·of a 

homeostatic regulatory ·point that vasculature reaches to meet the metabolic 

' . 

demand of the surrounding tissue. In other words,-with the loss of tissue by 14 

days, the capillary organization has reached a fixed point to, meet the demand of 

only· the surviving tis~ue 211 110.-Additionally, many of the previous. stu~ie~ used a 

temporary occlusion model where the necrotic core is more subcortical and 

surrounded by uninjured tissue penumbra, but the permanent MCAL model. used 

here creates a cavitation where jt is more difficult to look at vascular changes 

- within the core. So the tissue that survives in the MCAL model may have-adapted . 

-sooner making it hard to know if the neovascularization preserved the tissue. 

Alternatively, large changes in vascular density may have occurred at earlier time 

· points which may have been instrumental in the quick resorption of damage 

tissue. By looking at vascular changes 14 days post-MCAL, an earlier transient 

increase in vascular density to aid in the clearing of tissue may not have been 

detected. Some studies suggest that increasing neovascularization following 

MCAL ~ay actually contribute to the removal of the necrotic tissue by providing 
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increased access for infiltration of cells to clear out the damaged tissue 212
. Along 

with the removal of the tissue, any new blood vessels form~d soon after MCAL 

would subsequently be lost and would not be detected in thes~ studies. 

A unique aspect of both the in vitro and in vivo experiments. in these 

studies is that we .could not only look for changes in total neovascularization, but 

we could arso look for specific mechanistic changes of either vasculogenesis or 

angiogenesis. Though we did not detect large changes in capillary density or in 

capillary size distribution we were able to differentiate between changes in 

vasculogenesis and angiogenesis in response to SDF-1 treatment. Direct 

vasculogenic effects of SDF-1 on tube formation in vitro have not previously been 

investigated. Previous work has shown either the chemotactic ability of SDF-1 to 

attract bone marrow cells or the ability of SDF-1 to stimulate differentiation of 

BMD in vitro 213
-
215

, but to our knowledge no one has looked directly for 

differentiation of MSCs into endothelial cells as these cells integrate into vascular 

structures in response to SDF-1 in vitro. Data presented here show that the 

MSCs did not integrate into vascular structures as endothelial c'ells expressing 

mature endothelial cell markers, in vitro, in response to an SDF-1 gradient 

(Figure _25). However, they do largely associate with the t_ubes formed by 

endothelial cells. This association suggests that in response to SDF-1 secreted 

during ischemic injury, MSCs may play a sustaining perivascular role as 

pericytes or support cells rather than contributing directly to the formation of the 

tube or blood ves~els itself. Tube formation assays ·largely test the 

morphogenesis of endothelial cells (ability to organize themselves into a vascular 
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structure) 216
, but this is only a small portion of the larger neovascularizat_ion 

process 110
•
217

. Thus these in vitro results imply that there may be other roles for 

MSCs such as secretion of additional angiogenic or vasculogenic factors, or 

stabilization of the newly formed blood vessels typical of pericytes. Indeed we 

demonstrate that MSCs are themselves a source of SDF-1 (Figure 2-8) 

Additionally, it was found that as a chemoattractant for MSCs SDF-1 had a 

limited effect on cell migratio_n in vitro which is in contrast to data that suggests 

that HSC migration is induced mainly by SpF~1 218
. It remains to be tested in our 

system if other populations of BMD cells may directly integrate and differentiate 

into angioblasts or into mature endothelial cells in response to SDF-1. 

Previous in vivo reports of SDF-1 induced vasculogenesis in other 

ischemic environments prompted us to examine vasculogen~sis after SDF-1 

treatment in the MCAL stroke model 88
•
127

•
128

•
167

•
219

. Despite increased BMD cell 

homing to the injured brain with SDF-1 a treatment, this increase in cell homing 

did not increase the -number of BMD cells associated with blood vessels and 

none of the perivascular blood cells expressed mature endothelial cell markers. 

This finding may seem contrary to previous reports of vasculogenesis in the brain 

following ischemia, but n,any of these studies involved_ looking specifically at 

isolated and transplanted. endothelial progenitor cell populations or bone marrow 

stem cell populations following cell administration 87
·
115

·
168

. Our studies focused 

on ·the role of SDF-1 on enhancing the vascular contribution of endog.enously · 

mobilized cells following ischemia." Since the whole bone marrow transplant was 

· not enriched for EPCs, the engraftmen.t and mobilization of EPCs in our model 
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may not have been robust enough to detect subsequent vasculogenesis in the 

brain. Additionally, CX~R4 expressing cells may integrate in the injured tissue in 

response to a SDF-1 a gradient. However, SDF-1 a alone may be insufficient to 

target endothelial progenitor cells to the vasculature, which could explain the lack 

of difference between treatment groups in this study. For example, platelet 

derived growth factor-p may be required for pericyte integration 114, and this may 

not be affected by the treatments tested. The SDF-1 a isoform differs from the 

beta isoform in that it lacks four C-terminal amino acids required for binding 

heparan sulfate. SDF-1 p may create a signal localized to the vascular wall by 

binding to heparan sulfate in the basal ·Iamina and on endothelial cells of blood 

vessels, and this may be critical for v·ascular targeting of BMD cells. Thus the 

isoform may not only be important in terms of timing of therapeutic delivery but 

also in terms of its functions. SDF-1 a may play a major role in mobilization and 

homing, while SDF-1 p may be more specific for cell targeting and integration into 

the. blood vessel microenvironment. Therefore, further studies should examine 

the effects of SDF-1 p upregulation on neovascularization in the site of injury in 

cerebral ischemia. 

In looking for changes in angiogenesis in vitro, as-defined by the presence_ 

of newly proliferated.(BrdU+) endothelial cells, we saw an increase ·in BrdU+ -

endothelial cells, as well as BrdU+ MSCs with the addition of SDF-1 to the 

media. Further, HUVECS .in co-culture with MSCs had an eyen greater increase 

in the number of newly proliferated cells relative to SDF-1 exposure alone. This 

suggests that paracrine factors from the MSCs, possibly including SDF-1, may 
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in.duce-additional endothelial cell proliferation. Previous co-culture studies with 

BMD cells have shown that angiogenic factors such as VEGF and bFGF 

secreted by various BMD cells may act synergistically with SDF-:-1 to induce · 

endothelial cell proliferation and·tube formation in vitro as well as angiogenesis in 

vivo 161
•
164

•
166

•
220

. Our in vivo studies show that the blockade of the CXCR4. 

receptor decreases the number of BrdU+ cells found in the ischemic hemisphere 

at 14 days post-MCAL (Figure 14). This observation implies that the SDF-

1/CXCR4 axis is critical for cell proliferation although it could also·repre~ent 

·, reduced homing of newly proliferated cells. Phenotypic analysis demonstrated 

_ that some of the :P.roliferated cells were derive_d from local brain cell populations 

because they expressed both BrdU+ and the astrocytic marker GFAP (Figure 

15). The in vivo studies here showed that BMD cells only extremely rarely 

expressed astrocyte markers. The majority of the BrdU+ astrocytes are most 

likely derived from local prolife.ration ofastrocytes. The majority of cells that show 

co-localization .of BrdU display ramified morphology and label with the microglial 

marker RCA 120 lectin, suggesting that they are newly proliferated microglial 

cells (Figure 15). However, it is not_clear if these newly proliferated cells were 

derived from BMD monocytes, or if they. were derived from the proliferation of 

native brain microglial cells. Previous work by our laboratory suggests that a 

large percentage of microglia found in the brain following ischemia are derived 

from newly arrived bone marrow cells 61
. These.current studies did not 

distinguish how many of the BrdU labeled cells are locally proliferated. versus 

cells that may have proliferated in the bone marrow prior to their homing to the 
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brain in response to ischemic injury. Ofparticular_interest is the presence of 

newly proliferated CD31 + endothelial cells (Figure 20). Though the different 

treatments did not significantly alter the number of BrdU+ endotheiial cells in the 

ischemic penumbra (Figure 20), we know that neovascularization is occurring 

through angiogenic mechanisms. Whether SDF-1 directly effects the in vivo 

neovascularization in the ischemic penumbra is ·still an open question. The SDF-

1 administered 3 days post-MCAL in. the second in vivo study may not have 

diffused to the ischemic tissue. When the cannulae were placed directly into the 

contralateral lateral ventricle we saw-significant changes in homing and ischemic 

tissue preservation in the first study, which looked at treatment administered 3 

days prior to MCAL However, with the delayed administration study of SDF-1 in 

the second study, the SDF-1 protein may not have had access to the 

contralateral lateral ventricle due to !mproper placement of t_he cannulae iil the 

parenchyma of the contralateral hemisphere. This could have prevented diffusion 

to the ischemic hemisphere. With this change in canriulae implantation, we found 

_evidence of induced neovascularization in the non-ischemic hemisphere in 100% 

of SDF-1-treated mice in the areas adjacent to and even at a distance from the 

cannula t_ract where SDF-1 was directly infused (Figure 21 ). The concentration of 

-SDF-1 in th~ brain near the cann~la of SDF-1 treated mice would be much higher 

than that generated by the cannula stab injury or even stroke. Interestingly, we 

did not see these vessels in SDF-1-treated mice in the non-stroke hemispheres 

in the early time point experiments when presumably local SDF-1 levels would be 

lower. In these experiments we can see hisfologically that the cannula tracts-
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enter the lateral ventricle, and as such, should have access to entire brain and 

eventually to.the peripheral vascular system, at least followin·g stroke and blood 

brain barrier disruption. If the cannulae of the 3 day post-MCAL study mice did 

not enter the ventricle, but pumped the SDF-1 only into the non-ischemic 

hemisphere, we estimate that 200µ1 containing 152 µg of SDF-1 a was delivered 

over 7 days. If it is contained in 250 mg of brain tissue; the concentration would 

be about 610 ng/mg. This is in contrast to the SDF1 concentration seen in the 

stroke region of approximately 1100. pg/mg which in a similar .amount of tissue 

would total -0.28 µg. So in the region of the non-stroke hemisphere where we saw 

the unique immature neovascularization, the concentration 9f SDF-1 could easily 

be over 540 fold higher than that seen in the stroke area. The abnormal, 
. . 

multilayered blood vessels in the non-ische'mic hemisphere had characteristics 

similar to to pre-mature blood vessels present during development and in early 

stages of angiogenesis. Both the pre-mature blood vessels and the abnormal 

blood vessels in our tissue have thickened vascular walls with multiple cell layers 

enclosed by endothelial cells with high-surface expression of CD31 221
. In our 

study a large portion of the cells were BrdU and CD31 positive suggesting that 

active cell proliferation of angioblasts was. occurring. However, the exact cell 

population that contributed to these blood vessels is unclear at this time. 

Because endothelial progenitor cells (EPCs) as well ·as mature endotheHal cells 

express CD31 222 it is difficult to deduce conclusively that these blood vessels are 

the result of angiogenic processes as· opposed to vasculogenic processes. The 

intra-cellular punctate CD31 labeling of some cells within the tube structure 
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versus the highly localized cell surface CD31 labeling at the periphery may help 

to distinguish sub-populations of cells such as immature angioblasts or EPCs 

from mature endothelial cells. Because we find both of these cell types co

labeled with BrdU, SDF-1 induced neovascularization may result from a 

combination of vasculogenesis and angiogenesis. However, in the GFP- chimeric 

study here, as well as previous studies 61
, there is no evidence that BMD cells 

differentiate into endothelial cells. Furthermore, SDF-1 induced 

neovascularization in the non-ischemic hemisphere may help explain to the 

tissue changes seen with the delayed administration of SDF-1. Pre-mature_ blood 

vessels are often very leaky 91
•
223

, and in the non-ischemic hemisphere 

malformed blood vessels could have contributed to edema even at 14 days post

MCAL in part explaining the increase in cortical volume of the non-ischemic 

contralateral hemisphere of mice treated with SDF-1 (Figure10). 



5. SUMMARY 

The prop9sed role of endogenous· SDF-1 in BMD cell mobilization, 

homing, and cerebral neovascularization following stroke is summarized in the 

following schematic (Figure 28). The hypoxic response due to ischemia of the . 

brain induces an early release of SDF-1 which can diffuse into the peripheral 

circulation. The elevated plasma SDF-1 levels along with decreased SDF-1 

protein in the bone marrow can then lead to the release or mobilization of BMD 

cells from the b.one marrow. Mobilization of BMD cells may occur through 

proteolytic cleavage of SDF-1 into a CXCR4 inhibitory form _in the plasma by 

DPPIV in conjunction with the decrease of total S.DF-1 levels in the bone marrow. 

By S days post ischemia, SDF-1 levels in the brain begin to increase with a more 

notable rise in SDF-1 p rather than SDF-1 a. SDF-1 in the brain (possibly SDF-1 p 

is the critical fprm) remains uncleaved enabling ifto bind and activate CXCR4 on 

circulating BMD cells. Circulating BMD cells _then home into the ischemic tissue 

by activation of CXCR4. on the surface of BMD ·cells which increases activation of 

integrins that bind ICAM-1 and VCAM-1 cell adhesion molecules critical for cell 

integration into t_he tissue. BMD cells that are hometj to the brain either retain 

their-original phenotypes as stem-or blood cells (e.g. neutrophils or monocytes) 

which may have paracrine functions that aid in cere~ral repair by releasing pro

surviva_l factors or differentiate into microglia cells. The constant elevation of 
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Figure 29- Schematic of proposed SDF-1,actions following stroke. Cerebral 

lschemia induces hypoxic and inflammatory responses which upregulates SDF-

1, GCSF and other cytokines and chemokines. lncre~sed soluble chemokines 

which can diffuse into the blood along. with decreased SDF-1 levels and inhibition 

of CXCR4 in the bone lead .to the mobilization of BMD cells into peripheral blood; 

In response to localized SDF-1 in the brain, mobilized BMD cells home to the 

brain and reside in the injured area as inicrolgia.l cells, monocytes, neutrophils, 

and pericytes. Increased localized SDF-1 in the brain may also aid in 

neovascularization by inducing angiogenesis and stabilizing newly formed blood 

vessels through the recruitment of pericytes~ 
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SDF~1 through at least 28 days-post ischemia not only works to home BMD cells 

to areas affected by ischemia, but also functions as an angiogenic.factor to help 

induce local angiogenesis and mediate tissue remodeling. Thus SDF-1 may be 

involved in early inflammatory responses as well as in .later reparative responses. 

Because of its potential to act in both capacities, we found that the effect of 

modulation of SDF-1 or SDF-1 binding to CXCR4 seems to be.dependent on 

timing. Mobilization studies demonstrate that exogenous SDF-1a induces cell 

mobilization. Following stroke, early admi11istration of SDF-1 a (i.e. pre-treatment) 

increased BMD cells, including neutrophils, in the ischemic region, and led a 

decrease in the remaining cortical area. Additionally, animals that received early 

treatments of SDF-1 had less functional recovery that control. Blockade of 

CXCR4 at the early time point ·via anti-CXCR4 antibody lessened the detrimental 

effects seen with the early administration of exogenous SDF-1. In contrast, the 

SDF-1 antagonist FC 122 was still more detrimental than control treatments 

possibly due to increased BMD cell mobilization. However, the delayed antibody 

blockade of CXCR4 was more beneficial than control treatments. The delayed 

blockade decreased the number of neutrophils and decreased differences 

between stroke and non-stroke cortical area suggesting a preservation of cortical 

tissue with the late blockade of CXCR4. In contrast delayed administration of 

SDF-1 did not result in either significant beneficial or detrimental changes in the 

stroke hemisphere compared to the control treatment, but this could due to 

cannula placement and delivery ·of the compound. The effects of delayed 

administration of exogenous SDF-1 were seen primarily in the non-stroke 
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hemisphere where there was substantial evidence of neovascularization and cell 

proliferation in response to high levels of SDF-1. In vitro tube formation assays 

paralleled the in vivo data demonstrating that SDF-1 can induce 

rieovascularization primarily through angiogenic processes including proliferation 

of endothelial cells and aggregation of endothelial cells into a vascular structure. 

Additionally, SDF-1 enhanced MSC proliferation, and this in turn may affect 

angiogenesis via further increased _endothelial cell proliferation. 

These studies suggest that exogenous _SDF".'1 a treatment may not aid in 

cerebral repair following stroke if given_ during. the initial inflammatory response. 

However, SDF-1_ should not be ruled out as a potential therapeutic target. Further 

studies should address key points that could be important in the use of SDF-1 as 

a therapeutic treatment. First, timing of SDF-1 administration in addition to 

isoform administration needs t9 be tested further. It is important to look at specific· 

timing of SDF-1 release as it relates to the release of other inflammatory factors_ 
. ' 

· and processes that could be detrimental to tissue survival post-ischemia. We 

believe that early treatment of SDF-1 prior to, or concurrently with, the early 

.stages of inflammatory re~ponses is detrimental to cerebral preservation and 

functional outcome because of early neutrophil mobilization and recruitment. 

Next specific roles of SDF-1 in mobilization versus homing need to be further 

characterized. It remains to be determined if the majority of the effects of 

exogenously administered SDF-1 are at the leve·I of the brain in terms of cell -

homing and vasculogenic effects or 8:t the l~vel of the bone marrow through 

mobilization of specific cell populations. Enhancing one process over the other 
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may give more beneficial effects. Along the same lines, isoform specific roles 

should be defined to maximize the therapeutic potential of SDF-1. The differential 

timing of SDF-1 a and SDF-1 p upregulation could correspond with different roles 

of the isoforms in early ischerilic inflammatory response processes versus late 

ischemic reparative processes. Additionally, mobilization and homing may be 

mediated in part mediated by the specific isoform released from or localized 

within the ischemic tissue. Finally, future studies need to be done to examine the 

role of SDF-1 in neovascularization as it relates to tissue preservation. Namely, 

SDF-1 involvement in the specific stages of angiogenesis should be determined 

as well as which· angiogenk factors can act synergistically to improve tissue 

survival and neovascularization. 
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