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Abstract

Venous anastomotic intimal hyperplasia (VAIH) is the most prevalent cause of hemodialysis arteriovenous (AV) graft failure. The economic impact of AV access and its related morbidity approaches one billion dollars annually in the US. Previously, we have demonstrated that hemodynamic forces regulate key in vivo molecular and structural events in artery wall intimal hyperplasia. We will apply and extend this expertise to investigate the independent role(s) of turbulence-induced solid and fluid dynamic forces in inducing VAIH following AV graft implantation. 

We have established a realistic experimental in vivo model of the human AV circuit and VAIH to test the following hypotheses: 1) VAIH is modulated by turbulence-induced vein wall vibration levels, with elevated vein wall vibration enhancing, and reduced vein wall vibration attenuating, VAIH; 2) This relationship is independent of regional variations in wall shear stress magnitude within venous anastomoses subjected to analogous turbulent flow conditions; 3) Elevated vein wall vibration upregulates the level and activity of the extracellular regulatory kinase (ERK1/2) and the stress activated protein kinase (JNK and p38) required for transcriptional activation of the immediate early genes Egr-1, c-jun and c-fos involved in VSMC proliferation, apoptosis and VAIH.


To verify the proposed hypotheses we will correlate the degree and localization (transmural, circumferential, and axial) of the above-mentioned molecular and cellular events with the corresponding magnitude and spatial distribution of the venous anastomotic biomechanical variables under conditions of elevated and reduced levels of vein wall vibration. 

It is anticipated that the results of these novel investigations will provide seminal information regarding the pathogenesis and detection of AV grafts at risk for accelerated VAIH, and for the design of interventions to inhibit VAIH and extend patency of hemodialysis AV grafts.

A. SPECIFIC AIMS

Hypothesis 1

In experimental AV grafts, VAIH is modulated by turbulence-induced vein wall vibration, with elevated vein wall vibration enhancing, and reduced vein wall vibration attenuating, VAIH.

Hypothesis 2

This relationship (Hypothesis 1) is independent of regional variations in wall shear stress magnitude within venous anastomoses subjected to analogous turbulent flow conditions.

Hypothesis 3

Elevated vein wall vibration upregulates levels and activity of the extracellular regulatory kinase (ERK1/2) and the stress activated protein kinase (JNK and p38) required for transcriptional activation of the immediate early genes (Egr-1, c-jun and c-fos) involved in VSMC proliferation, apoptosis and VAIH.

In the in vivo studies, bilateral AV grafts will implanted in a porcine model.  Vein wall vibration will be inhibited at the venous anastomosis using an externally applied silicone cast and will compared to the contralateral control.

Specific Aims for Hypothesis 1 

Specific Aim 1

a) At well-defined regions of the AV graft venous anastomosis, we will measure in vivo blood flow rate and pressure, and vein wall vibration at time points 0, 6 and 12 weeks.

b) Determine in vivo venous anastomotic geometry at 0, 6 and 12 weeks. 

c) Determine the degree and three-dimensional (3-D) distribution of VAIH at 6 and 12 weeks. 

Specific Aim 2

Using in vivo measurements (Specific Aim 1) and computational solid mechanics, we will determine regional variation of turbulence-induced vibration intensity and tensile wall stress.  

Specific Aim 3

Correlate vibration intensity and tensile wall stress levels (Specific Aim 2) with the degree and 3-D distribution of VAIH (Specific Aim 1c).

Specific Aims for Hypothesis 2 

Specific Aim 4

Using in vitro models and computational fluid dynamics, we will determine regional variation of turbulence intensity and wall shear stress at the venous anastomoses under conditions of simulated in vivo hemodynamics and geometry (Specific Aim 1a and 1b, respectively).

Specific Aim 5

Correlate turbulence intensity and wall shear stress levels (Specific Aim 4) with the degree and 3-D distribution of VAIH (Specific Aim 1c).

Specific Aims for Hypothesis 3

Specific Aim 6
At the defined regions of venous anastomosis, we will determine the in vivo time course (4 hours, 4 days, 2 weeks and 6 weeks) of: a) levels and activity of intracellular phosphorylated and unphosphorylated ERK1/2, JNK, and p38, b) Egr-1, c-jun, and c-fos mRNA and protein.

Specific Aim 7
At one millimeter intervals within the defined regions, using immunocytochemical analyses, we will determine the following: a) co-localization of MAPKs and immediate early genes (IEGs) with inflammatory (T lymphocytes and macrophages), endothelia and VSMC, b) VSMC proliferation and apoptosis, c) semi-quantitative analysis of the above molecular and cellular events.

B. BACKGROUND AND SIGNIFICANCE

ABBREVIATIONS
AV=arteriovenous; CFD=computational fluid dynamics; ERK1/2=extracellular regulated kinase1/2; FAK=focal adhesion kinase;  JNK=c-jun N-terminal kinase; LDA=laser Doppler anemometry; LDV=laser Doppler vibrometry; MAP=mitogen activated kinase; MEK=MAP kinase; PCNA=proliferating cell nuclear antigen; PDGF=platelet derived growth factor; PKC=protein kinase C, PTFE=polytetraflouroethylene; Re=Reynolds number; TGF-(=transforming growth factor-(; uPA=urokinase plasminogen activator; VAIH=venous anastomotic intimal hyperplasia; VSMC(s)=vascular smooth muscle cell(s); WSS=wall shear stress; 

Intimal hyperplasia remains the most prevalent cause of intermediate and late failure of vascular interventions.(23-29)  This exaggerated form of vascular healing is observed in at least 30-50% of arterial and venous segments subjected to bypass, endarterectomy, or catheter directed endovascular procedures.(23-25)  The histopathologic sine qua non of this healing response is progressive vascular smooth muscle cell (VSMC) proliferation and migration to the subintimal space and extracellular matrix remodeling.(30) These features are similar in afflicted arterial and venous segments and are unrelated to intervention technique.(30)  Disappointing results from clinical trials of pharmacologic agents designed to inhibit the initial VSMC proliferative reaction to mechanical injury strongly suggest that factors other than injury sustain this reaction to the point of an occlusive stenosis.(31)  


A porcine model of VAIH has been established by our group for the proposed experiments because of extensive previous investigations which have effectively utilized this species for the study of atherogenesis (32,33), restenosis after balloon angioplasty (34,35), stent implantation (36), antiproliferative VSMC gene therapy (37,38), and irradiation  inhibition of intimal hyperplasia.(39-42)  The success of this model is attributed to the reproducibility of induced vascular lesions, and similarity in vessel size and in vascular pathophysiology between pigs and humans.  Because of the prosthetic nature and dimension of AV conduits, it is not possible to utilize smaller animal species for this proposal (i.e. rabbits, rats, etc.).  It should be emphasized that the objective of this study is to identify mechanisms in only prosthetic and not autogenous AV shunts since the latter function as durable hemodialysis accesses.  Thus, the role of compliance mismatch in VIH will not be addressed in this proposal as only polytetrafluorethylene (PTFE) grafts will be studied.
In collaboration with the Mechanical Engineering Department at the University of Illinois at Chicago and the Mathematics and Computer Science Division at Argonne National Laboratory, we will determine levels of key solid and fluid dynamic variables at the well defined anastomotic regions. We will utilize a novel technique to measure in vivo vein wall vibration along with intraluminal pressure, and tensile vein wall stress will be determined using computational solid mechanics.  Flow field properties inherent to the AV circuit which include turbulence intensity and wall shear stress will be assessed using in vitro flow modeling and computational fluid dynamics.  Previous collaborations between our groups have involved studies into the relationship between hemodynamics, IH, and atherogenesis.  A unique aspect of this interdisciplinary effort is the integration of the in vivo anastomotic and physiologic detail into the in vitro engineering models.  Information realized from these experiments is potentially applicable to the clinical assessment and management of hemodialysis grafts at risk.

Rationale for study of arteriovenous graft VAIH


Compared to other vascular interventions, intimal hyperplasia is most frequently encountered in the clinical setting at the venous anastomoses of hemodialysis arteriovenous prosthetic grafts and is the most common cause of arteriovenous access morbidity and failure.(43-45)  VAIH predictably occurs in more than half of AV grafts within 6 months to 2 years of implantation.  The interest in reducing the failure rate of AV grafts is motivated by the extraordinarily high cost of surgical procedures which was calculated at $939 million in 1994, not withstanding the associated pain and discomfort experienced by patients (United States Renal Data System, USRDS, 1997 Report).

Hemodynamics and intimal reactions

Evidence from both animal experimental models and from human vessels support the tenet that the intima is a key participant in the hemodynamically induced adaptive changes of the vessel wall.(44)  For example, many studies have elucidated the localization of non-atherosclerotic and atherosclerotic intimal thickening in human arteries such as the carotid bifurcation (45,46), coronary arteries (47,48), and aorta.(50,51)  These studies demonstrate that intimal thickening occurs preferentially at locations of reduced and possibly oscillatory wall shear stress. In addition to wall shear stress, it has also been proposed that selective locations of intimal thickening are also regions of tensile stress and concentration.(52,53)  In a similar manner to which the complement of media layers of homologous vessels may be related to tensile strength, quantitative evidence has been presented that the layering of non-atherosclerotic intimal thickening may involve tensile stresses.(52)  This is particularly demonstrated when autologous veins are transplanted as an arterial conduit as a bypass graft. Under these conditions veins invariably undergo some degree of intimal and medial thickening.  

The etiology of this phenomenon has long been debated with controversy as to the relative contributions of wall shear stress and wall tension. The primary stimulus for the development of myointimal thickening is attributed to increased 

wall tension that caused circumferential deformation.(52)  This hypothesis is supported by the fact that under normal physiologic conditions, veins exist as low shear, low tension conduits. The emphasis of most reports, however, has focused primarily on the examination of arterial and venous wall adaptive intimal thickening in response to arterial hemodynamics with paucity of information on the pathobiology of VAIH in arteriovenous graft circuits (53-59) where Reynolds numbers are markedly increased, resulting in flow related transition to turbulence.

Hemodynamics of arteriovenous circuits

While AV graft geometry generally is similar to that of an arterial end-to-side graft, the hemodynamic environment is quite different due to significantly higher flow rates in the AV circuit.  Mean flow rates in the AV circuit vary greatly, ranging between 221 and 3118 ml/min (59) while flow rates of similar caliber arterial grafts range from 100 to 200 ml/min.(60)  The morphology of an AV graft flow waveform is characteristically unidirectional and with low pulsatility as a result of low venous outflow resistance.  Kanterman et al. have shown that hyperplastic stenoses occur predominantly in the proximal venous segment downstream of the venous anastomosis.(55)  Figure 1 shows the basic geometry and nomenclature for the venous anastomosis.  The focal nature of this response, which is localized near the toe of the anastomosis, suggests that biomechanical forces may play a role in this exaggerated vascular healing response.  These biomechanical forces include both hemodynamic forces acting on the lumen surface (wall shear stress) and transmural solid tensile mechanical stresses in the vein walls in response to imposed pressure fluctuations.  These forces are interrelated and complex in the AV circuit because at high velocity, fluctuations (transition to turbulence) can occur at these high flow rates, which is audible or palpable as a bruit or a thrill, respectively. Such velocity fluctuations are associated with pressure fluctuations, which lead to tissue vibration, and, hence, fluctuating tensile wall stresses.  In addition to these velocity and pressure fluctuations, the mean pressure changes dramatically across the AV circuit as flow proceeds from the arterial to the venous end.  Thus, while the AV graft anastomotic geometry is similar to that of arterial end-to-side anastomoses, the biomechanical forces within the AV circuit are significantly different.
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Figure 1. Nomenclature of the end-to-side anastomosis with the PTFE graft and the vein (PVS-proximal vein segment, DVS-distal vein segment)

Reynolds number in circular pipes is a function of both the flow (Q), viscosity (() and diameter (D), Re=4Q/((D, and due to high flow rates, the mean in vivo Reynolds number in AV graft can vary between 250 and 3600.  The Reynolds number in AV circuits can exceed the critical number for transition to turbulence in a circular pipe (Recritical ( 2300).  Because the anastomotic geometry is more complicated than a circular pipe, local velocity fluctuations can also occur at Reynolds numbers less than that critical value.  While flow is not fully turbulent in the AV circuit (since Re<10,000), the Reynolds numbers in the AV circuit are high enough to produce velocity fluctuations due to coherent structures, particularly with high flow rates and when the geometry creates a region of flow separation.  These velocity fluctuations will, in turn, create significant pressure fluctuations that can cause vein wall vibration which is hypothesized to promote VAIH.(56-58)  Therefore, due to the range of flow rates for AV grafts and the geometric variations, the hemodynamic environment can be either laminar flow (without velocity fluctuations) or partially turbulent flow (transitional).  Both the laminar and partially turbulent cases will have flow rates greater than normal arterial values such that overall mean WSS in the AV circuit is generally higher than normal.  However, focal regions of low WSS may be present near a stagnation point and flow separation.    

Only a few studies have examined the hemodynamic environment of AV grafts and its relationship with vascular healing.  Fillinger et al. demonstrated in vivo that graft geometry had a significant impact on hemodynamic parameters and the degree of venous intimal thickening.(56-58)  Their study suggested that flow disturbances resulted in kinetic energy transfer through the vessel wall and into the perivascular space, which manifested as tissue vibration.  It was shown that the more rapidly oscillating stresses and forces, i.e., greater tissue vibration, correlated with enhanced VAIH. The effect of ultrasound induced tissue vibration has been implicated in angiogenesis (114), and 

accelerated-wound healing. This may represent a potential mechanism by which excessive vein wall vibration induces a proliferative vein wall response.  

We propose to examine vein wall vibration in more detail in this animal model than any other previous experiments by directly measuring turbulence-induced vein wall vibration at the venous anastomoses.  Few 

studies have been published using vibrometry measurements in biological applications.(57,58)  This novel technique accurately and linearly represents the in vivo vibratory event, and due to its non-contacting nature, does not alter the system being measured.  Our group has obtained preliminary results that show the vibratory motion of a vein wall subjected to turbulence generated pressure fluctuations at different frequencies and with good spatial resolution (millimeters). For example, we have found that vein wall vibration at the venous anastomoses of experimental AV grafts varies dramatically between the proximal and distal venous anastomotic regions (Preliminary Results for Specific Aim 2).

  
Although in vitro modeling of flow inside the AV graft has been previously investigated, turbulence intensity in these models was not evaluated.  Several experimental studies have been reported by Shu et al. (66-68) detailing the flow patterns and WSS distribution inside an AV graft anastomosis.  A realistic model geometry was employed with a compliant material for the venous segment based on silicone rubber casts obtained from grafts of this type implanted in dogs.  They performed flow visualization and LDA measurements under steady and pulsatile flow conditions at an average Reynolds number of 1160 based upon the mean flow and diameter of the graft.   They implicate the stagnation point and separation region in the development of a stenotic lesion distal to the toe.  This work provides an extensive data set of the velocity profiles inside the arterial and venous anastomoses for AV grafts for three models of varying degrees of stenosis and indicates that the WSS distribution may be important in the localization of intimal thickening in AV grafts. It remains unclear in these studies if turbulence also may have played a role, as turbulent velocities were not measured in aforementioned investigations. 

Our group has recently examined the turbulence levels inside an in vitro model of an arterial end-to-side graft using laser Doppler anemometry.(73)  We found turbulence levels to be significantly higher within the proximal venous segment particularly on the toe side of the graft where flow separation was located.  Even though this coincides with the reported clinical location of VAIH , it is not possible to conclude that  turbulence is the sole  cause since it was near a region of flow separation which had maintained a region of reduced WSS .  Beyond the flow separation region, but still within one vein diameter, WSS values were elevated indicating that WSS gradients are also elevated in this region.  Therefore, three hemodynamic parameters which are thought to promote tissue growth (low WSS, high WSS gradients, elevated turbulence levels) are present in the same general location where VIH occurs. In the present proposal we will dissect the independent contribution of solid and fluid dynamic variables in in vivo models where turbulence-induced wall vibration is left unchecked and where it is inhibited.
Molecular response to biomechanical factors

The arterial wall is a complex structure composed of well‑coupled endothelial and smooth muscle cells in an extracellular matrix of collagens, elastin, and glycoproteins. Hemodynamic forces induce well characterized physiologic 

responses which are transmitted from the intima into the media and adventitia, resulting in distinct modifications of the contractile, biosynthetic and structural properties of the vessel wall. Physical forces are thought to be sensed at the blood-vessel wall interface, the endothelium, and trigger complex biochemical and gene transcriptional responses. These forces affect endothelial structure and function, both in vivo and in vitro, and are implicated as contributing factors in the development of progressive intimal thickening. A number of mechanisms are putatively implicated.

Endothelial morphology and function

Evidence of the direct action of biomechanical forces on endothelial structure and function has emanated from in vitro studies in which cultured monolayers of endothelial cells have been subjected to defined fluid mechanical forces, under controlled experimental conditions.(74)   For example, Gimbrone et al.  demonstrated that unidirectional steady laminar shear stresses produced a time and force dependent change in cell shape and alignment of the endothelial cells in culture.(74)  These flow-induced changes were accompanied by reorganization of actin-containing stress fibers, in addition to other cytoskeletal components.  The mechanical forces responsible for these reactions appear to be sensed by cell membrane mechanoreceptors coupled to intracellular signaling pathways, notably of which are pathways involving heterotrimeric guanine nucleotide-binding proteins (G proteins).(75,76)
Tensile stress forces, or cyclic strain, play an important role in altering various parameters of endothelial function.  This is exemplified by the production of vasoactive substances such as nitric oxide (NO) and the growth factor, PDGF-B.(77-80)  NO is an endogenous vasorelaxant produced by endothelial nitric oxide synthase. NO has been shown to exhibit antiplatelet activity and to efficiently inhibit VSMC proliferation.  The effects of biomechanical forces on the regulation of endothelial cell NO production is largely unknown.  However, recent studies by Awolesi et al. have shown in vitro that cyclic strain leads to increases in the capacity of endothelial cells to produce NO (77,78). Sumpio et al. have demonstrated in vitro that cyclic strain also enhances expression of the growth factor, PDGF-B.(80)  Thus, both cyclic strain and shear stress are capable of regulating endothelial cell function via PDGF.  However, in contrast to shear stress experiments described earlier, the shear stress response element (SSRE) was not found to be necessary for PDGF gene expression in endothelial cells exposed to cyclic stain.(80)
In addition, decreased flow and shear stress have also been shown in vivo to markedly reduce endothelial repair in injured arteries. Langille and colleagues have reported more randomly oriented endothelial cells in low flow compared to normal flow arteries in which endothelial cells at the edge of the wound elongated in the direction of the wound. This was hypothesized to result from loss of cell-cell contact during repair at low flow rates and low shear stress.  The resultant disruption in intercellular communication may subsequently interfere with cytoskeletal reorganization, and thus, a prolonged repair process.(81)  Biomechanical forces have also been documented to result in a variety of metabolic and synthetic changes in endothelial cell function.  It has been suggested that shear stress regulation of endothelial cell metabolic function may be linked to induction of endothelial cell hyperpolarization via elevation of cytosolic calcium.(82-84) This shear stress induced cell hyperpolarization is associated with transcription of genes involved in vascular remodeling.(75,85,86)  The pivotal role of endothelial cells in modulating the intimal hyperplastic response has been described by selective stimulation of endothelial cells with inhibition of VSMCs in cell culture using a fibrin glue suspension containing fibroblast growth factor type 1 (FGF-1) and heparin.(86)   When tested in an balloon injured carotid using an animal model, fibrin glue was only effective in reducing neointimal formation in arteries previously seeded with autologous endothelial cells.(87)
In summary, the endothelial lining of the cardiovascular system is comprised of a dynamically mutable interface, whose phenotype appears to be responsive to systemic and local humoral factors as well as biomechanical forces generated by the flow of blood, the precise properties of which can vary depending upon the nature of the hemodynamic circuit and vascular geometry.  As evidenced in the above discussion, there is a preponderance of studies that relate the effects of biomechanical forces to endothelial cells, but few to VSMCs.  Furthermore, the majority of these reports focus on in vitro models versus the use of animal models.  Our proposed investigation will evaluate for the first time the relationship of turbulence-induced vein wall vibration in VAIH. We contend that elevated levels of vein wall vibration predisposes to an exaggerated proliferative and synthetic VSMC response.

Mechanotransduction in Endothelial and VSMCs


A number of cellular mechanisms are putatively implicated in transcellular hemodynamic force transduction.  There are four proposed candidates at the luminal cell surface, which appear to act as mechanotransducers: integrins, tyrosine kinase receptors, G proteins, and mechanosensitive ion channels.  These molecules can be activated directly by physical displacement (i.e. conformational change) or indirectly via mass transfer gradients (which change ligand-receptor interactions).(6,7)  These transducers elicit a complex cascade of intracellular signaling events in response to shear stress 

stimulation of endothelial cells (8) and VSMCs.(9)  This is exemplified by increases in the activity of intracellular signaling molecules such as MAPKs.(10)
MAPKs play an instrumental role in transmission of signals from cell surface receptors and various environmental 

cues to the transcriptional machinery in the nucleus.(88-91)  MAPK cascades exhibit cell type dependant variations in cell function. For example the MAPK cascade leading to activation of the ERKs was initially characterized by its involvement in oncogenic transformation and mitogenic signaling (92-94) and induction of neuronal and genital differentiation.(93-95)  The

activation of MAPKs and other cytokines has also been demonstrated in response to hemodynamic shear forces in endothelial cells in vitro. It has been shown that temporal gradients in shear stress lead to enhanced and sustained expression of different cytokines and growth factors in human umbilical vein endothelial cell (HUVEC) culture, whereas the presence of steady laminar shear stress reduces these levels. Both the stimulatory effects of temporal gradients in shear and the inhibitory effects of steady shear on gene expression have been found to be mediated by activation and inactivation of immediate early genes (Egr-1, c-jun, c-fos).(96,97)   In other studies,  MAPKs including ERK1/2 and JNK have been shown to play an important role in shear stress-mediated endothelial  gene expression.(98)   However, the vein wall MAPK response to varying magnitudes of tensile and wall shear stress in vivo remains largely unknown.

MAPK cascades are composed of three protein kinases acting in series: a MAPK that is activated by MAPK kinase (MAPKK) which is, in turn, activated by MAPKK kinase (MAPKKK). Whereas MAPKKKs receive information from cell surface receptors or other stimuli through interaction with small GTP-binding proteins of the Ras superfamily, the MAPKs carry this information to the nucleus by virtue of their ability to undergo nuclear translocation upon activation. Once in the nucleus, the MAPKs phosphorylate a variety of transcription factors on specific sites that regulate their ability to activate transcription (Figure 2).  The first identified MAPK cascade is composed of the MAPKs ERK1 and ERK2 and have been best characterized as mediating signal transduction by hemodynamic forces and growth factors.  Shear induced ERK1/2 activation was attenuated when endothelial cells were pretreated with MAP kinase inhibitors.(12)   MAP kinase phosphorylation of ERK1/2 takes place exclusively in the cell cytoplasm.  Upon phosphorylated activation of ERK1/2, nuclear translocation of the complex is critical for early immediate gene expression.(14,15)  Specifically, within the nucleus ERK1/2 is responsible for phosphorylation of the nuclear transcription factor Elk-1. By binding to a sequence in the promoter region of Egr-1, Elk-1 has been shown to be an essential component of shear induced Egr-1 transcriptional activation.(16)  ERK1/2 can also phosphorylate other important proteins in vitro including protein kinases (c-Raf, MEK, p90rsk), transcription factors (c-myc, c-jun, c-fos), enzymes (cPLA2), and cell-surface proteins (EGF receptor).(17) Transcriptional activation of Egr-1 is responsible for the coordinated expression of endothelial and VSMC proteins such as PDGF-A, PDGF-B, TGF-(, and (PA.(18)   Recently. two additional MAPK cascades were identified leading to activation of JNK and p38. Unlike the ERKs, which are most potently activated in response to signals originating at receptor and cytoplasmic protein kinases, JNK and p38 are most potently activated by proinflammatory cytokines and environmental stresses such as UV irradiation and osmotic shock. Therefore, JNK and p38 are also known as stress activated protein kinases (SAPKs).  Jo et al., for example, has demonstrated increases in JNK activity in endothelial cells in response to low shear stress.(19)  The cascade begins with stress activation of ras, which activates the MEK kinase (MEKK) to trigger downstream kinases, in particular, c-jun NH2-terminal kinases.(7)  Phosphorylation activates c-jun, which translocates into the nucleus where it encodes proteins that belong to the nuclear activator protein 1 (AP-1) family of transcription factors.  AP-1 can activate immediate early genes by binding to regions of certain promoters.  Genes that contain AP-1 binding sites in their 5’ promoter region include c-fos, collagenase, PDGF-A/B, tissue plasminogen activator (tPA), and TGF-(1.(7) Thus, activation of MAPKs leads to several cellular responses to environmental stress. These include growth and differentiation (89) (ERK1/2, JNK), apoptosis (JNK and p38) and cytokine production (p38).(9)
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Figure 2.  Mitogen activated protein kinase modules.

Thus, the critical influence of the MAP cascade on transcription of the key nuclear regulatory proteins Egr-1, c-jun, and c-fos warrants further investigation in vivo.  We, therefore, will determine transcription of Egr-1, c-jun and c-fos in response to turbulence–induced solid and fluid dynamic stresses at specific regions of AV graft venous anastomoses subjected to a wide range of turbulence intensity levels.  Furthermore, experimental inhibition of specific components of the MAP kinase pathway may introduce potential therapeutic modalities to inhibit IH.

Transcription factors
Modulation of growth factor expression and synthesis is influenced by the activation of immediate early genes.  Their expression in the cell cycle is believed to be necessary for the initiation of DNA synthesis.  In effect, they act as transcriptional factors linked to genes involved in cell cycle control, proliferation, and differentiation and extracellular matrix remodeling.   This has been well demonstrated in vitro by Resnick et al. in their identification of a shear stress response element (SSRE) in the promoter of the PDGF gene which becomes activated upon exposure to shear stress in laminar flow.(100)  PDGF is a key growth factor, which promotes proliferation of VSMC. The gene sequence for SSRE has subsequently been identified in a number of other flow-responsive endothelial genes.(101)  This is further exemplified by induction of one of the immediate early genes, early growth response 1 (Egr-1), which acts as a nuclear transcription factor for a host of downstream cytokines which control cellular growth and matrix remodeling. Khachigian et al. have reported that the induction of PDGF-A expression by shear stress was preceded by rapid and early induction of Egr-1.(102) Thus, shear stress stimulated Egr-1 gene expression may represent an important factor in the induction of other endothelial genes exposed to biomechanical forces.  Previous data from this laboratory support the tenet of low flow and shear induction of Egr-1 expression.(1)  Thus, it is reasonable to anticipate that vein wall Egr-1 transcription will be differentially modulated at regions subjected to different degrees of biomechanical stress, and warrants investigation as outlined in this proposal.  In addition, to further dissect the link between Egr-1 and the MAP kinase pathway, we will study the influence of focally directed inhibition of the ERK1/2 cascade and the subsequent effect on immediate early gene expression.

C. PRELIMINARY RESULTS

In this section, we present results accrued from experimental in vivo and in vitro studies that strongly substantiate the specific aims of the proposed hypotheses. This includes the following: 

· A realistic experimental model of human AV graft flow and geometry has been developed by our group. This novel model is characterized by excellent patency rate for the proposed experimental time course and results in a predictable degree of VAIH (for Specific Aims 1a and c).

· In this model, graft and venous flow rate, intraluminal pressure, and regional anastomotic vein wall vibration can be reproducibly measured in vivo (for Specific Aim 1b).

· Vein wall vibration intensity varies dramatically in a logarithmic order between the proximal (high vibration intensity) and distal (low vibration intensity) anastomotic venous segments. (for Specific Aim 2).

· Anastomotic vein wall vibration is inhibited by the external application of a para-anastomotic cuff, and graft flow rate and anastomotic geometry are unaffected by this intervention. VAIH is inhibited by cuff application (for Specific Aim 4).

· Results of in vitro modeling and computational fluid dynamic solutions of turbulence intensity and wall shear stress at the different regions of the AV graft venous anastomosis (for Specific Aim 4)

· Phosphorylated ERK1/2 levels and activity are greatly increased at regions of elevated anastomotic vein wall vibration 4 hours after AV graft implantation (for Specific Aim 7).

· Evidence that the PI has significant expertise in the study of the molecular events in the arterial wall in response to varying levels of biomechanical forces. This is represented in the preliminary results for Specific Aim 7 and in the progress report for our previously funded RO1 application. This expertise will be extended to study the proposed molecular events in the venous wall. The progress report underscores the PI’s productivity and recognition by peer reviewed journals in vascular biologic research and demonstrates that the PI laboratory can carefully conduct analyses of MAP kinase activity, immediate early gene expression, immunohistochemical and histomorphometric studies (for Specific Aim 7).

I. Preliminary Results for Specific Aim 1.

a) In vivo AV graft model design and patency

In 7 male miniature swine, a 4 to 7 mm externally reinforced PTFE graft was anastomosed in an end to side fashion proximally to the distal infrarenal aorta (4 mm) and distally to anterolateral aspect of mid external iliac vein (7mm). The venous anastomotic geometry was standardized such that the anastomosis length to the recipient vein diameter ratio was 1.5 to 1 (Figure 3a).  The hypogastric vein was ligated flush at its confluence with the external iliac vein to avoid the hemodynamic affects of mixing and allow for more uniform dimension of the proximal venous segment as is planned for 

the in vitro flow modeling and computational fluid dynamic studies.  A para-anastomotic cuff was applied in 3 animals (Preliminary results for specific aim 4).  At 8-10 weeks, 6 of the 7 of the explanted AV grafts were patent (86%). Sections 

from pressure perfusion fixed anastomoses were stained and evaluated for VAIH as presented in 1(c) of this section.  Regions A, B and C shown in Figure 3b were selected for wall vibration and VAIH studies to avoid suture line injury and compliance mismatch as confounding variables at the intermediate anastomotic sinus region.
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Figure 3.    a) Sketch of the aorto external iliac vein graft and b) Standard anastomotic geometry and defined regions for biomechanical and biologic studies.
b) In vivo measurements of graft flow rate, pressure and wall vibration at well defined regions of the venous anastomosis 

In vivo measurements of flow rate, pressure and vein wall vibration have been performed at the porcine AV graft vein anastomosis.  Pulsatile blood flow rate in the proximal AV graft vein was measured by ultrasonography (Transonic Inc.).  Mean flow rate was 600 ml/min with a peak-to-peak amplitude of 200ml/min as shown in Figure 4a.   Measurements of pressure and vein wall vibration have been obtained at specific locations (A, B and C) on the vein as shown in Figure 4.  Pressure during the cardiac cycle was measured with a high fidelity pressure catheter (Millar Instruments Inc., Micro-tip Catheter Transducer, Model SPR-524, 3F) introduced via the distal external iliac venous segment.  Pressure measurements indicate that pressure is greatest at position A and decreases proximally in regions B and C (Figure 4b).  Passive measurements of vein surface motion (vibration) were made using laser Doppler vibrometry (LDV) at regions A, B and C in vivo.  The smallest and largest levels of vein vibration were detected at positions A and B, respectively. 
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Figure 4. a) Flow rate in the proximal outlet segment of the AV graft vein anastomosis b) intravenous pressure measurements and c) vein wall vibration velocity measured directly on the vein during surgery.  Note the greater vibration at region B compared to regions A and C.

c) VAIH: Histomorphometric and immunohistochemical analyses

VAIH developed reproducibly in all 6 explanted anastomoses and was characterized by significant intimal thickening of the venous intima (at least 10 fold) (Figure 5, Appendix I) producing a percent stenosis (mean ( SD) of 

45% ( 7%. (-actin immunohistochemical stains identified VSMCs as the principal cellular component of the observed VAIH. There was no evidence of acute or chronic thrombus deposition at the intimal hyperplastic region. VAIH was greatest at region B when compared to regions A or C (see Figure 3b).

These findings substantiate the validity of this model reproducing variations in the degree of VAIH at regions with 

different levels of turbulence-induced vein wall vibration. By virtue of the standard geometry of the venous outflow, and hemodynamics in this model, we anticipate minor variations in the localization of VAIH between the animals studied in this proposal.
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II. Preliminary Results for Specific Aim 2: Determine turbulence-induced vibration intensity and tensile wall stress using the in vivo measurements from Specific Aim 1.
Regional variation in turbulence-induced vibration intensity was evaluated by computing the mean value of the vibration velocity amplitude (obtained by an autopower spectrum) in the frequency range 40-800 Hz.  The low frequency range (< 40 Hz) was excluded since vein wall vibration in this frequency range is not related to turbulent fluctuations of velocity and pressure.  Vein wall vibration velocity at the three defined regions (A, B, and C) are shown in Figure 6a as a function of frequency with the greatest amount of vibration at position B (same vibration measurements as shown in Figure 4c). The dramatic differences in turbulence intensity at these locations is shown in Figure 6b where vibration intensity was 10 and 100 fold greater at position B when compared to position C and A, respectively.  
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Figure 6.  a) Vein wall velocity vibration measured at locations A abd B (Note: This data corresponds to the time traces shown in Figure 4c, and the magnitude of trace C is so much smaller than that of A and B, it is not visible on the graph).  b) Turbulence-induced vibration intensity (mean of the APS amplitude from frequency 40-800Hz). 

III. Preliminary Results for Specific Aim 4:

a) Inhibition of VAIH by application of a para-anastomotic cuff

A non-compliant PTFE cuff was designed to inhibit turbulence-induced vein wall vibration at the anastomotic sinus, and at the proximal and distal outflow segments. The cuff extends for 1.5 vein diameter beyond the toe and heel of the anastomosis and is incorporated into the suture line to avoid cuff migration. The diameter of the cuff measured 0.5 to 1mm less than the recipient vein diameter to ensure a tight interface between the vein wall and PTFE lining.  Because of this tight interface and the non-compliant nature of the PTFE cuff, vein wall motion is greatly limited. The venotomy length to vein diameter ratio used was similar to the uncuffed anastomoses (i.e. 1.5). Specific details of the PTFE para-

anastomotic cuff design are described in the Research Design and Methods section. In 3 venous anastomoses, the cuff was applied. All grafts remained patent for 9 weeks. In the following subsections we present evidence that anastomotic flow rate is unchanged with cuff application in light of markedly inhibited wall vibration levels, and that VAIH is inhibited with para-anastomotic cuff application.

b) Para-anastomotic cuff application inhibits vein wall vibration
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In the 3 animals graft flow rate was 619( 98 ml/min following non-compliant PTFE cuff application. In vivo cuffed vein wall vibration was dramatically reduced at region B (Figures 7a and 7b) where vein wall vibration is greatest at this anastomotic configuration. The regional variation in wall vibration levels with and without cuff application is shown in Figures 7c.  Vibration intensity decreased by more than 30 fold with anastomotic cuff application at region B (2mm) as shown in Figure 7c. 
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Figure 7.  a) Vein wall vibration velocity time trace at region B (2mm). b) Vein wall vibration velocity time trace with application of cuff at region B (2mm)  c) Turbulence-induced vibration intensity with and without cuff application along the vein wall. The cuff extended 6mm downstream of the toe such that vibration was only measured on the cuff at position 2.  Note: previously defined regions B and C correspond to 2mm and 8mm downstream of the toe.

To determine whether cuff application distorts the venous anastomotic geometry, a silicone cast of a cuffed anastomosis was imaged with spiral CT scanning (high speed CTI GE).  One millimeter cross sections were three dimensionally reconstructed (software) to evaluate anastomotic luminal configuration at the cuff region. The reconstructed lumen is depicted in Figure XXXXXX????8, which confirms preservation of anastomotic luminal geometry with cuff application.  Notice the excellent detail that can be observed on the two images in Figure 8.  This demonstrates the resolution obtainable by this technique.


 These results indicate that a) PTFE cuff application inhibits vein wall vibration and b) anastomotic flow rates and geometry are preserved with cuff application.
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c). Para-anastomotic cuff application and VAIH 

VAIH was quantitated from serial histologic sections of the cuffed anastomoses (n=5/anastomosis) and compared to the degree of VAIH in the uncuffed anastomoses. Percent lumen stenosis in the cuffed anastomosis was reduced to less than half  (17(8%) when compared to control uncuffed anastomoses (45(7%). This corresponded to a 3 fold reduction in vein wall intimal thickening (Figure 9, Appendix II)


These findings support the tenet that inhibition of vein wall vibration greatly attenuates VAIH.  Further study of this technique is warranted to substantiate these novel findings and to determine whether inhibition of 

VAIH is sustained at 12 weeks as proposed in the Specific Aim 1.

IV.  Preliminary Results for Specific Aim 5.

Hemodynamic Simulations (Experimental and Computational)

Our group has significant experience with simulating fluid dynamics within complex blood vessel geometries both experimentally and numerically (62,63,73,106,107,109,110,111).  Some of the results from these studies are presented here.  Vessel geometry has been shown to play an important role in the fluid dynamic environment of complex vessel geometries.  Therefore, accurate measurements of the vessel geometry are critical in order to construct in vitro physical models and computational models that accurately represent the in vivo anatomy (see Research and Design/Methods section for detailed description).

LDA measurements have been conducted on an in vitro model in order to quantify the turbulence levels that occur inside the AV graft(73).  Two components of velocity were measured in vitro using a LDA (Model 5500A, Dantec Electronics) under steady and pulsatile flow conditions inside an optically clear, rigid, upscaled model of a end-to-side anastomosis.  The model was constructed based on the geometry of a canine ilio-femoral bypass graft employed from a previous study(62,63).  The flow conditions were scaled up to match an AV graft in vivo waveform which had a peak and mean flow rate of 2100 and 1450 ml/min, respectively.  This corresponded to a peak and mean Reynolds number of 2500 and 1700, respectively.   The ensemble-averaged velocity vectors and root-mean-square (RMS) of the velocity (urms) are shown in Figure 10 at peak systole.  All velocities are scaled to in vivo values.  Velocity magnitude is large throughout the cycle (1-4 m/s) which is expected due to the high flow rate.  A small region of flow separation is observed as retrograde velocity at the toe where flow exits the anastomosis and enters the proximal vein segment (PVS).  This separation region changes in size, but is present throughout the cardiac cycle.  The distribution of velocity fluctuations due to transition to turbulence are shown to vary with position in the anastomosis and during the cardiac cycle.  These velocity fluctuations are greatest (approximately 10% of the mean velocity) in the PVS downstream of the flow separation at peak systole where the instantaneous Reynolds number is maximum.  During diastole, velocity fluctuations were still present but lower in magnitude (<5%).  Steady flow experiments on this same geometry revealed that turbulence was not present for Reynolds numbers lower than 1000 and significant velocity fluctuations were not present until Reynolds numbers above 1800.   Regions of greatest turbulence intensity are located downstream of the toe, which corresponds to the previously defined region B.  Turbulent velocity and pressure fluctuations cause the vein wall to vibrate.  We hypothesize that this energy transfer to the vein wall in the form of vibration upregulates levels and activity of ERK1/2 and JNK/p38 and leads to the development of VAIH.
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Figure 10. Velocity vectors (LEFT) and fluctuation velocity, Urms, (RIGHT) at peak systole.

Computational fluid dynamics (CFD) studies(106, 107, 110) have been conducted on the same anastomosis geometry (both steady and pulsatile flow conditions) in order to obtain more detailed information about the flow field than is possible with experimental methods.  More recently, simulations (104, 105) have been performed using a spectral element code developed at Argonne National Laboratory that is designed for simulation of transitional and turbulent flows in complex geometries.  Preliminary computational velocity results for the AV graft along with in vitro flow modeling results taken at UIC (73) for comparison are shown in Figure 11.  Mean wall shear stress results are also shown as a function of position on the hood and floor of the graft.  Note that these wall shear stress levels are high due the high flow (high Reynolds) conditions present in the AV graft geometry.
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Figure 5. Time averaged velocity vectors inside a venous anastomosis model scaled to in vivo values (Left-LDA, Right-CFD).
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Figure 6. Turbulent intensities (Urms) inside a venous anastomosis model scaled to in vivo values Left-LDA, Right-CFD).
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Figure ?.  Time average WSS distribution computed from CFD simulations (Note: the spike in WSS at the toe of the graft is caused by the sharp angle of the flow model).
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Figure ?. A) Coherent structures (vortices) identified using the (2 criterion of Jong and Hussain (75).  Color represents the instantaneous 3D-pressure distribution at this time point; B) Zoom view of A; C) Instantaneous view of the WSS vectors on the lumen surface; D) Zoom view of C in which the complex pattern of WSS magnitude and direction is evident.

VI. Preliminary Results for Specific Aim 7: 

The following preliminary findings represent the PI’s expertise in studying moleclular responses to biomechanical forces in the vessel wall.  Some of these investigations will be applied to investigating the vein wall molecular responses to the measured in vivo and in vitro solid and fluid dynamics forces.  

a). ERK1/2 phosphorylation and activity is related to turbulence-induced vein wall vibration levels 


To determine if MAP kinase phosphorylation and activity varies in relation to turbulence-induced vibration levels, we compared ERK1/2 phosphorylation and its activity (Elk1 phosphorylation ) at regions of the venous anastomoses with high (region A) and low (region B) vibration intensity levels at 4 hours after creation of the anastomoses. There was a three fold increase in pERK1/2 at this early time point at region B when compared to region A (Figure 13 center panel). This was associated with a corresponding increase in Elk1 phosphorylation (Figure13, top panel). 

 ERK1/2 phosphorylation (pERK1/2) and its activity (Elk1 phosphorylation) were measured at the different regions of the anastomotic vein segment with high (region B) and low (region A) vibration intensity levels at 4 hours after creation of the anastomosis.  The ERK1/2 activity was determined by phosphorylation of the immediate downstream transcription factor Elk-1 that is known to be involved in growth and differentiation.  Using densitometric analysis, we found a three-fold increase in pERK1/2 at this early time point at region B when compared to region A.  This was associated with a corresponding increase in the phosphorylation of the Elk1 implicating enhanced vein wall vibration in the rapid activation of the putative mechanotransduction pathways.  The procedure for this measurement of MAPK activity is given below.  

Thus, rapid activation of the putative mechanotransduction pathways is observed in relation to vibration intensity levels in vivo. These responses deserve study in a time course fashion to determine the onset, peak and decay of these molecular events in association with solid mechanical as well as inherent fluid dynamic variables to the turbulent flow field as proposed in this application.
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b) Inhibition of in vivo MAP kinase activation

To study the role of MAP kinase activation in response to turbulence-induced vein wall vibration, we utilized a specific inhibitor of MEK 1, PD98059.to abolish ERK1/2 cascade activation at regions of the venous anastomosis with low (region A) and high (region B) vibration intensity levels (Figure 3b, page 53 in proposal).

After exposure of the external iliac vein, the segment selected for anastomosis was clamped proximally and distally.  PD98059 solution (100(m /L PD98059 and 0.8% DMSO in Ringer’s solution) containing 25% pluronic gel was injected into the isolated vein segment using an 18 gauge needle.  After 1 hour of incubation, the planned venotomy was performed and the pluronic gel was flushed out of the lumen with 0.9% saline.  The end to side venous anastomosis was subsequently performed as described on page 52 of the proposal.  Immediately after surgery, 200 (l of PD solution containing 25% pluronic gel was reapplied around the anastomosis and the entire external iliac vein.  In control animal vehicle solution (0.8% DMSO in Ringer’s solution) was applied.  At 7 days, the anastomotic regions (A and B) were harvested for Western analysis and MAP kinase assay to quantitate ERK1/2 phosphorylation and activity respectively. PCNA immunohistochemical staining was performed to determine cells proliferation.

At 7 days, there was 4-fold increase in ERK1/2 activity at region B (high vibration level) compared with region A (low vibration level) in control venous anastomoses treated with vehicle only.  PD98059 decreased ERK1/2 activity by 42% and 15% at regions B and A, respectively compared to control anastomoses (Figure A-1 upper panel).  Western blots of phosphorylated ERK1/2 showed a corresponding  75% and 55% decrease in phosphorylated ERK1/2 at region B and A respectively when compared to controls (Figure A-1 center panel).  The inhibition of ERK1/2 activity was associated with a dramatic inhibition of vascular smooth cell proliferation at venous anastomotic region B when compared with to control vehicle application (Figure A-2).
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These findings substantiate the feasibility of regional inhibition of vein wall MAP kinase activation and smooth muscle proliferation . It should noted that the local application of PD 98059 to the venous anastomosis has been modified to include intraluminal instillation of the agent in addition external topical  application as described on page 68 of the proposal .

c). Flow regulation of molecular events after arterial injury

Differential effect of injury and hemodynamics on in-vivo MAP kinase activation in experimental intimal thickening (5) 

 Mitogen-Activated Protein (MAP) kinases play a key role in mechanotransduction and subsequent transactivation of immediate early genes (Egr-1 and c-jun) involved in cell cycle regulation.  At regions of injury induced intimal thickening (IT), it is unknown whether such molecular responses are related to injury alone or disturbed flow conditions. We therefore studied the temporal course of MAP kinase activation (ERK1/2 and JNK) and subsequent EGR-1 and c-jun expression after experimental suture line injury with and without the condition of disturbed flow.  


End-to-side autogenous iliac anastomoses were created to produce disturbed non laminar flow in 17 New

Zealand White male rabbits (Group I).  Previously, flow visualization studies in a model of this end to side anastomosis have demonstrated regions of low shear and stagnation.  In 15 other animals an iliac arteriotomy of identical length to the anastomoses was primarily oversewn (Group II). Four sham operated animals served as uninjured controls.  Mean arterial flow and blood pressure were thereafter measured in the iliac segments. At 4 hours, 7 and 21 days, the anastomotic and suture line regions were harvested for Western and Northern blot analysis to quantitate ERK1/2 and JNK phosphorylation and Egr-1 and c-jun mRNA respectively. IT was measured at 21 days.  Mean flow and arterial pressure were similar for both groups (14 ml/min vs. 15 ml/min and 51 mmHg vs. 54 mmHg respectively). Compared to sham controls, there was a 2- fold increase in phosphorylated ERK1/2 and JNK at 4 hours in both groups. At 7 and 21 days, there was no further increase in phosphorylated ERK1/2 and JNK in Group II.  Conversely, a sustained increase in phosphorylated ERK1/2 and JNK was found in Group I (2- and 3.5-fold, and 3- and 4-fold, respectively).  Additionally, these values were also 2-fold greater compared to Group II. (p< 0.05) (Figure 14).  At 21 days, there was a significant increase in Egr-1 and c-jun mRNA in Group I compared to sham controls and Group II (4- and 8-fold, and 3- and 5-fold, respectively, p<0.05). Intima/media ratio was 4-fold greater in Group I than Group II (Figure 15). 

In contrast to suture line injury alone, persistent MAP kinase activation is observed at remote time points in end-to-side anastomoses where geometric transition, flow separation and oscillation prevail.  MAP kinase activation is associated with enhanced expression of transcription factors Egr-1 and c-jun.  These results suggest that hemodynamic forces at regions of disturbed flow play an important role in sustaining the molecular invents involved in IH beyond the initial injury stimulus.  This will be investigated in this model of VAIH.
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The following two studies represent peer reviewed publications and are cited in the progress report.  They are included in this preliminary findings section to emphasize our previous work into the in vivo vessel wall molecular responses to hemodynamic forces.

Increased Flow and Shear Stress Enhance In vivo Transforming Growth Factor beta1 (TGF(1) After Experimental Arterial Injury(4) 

TGF-(1 is an important cytokine involved in the regulation of vascular smooth muscle cell (VSMC) proliferation and extracellular matrix remodeling. We have previously demonstrated that high flow conditions inhibit experimental IH. We therefore hypothesized that such flow conditions may be associated with enhanced TGF-(1 after mural injury. 

The right common carotid artery (CCA) was balloon-injured in 54 New Zealand White male rabbits. Flow was thereafter preserved (normal flow, [NF]), reduced by partial outflow occlusion (low flow, [LF]) or increased by ligation of the left CCA (high flow, [HF]).  Four sham operated animals served as uninjured controls (U-control).  Mean blood flow and pressure in the right CCA were measured before and after flow modulation and prior to sacrifice (3, 7 and 14 days).  TGF-(1 mRNA and protein levels in the right CCA were determined using Northern and ELISA analysis at each time point.  At 7 and 14 days, IH was quantitated and the transmural localization of TGF-(1 was determined using immunohistochemical analysis.  Mean flow was reduced from 22( 1 to 10( 3 ml/min in the LF group and increased to 34( 2 ml/min in the HF group (P<0.001 respectively). Blood pressure was not different among the flow groups at all time points.  Wall shear stress (WSS) was markedly decreased in the LF group to 14(4 dyne/cm2 and increased in the HF group to 63(6 dyne/cm2 at 7 days when compared with U-controls (39(2 dyne/cm2) and the NF group (44( 7 dyne/ cm2),  (P < 0.001).  At 14 days, WSS was similar among the flow groups.  Intima/media ratio was 5- and 2-fold greater in the LF group than in the HF and NF group at 14 days.   TGF(1 mRNA levels and its active ligand were increased in the HF group by at least 2 and 3 fold respectively at 3 and 7 days when compared with U-controls and the LF group (P<0.05), but were not different among the flow groups at 14 days.  TGF(1 preferentially localized in the abluminal VSMCs of the HF arterial segments.  Flow and shear mediated release of TGF-(1 may therefore play a role in abrogating the proliferative and migratory response of VSMCs in the early stages following mural injury.   


Flow regulation of 72-kD collagenase IV (MMP-2) after experimental arterial injury (2)

MMP-2 plays a key role in basement membrane degradation and in the migration of proliferating smooth muscle cells after vascular injury.   We investigated whether flow conditions modulate in vivo MMP-2 transcription and activity in a model of injury induced intimal thickening. 

Flow was modulated in the injured and uninjured rabbit CCA into low and high groups, as well as a normal group in which flow was preserved. Northern analysis, gelatin-gel zymography and fluorometric assays were performed on day 7 to determine MMP-2 mRNA levels and activity in relation to flow and intimal thickening.  Mean flow was reduced from 21+1 ml/min to 7+1 ml/min (p<0.05) by outflow occlusion and increased to 31+2 (p<0.05) by ligation of the contralateral CCA.  Blood pressure was not different between the flow groups.  Hemodynamic parameters were similar for days 0 and 7 after flow modulation.  In the injured right CCA, there was a 186% increase in MMP-2 mRNA with normal flow (p<0.05), a 366% increase with low flow (p<0.005) and only a 38% increase with high flow (p>0.05) compared to the uninjured CCA with normal flow.  In the uninjured CCA, MMP-2 mRNA levels were increased by only 39% and 26% in the low and high flow groups respectively when compared to normal flow controls.  MMP-2 activity was increased with low flow regardless of injury. Intimal thickening was observed in only injured carotid segments subjected to low flow.

D. RESEARCH DESIGN AND METHODS

The primary objective of this proposal is to identify the principal biomechanical force in VAIH.  The driving hypothesis involves turbulence-induced vein wall vibration as the dominant regulating stimulus for VAIH. To test this hypothesis we will employ a realistic and reproducible model of VAIH in which the solid mechanical (vein wall vibration, vibration intensity, and the intraluminal pressure) and the fluid dynamic variables (blood flow rate) can be accurately and reproducibly measured in vivo at the defined regions of the anastomosis. The in vivo anastomotic hemodynamics and geometry will be simulated in analogous in vitro models and computational fluid dynamic grids to determine the point by point levels of turbulence intensity and wall shear stress levels. The distribution of tensile wall stress levels relative to the defined regions of interest will be calculated from pressure and morphometric measurements (lumen geometry and vein wall thickness at time points 0 and 12 weeks).

These studies will allow for the critical evaluation of the relative role(s) of the principal solid and fluid dynamic variables in regulating the intracellular signaling and transcriptional events underlying the initiation, stabilization or progression of VSMC proliferation, apoptosis, and eventually the degree of VAIH. In this model, we will further dissect the independent contribution of turbulence-induced wall vibration by inhibiting this mechanical stimulus using a non-compliant para-anastomotic PTFE cuff.

Research Plan for each Specific Aim

The rationale and method(s) required for each specific aim will be described below. Each method will be described in the sections following this research plan. The timeline for the entire experimental plan and the number of animals for each specific aim per study year is described after the methods.  The order of the Specific Aims has been altered here to follow the description order of the methods.

Specific Aim 1: 
 The objectives for Specific Aim 1 are to 1) create the aorta to iliac AV grafts and survive the animals for 12 weeks. The technique of graft implantation is described in Section I. 2) Measure the in vivo blood flow rate, pressure and vein wall vibration at 0 and 12 weeks using the techniques described in Section II. 3) Determine the in vivo anastomotic geometry acutely and at 12 weeks using the techniques described under "anastomotic geometry" under Section IV.  4) Quantitate the degree and regional distribution of VAIH using techniques described under section VI.

Specific Aim 2: 
To determine turbulence-induced vibration intensity and tensile wall stresses at anastomotic regions A, B and C utilizing pressure and histomorphometric measurements from Specific Aim 1, and computational solid mechanics. Model geometry and pressure conditions at both 0 and 12 weeks will be used to quantify the tensile stresses at the start and end of the study.  The techniques are described in Section III. 

Specific Aim 5: To determine turbulence intensity levels and wall shear stress levels at the well defined regions of the venous anastomoses (regions A, B and C), we will conduct in vitro flow modeling and computational fluid dynamics studies utilizing the in vivo geometry and flow from Specific Aim I.  Model geometry and flow conditions at both 0 and 12 weeks will be used to quantify the fluid dynamics forces at the start and end of the study.  Both LDA and CFD methods are used to insure the accuracy of the CFD solutions through validation with LDA measurements.  The techniques are described under Section IV. 

Specific Aim 4: The rationale of this aim is to discriminate between the effect of turbulence-induced vein wall vibration from that of the turbulent hemodynamic shear stress field on VAIH. We will therefore employ a para-anatomotic cuff to inhibit vein wall vibration at venous anastomoses subjected to turbulent flow.  Application of the cuff will reduce both vibration and vein wall tensile stress.  However, we will differentiate the importance of these two variables based on the results from the uncuffed regions of the venous anastmosis. The technique of cuff application is described in Section I. We will repeat techniques for Specific Aims 1, 2 and 5. 

Specific Aim 7: To evaluate the independent role of vein wall vibration intensity on intracellular signaling transduction pathways (ERK1/2, JNK, and p38) required for immediate early gene expression (Egr-1, c-jun and c-fos). A time course study will be conducted at 4 hours, 3 days, 1 week, 2 weeks, and 12 weeks in cuffed and uncuffed anastomoses. The onset, peak and decline of these molecular responses in relation to VSMC proliferation and apoptosis, and the eventual degree and distribution of VAIH will be evaluated. The techniques required for this aim are described in Section V and VI.
Specific Aims 3 and 6:
Data reduction and analysis; please refer to Section VIII.   

To accomplish these goals we will employ the following methods:

Section I. A realistic experimental model of VAIH which reflects the human AV graft experience.


Male miniature swine (25-30 kg) fed normal pig chow will be used for the study.  Anesthesia will be induced by intramuscular injection of ketamine hydrochloride (2.2 mg/kg), xylazine (2.2 mg/kg), telazol (4.4 mg/kg), and atropine (0.4 mg/kg) and will be maintained with 1-2.5% isoflurane via endotracheal intubation. To reduce the incidence of graft thrombosis, all animals will receive 80 mg of aspirin orally one day preoperatively and postoperatively for the duration of the time course selected. Heparin sulfate (100 IU/kg) will be administered intravenously 5 minutes prior to implantation of the infrarenal aorta to external iliac vein AV grafts to minimize perioperative graft thrombosis.  


a. Time Course of Animal Experiments


Animals will be killed by a lethal intravascular injection of sodium pentobarbital under general anesthesia at 4 hours, 3 days, 1, 4, and 12 weeks following intervention.  This time course has been selected as previous studies have shown that in a porcine IH model apoptotic cells were identified at 1 hour, with a maximal count at 6 hours, and declined to levels lower than controls at 14 days.  In contrast, PCNA staining was maximal at 3 days and lower than baseline levels at 28 days.  These time points also reflect the activity of MAP kinase in vivo, in which the maximal activity was found at 30 minutes and lasted for 6 hours, then declined at 14 days after injury in both rat and rabbit models.  The time course in this proposal is in concordance with such findings.  The 3 month time point is needed to determine the fate of the molecular and cellular responses in relation to the degree of intimal hyperplasia and to evaluate the long term effectiveness of para-anastomotic cuff application in inhibiting VAIH(112).  Housing and handling of animals will comply with “Principles of Laboratory Animal Care” and “Guide for the Care and Use of Laboratory Animals” (NIH publication # 80-23, revised 1985).

b. Technique of aorta to external iliac vein graft implantation


Using a retroperitoneal right flank incision the pareital peritoneum is reflected off the iliopsoas muscle. The distal infrarenal aorta and external iliac vein are dissected. The internal iliac vein is ligated at its confluence to create a relatively generous proximal outflow segment with no side branches such that the turbulent flow field properties are not influenced by convergence or mixing of blood flow. This will also allow for studying the effect of turbulent flow on vein wall vibration for several diameters beyond the anastomosis along what is a uniform straight venous segment.  


A 4-7mm externally reinforced PTFE graft is anastomosed proximally to the partially side clamped aorta in an end to side fashion using 6mm prolene. The graft is positioned in the retroperitoneal space using a loop configuration.  The external iliac vein is subsequently controlled with atraumatic clamps remote from the planned anastomotic site. A longitudinal venotomy is created using a #11 knife along the anterolateral aspect and extended to a length equal to 1.5 vein diameters. The 7mm end of the graft is trimmed to the length of the venotomy and anastomosed in an end-to-side fashion using 6/0 prolene suture. The aortic and venous clamps are then released after flushing any potential air or debris. Using a similar incision, the external iliac vein is exposed on the contralateral side and a venotomy of identical length is oversewn and represents the injury control for each animal. 

c. Technique of para-anastomotic cuff implantation


The cuff is designed from a PTFE graft segment and measures 3 times the length of the anastomosis or 4.5 vein diameters (Figure 18). This length was selected to inhibit vein wall vibration at least 1.5 vein diameters beyond the anastomosis proximally and distally. The vein diameter is measured using electronic calipers (Electronic digimatic caliper, Mitutoyo Inc, Japan) and a corresponding size PTFE graft is selected and cut to the appropriate length. The graft is cut longitudinally, positioned around the external iliac vein and its edges resutured with 6/0 prolene to allow for a snug fit around the vein . The cuff is then rotated so that its suture line rests along the posterior vein wall.  A longitidinal graftotomy is then performed for the desired anastomotic distance exposing the underlying vein wall where an identical length venotomy is created (1.5 vein diameters). The venous anastomosis is then completed as described above incorporating the venotomy and graftotomy edges.    

Section II. High resolution techniques in the measurement of the various in vivo hemodynamics (flow, pressure), and vein wall vibration. 

a. Determine blood flow rate within the graft and in the distal and proximal outlet venous segments

Using transit time ultrasound (Transonic Inc., model T201), graft blood flow will be determined from measurements of the flow in the femoral artery proximal and distal to the arterial anastomosis.


b. Determine pressure at well-defined regions (see Figure 3) within the graft venous anastomosis and the juxtaanastomotic vein outflow tract to asses the independent contribution of tensile wall stress (mean and fluctuating) in VAIH. 

Intraluminal blood pressure will be measured using a high fidelity pressure measurement catheter (Millar Instruments Inc., Micro-tip Catheter Transducer, Model SPR-524, 3F) introduced via the distal venous segment (iliac vein) will be employed after appropriate calibration. The catheter will be advanced in 5 mm increments from distal to proximal to determine intraluminal pressure at the defined anastomotic regions (see Figure 3b).

c. At these well-defined regions we will utilize in vivo laser Doppler vibrometry to measure regional venous wall vibration velocity associated with the level of turbulence intensity and pressure fluctuation.

Passive measurements of vein surface motion (vibration) will be made using laser Doppler vibrometry (LDV) on the AV graft vein anastomosis of the porcine animal model.  A small piece of adhesive reflective tape (1x1mm) will be attached to the vein at each measurement location to increase the amount of reflected laser light to improve signal-to-noise levels.  The measurements shown in the preliminary results section (Figure 4c) demonstrate the exquisite sensitivity of this instrument.  Similar measurements on a soft tissue phantom by the subcontract Co-I Royston are detailed in the archival literature.(103)  The measured velocity levels were several orders of magnitude larger than the threshold sensitivity of the CLV-800-FF/1000 LDV (0.3 (m/s). Note that the LDV is a velocity based measurement device; hence, at higher frequencies such as those present with turbulence, the device has improved sensitivity relative to a displacement measurement device. Flow, pressure and vein wall vibration velocity will be simultaneously recorded at a sample rate of 2000 Hz for 10 seconds using a digital acquisition system (Lab Master DMA; Scientific Solutions, Inc., Salon, OH).  Due to the Nyquist criterion and necessary signal conditioning, this yields accurate measurements of vibratory motion up to 800 Hz with a frequency resolution of 0.1 Hz.

Section III. Vein wall vibration intensity and tensile wall stress determinations 

Tensile wall stress will be calculated from the pressure and luminal diameter, and wall thickness measurements obtained at time point 0 and 12 weeks using histomorphometric techniques outlined in Section VI.   Calculation of tensile vein wall stress will be accomplished using a commercially available finite element code (ANSYS Version 5.5 available at UIC via site license).  The vein wall will be modeled as a layered visco-elastic material with properties taken from the literature.  The ANSYS model will utilize the same computational mesh created by the automated mesh development code (developed by UIC and ANL) that is based on the porcine AV graft vein anastomosis shown in Figure 19.  (That 3-D geometry was obtained from spiral CT measurements of a silicon cast of the anastomosis, see Figure 8.)  The input excitation to the dynamic ANSYS simulation will be the in vivo measured intraluminal pressure distribution.  The output will be the resulting vibratory motion and tensile stress levels throughout the venous anastomosis.  This dynamic simulation will yield both time and frequency-based results valid up through 800 Hz.

Section IV. Since turbulence intensity and wall shear stress at the venous anastomoses are difficult to determine in vivo, in vitro modeling and computational fluid dynamics under simulated in vivo hemodynamics and geometry will be necessary

a. Anastomotic Geometry

Our group has developed software that automates the extraction of the anastomosis 3D geometry from medical imaging modalities such as magnetic resonance imaging (MR) and computerized tomography (CT).  Our lab has three years of experience constructing blood vessel physical models with a rapid prototype (RP) machine (Stratasys FDM1650) based on the geometry measurements obtained from MR or CT.(108)  Silicone  plastic casts of the venous anastomosis geometry will be imaged using a spiral CT scanner (high speed CTI GE) with an axial spacing of 1 mm and in plane field of view of 5x5cm.  The size of the images is 256x256 pixels yielding a pixel size of 200x200 microns.  The images are transferred to a PC workstation for imaging processing.  A commercially available software package (Mimics and CTM, Materialise USA) is used to view the images and obtain the 3D-lumen geometry.  Edge detection by thresholding was used to determine the lumen contour for each image.  Images with artifacts were refined manually pixel by pixel.  A smoothing technique is used to remove irregularities present from the pixellization of the model geometry.  The example of the final 3D lumen geometry is shown in Figure 8.  A rapid prototype machine (Stratasys FDM1650) is then used to create the lumen geometry out of wax.  This wax model is mounted in a box and Sylgard Elastomer (Dow Corning) is used to create the flow model.  The final upscaled flow model can then be put into a flow circuit to measure velocity by laser Doppler anemometry.  This novel technique of model making has been accepted for publication in the Journal of Biomechanical Engineering.(108)
b. Fluid Flow Phantoms

The in vitro fluid dynamic studies will be conducted at the University of Illinois at Chicago by standard techniques which have been used by that group before.  The Sylgard models will be placed in a flow circuit under pulsatile flow conditions that correspond to that measured in vivo. Dynamic similarity between the original venous anastomosis and the scaled-up model will be ensured by maintaining physiologic Reynolds and Womersley numbers.  The fluid to be employed is a mixture of 42% water and 58% glycerin by weight and is chosen to match the index of refraction of the Sylgard model (n=1.41).  A 1/3 HP centrifugal pump will provide the pressure head to drive the flow, and a control valve (Moog Inc. Model D661-X) will be used to regulate the flow circuit resistance as a function of time.  The valve will be controlled by an IBM compatible PC, which has a digital-to-analog converter (Data Translation Model DT3001).   An ultrasonic transit-time flow meter and two probes (Transonic Systems Inc., Model T206) will be used to monitor the flow rate as a function of time. 

c. Laser Doppler Anemometry (LDA)

Velocity measurements will be made using 2-D argon-ion LDA system (Model 5500A, Dantec Electronics) to determine the turbulence intensity and wall shear stress distribution.  Software for data acquisition, analysis, and presentation is provided and driven by an IBM compatible PC.  Two components of velocity will be measured inside each venous anastomosis model along lines parallel and perpendicular to the midplane. The LDA Doppler bursts will be recorded during 20 cycles.  Velocity data will be interpolated between random bursts to provide evenly spaced data and then ensemble averaged.  The ensemble-averaged values will be subtracted from each instantaneous value to determine fluctuation velocities for each velocity component.  The root-mean-square (RMS) of the fluctuating velocity (urms) will be computed where the u-velocity is in the direction parallel to the axis of the vein.  Measurements will be made at the same locations as the pressure and vibration measurements as shown in Figure 3b as well as additional positions in a similar fashion to the results presented in Figures 10 and 11.  The turbulence intensity at each cross-section will be recorded as the maximum value and mean value of urms.  Stagnation points and regions of flow separation will also be identified along with the distribution of wall shear stress.

d. Computational Fluid Dynamics (CFD)

Computational fluid dynamics (CFD) studies will be conducted in order to obtain more detailed information about the flow field than is possible with experimental methods.  In particular, experimental measurement of wall shear stress is difficult under transitional/turbulent flow conditions and thus, the CFD calculations will provide the wall shear stress levels as well as wall shear stress gradients.  Comparison of velocity and pressure distribution from concurrent experiments will serve to validate the CFD results.  CFD calculations will also provide a measure of turbulence intensity (urms) and Reynolds stresses.  

The software for development of flow models described previously is also used to automatically create our 

computational mesh based on the silicon cast of the anastomotic lumen.  An example mesh is shown in Figure 19.  Our automated meshing has been coupled with the spectral element code developed at Argonne National Laboratory that is designed specifically or simulation of transitional and turbulent flows in complex geometries.   The code is based on the spectral element method, which represents velocity and pressure in terms of high-order polynomials within each of the computational mesh cells depicted in Figure 19.  The polynomials can be differentiated to compute derived quantities such as wall shear stress, and provide for accurate high Reynolds number solutions with minimal numerical dissipation or dispersion. This code has been applied to a number of unsteady flows, including turbulent convection in atmospheric models, Rayleigh-Taylor instabilities, forced convection in heat exchanger passages, and transitional boundary flows triggered by roughness elements.(105)  Turbulence intensity as each of the defined regions will be evaluated as the spatial mean value of velocity r.m.s as a function of time during the cardiac cycle.  Thus, each region will be associated with a weighted average of the velocity fluctuations over the cross-section area and length that corresponds to that region.  Detailed distributions will also be evaluated to understand the focal nature of the turbulent flow field.  The distribution of wall shear stress gradient will also be examined in the CFD model.

Flow rate will be imposed at the graft inlet and vein inlet (DVS) by specifying the velocity distribution as fully developed unsteady flow.  Stress free boundary conditions will be imposed at the proximal venous segment.  Blood will be approximated as a Newtonian fluid since the non-Newtonian nature of blood is mainly at low shear rates.  The venous anastomosis will be assumed to be rigid since the effects of wall elasticity will not affect the results significantly (113).  Calculations will be made during three cardiac cycles to remove startup effects.  The solution will be performed on the state-of-the-art parallel computer system at the Argonne National Laboratory.  The software is designed to run on this parallel architecture to maximize computational speed.  These high-speed computer systems will allow unsteady solutions of the blood flow field to be computed within a much shorter period of time than was previously possible.
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I. Validation of Computational Fluid Dynamics for Transitional Flows

Further studies have been conducted using the spectral element code described in the proposal.  Recently, we have completed the simulation for Reynolds number 1820 which is representative of the transitional flow field expected within the venous anastomosis of the porcine AV graft.  This simulation was in good agreement with the experimental data for mean velocity vectors as well as turbulence quantities (root mean square of the velocity and Reynolds stresses).  These results are detailed in a conference paper submitted to the International Mechanical Engineering Congress and Exposition 2000 (see Figures 1, 2, 3, and 4 in attached paper). A movie has been created of these results that shows the unsteady nature of this flow field under steady inflow conditions.  The unsteady flow phenomenon is visualized by plotting the spanwise distribution of vorticity in the flow.  This movie can be accessed via the World Wide Web at:   http://biofluids.me.uic.edu/~frank/webpage/title.html.  These results are in addition to the Preliminary Results for Specific Aim 5 (page 55) described in the proposal and demonstrate the capabilities of the spectral element code to simulate transitional and turbulent flow in a complex three-dimensional geometry.

Mesh Development for Computational Solid Mechanics

A second conference paper has been accepted to the World Congress on Medical Physics and Bioengineering 2000 by our group that details the methodology for the automatic mesh generation technique (see attached paper). Recently, this mesh development technique has been extended for the solid mechanical simulations as shown in the Figure A-3.  This mesh will be imported into the finite element code (ANSYS) and used to compute the vibratory motion and tensile stress level throughout the venous anastomosis as described in Section III on page 64 of the proposal.
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Figure A-3. Three views of the computational mesh for vein wall solid mechanic simulations.  This mesh is based on the porcine arteriovenous graft geometry taken from computerized tomography scans as described in the proposal on page 54 and Figure 8.  This mesh is the computational solid mechanical equivalent of the computation fluid dynamics mesh shown in the proposal (Figure 19, page 65).


These results further illustrate the computational capabilities within our group. We have solved the challenging problem of converting computerized tomography scans of a plastic cast (taken from a porcine AV graft) to a computational-mesh for both the fluid dynamics simulations (Figure 19 of proposal) and solid mechanical simulations (Figure A-3).  Further, we have demonstrated the capabilities of our CFD solver by comparing with previous taken experimental data on a AV graft geometry.  This demonstrates our group ability to determine the proposed hemodynamic and solid mechanic parameters described in Specific Aims 2 and 5.  

Section V. Expertise in the assessment of intracellular mechanotransduction signaling pathway activation (ERK1/2, JNK and p38), and gene expression for Egr-1, c-jun, c-fos. 

a. Determine the levels and activity of intracellular phosphorylated and unphosphorylated ERK1/2 and SAPKs (JNK) with Western immunobloting analysis and kinase assays

The harvested anastomotic vein segment which includes the anastomotic sinus, the proximal and distal outflow (5 centimeters beyond the anastomosis) will be examined for the following molecular analyses.  Regional quantitative variation will be correlated with the fluid dynamic, tensile stress, and wall motion variables.

Protein extraction: 

Frozen tissue will be homogenized with a Polytron homogenizer PCU-2-110 (Kinematica) on ice in buffer A containing 20 mM Hepes (pH 7.4) 50 mM (-glycerophosphate, 2 mM EDTA, 1 mM DTT, 1mM Na3VO4, 1% Triton X-100, 10% Glycerol, 2 (M leupeptin, 400 (M PMSF, and 10 U/ml aprotinin.  The homogenate will be incubated on ice for 15 min, and centrifuged at 17000g for 30 min.  The supernatant will be harvested and protein concentration will be measured by lawry method.

Western blot analysis 

Western blot analysis will be performed to measure protein levels of ERK1/2 and JNK in the extracts of porcine grafts.  The protein extracts (40 (g/lane) will be heated at 950 C for 5 minutes in sample buffer (94 mM phosphate buffer pH 7.0, 1% SDS, 2 M urea and 3% (-ME), then electrophoresis on 10% SDS-PAGE under reducing condition.  The gels will be then placed onto Immobilon-P sheets (Millipore, Bedford, MA) that are previously wetted with a buffer containing 48 mM Tris, 39 mM glycine, pH 8.9. Blotting is performed on a horizontal semi-dry electroblot apparatus (Phamacia-LKB, Piscataway, NJ) at 0.8-1 mA/cm2 for 45 min at room temperature. The blots will be blocked in PBS containing 0.3% Tween 20 (PBST) and 5% non-fat dry milk followed by incubation with the monoclonal antibody against phosphorylated ERK1/2 or JNK1, and polyclonal antibody against ERK1/2 or JNK1 (Santa Cruz Biochem., Santa Cruz, CA).  The blots will be then washed and incubated with anti-mouse or rabbit horseradish peroxidase-labeled IgG. Subsequently, the blots are developed with the ECL Western Detection Reagent (Amersham) according to the manufacturer’s instruction. The blots will be stripped in PBST (pH 2.5-2.8) for 1 hour; and will be labeled with a monoclonal antibody againet (-actin (Sigma); then developed as described above. Graphs of blots will be quantified and normalized to the levels of actin by scanning densitometry (Bio-Rad 620 scanner, Richmond, CA) of graphs.

Kinase assays

MAP kinase activity will be determined by Kinase Assay Kit (New England BioLabs Inc).  The manufacture’s instruction will be followed.  Briefly, protein will be extracted in ice cold lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM (-Glycerolphosphate, 1 mM Na3VO4, 1 (g/ml Leupeptin, plus 1 mM PMSF) and measured by Lawry Assay. Equal amount protein (200 (g in 200 (l lysis buffer) and 15 (l immobilized phospho-p44/42 MAP Kinase Manoclonal Antibody will be mixed and incubated with gentle rocking overnight at 40 C.  Pellets will be washed twice with lysis buffer and twice with kinase buffer (25 mM Tris, pH 7.5, 5 mM (-Glycerolphosphate, 2 mM DTT, 0.1 mM Na3VO4, 10 mM MgCl2), then will be suspended in 50 (l kinase buffer supplemented with 200 (M ATP and 2 (g Elk-1 fusion protein.  Following 30 minutes incubation at 300 C, reaction will be terminated with 25 (l 3X SDS sample buffer and boiled for 5 minutes.  The samples will be loaded (30 (l) on SDS-PAGE gel. After transfer, the membrane will be incubated with blocking buffer for 1 hour, then incubated with phospho- Elk-1 antibody (1:1000 dilution) overnight at 40 C.  The membrane will be washed and incubated with HRP-conjugated anti-rabbit secondary antibody and detected by LumiGLO solution. 

The activity of JNK and p38 will be also determined using the assay kit supplied by New England BioLabs. 

b. Egr-1, c-jun, and c-fos mRNA and protein levels

Northern blot analysis 

Northern blot analysis will be performed to determine Egr-1, c-fos, and c-jun mRNA levels.  Total RNA will be isolated from porcine veins by homogenization in 4 mol/l guanidium thiocyanate containing-mercaptoethanol and extraction with phenol/chloroform.  RNA will be  precipitated at -70( with isopropanol and redissolved in distilled water containing 0.1% diethylpyrocarbonate.  After denaturing with formamide and formaldehyde, 15 (g RNA (as measured at A260) from each sample will be electrophoresed in a 1.1% agarose gel.  After electrophoresis, RNA will be transferred to a nylon filter by capillary blotting for 16 h and cross-linked by ultraviolet light.  The filter will be then prehybridized in 50% formamide, 1mol/l NaCl, 10 mmol/l NaH2PO4, 5 x Denhardt’s solution, 1% SDS, and 250 (g/ml salmon sperm DNA at 420 Cfor 4 h.  The cDNA probes for Egr-1, c-jun, and cfos (ATCC) will be labeled with [(-32P]-CTP using the random hexamer priming method (Promega, Madison, WI), and will be added into hybridization buffer (1x106 cpm/ml of the 32P-labeled probe).  Incubation will be continued overnight at 420 C.  The filter will be washed twice with 2 x SSC and 0.1% SDS three 

times for 5 min at room temperature followed by two washes in 0.2 x SSC and 0.1% SDS for 20 min in each at 500C.  Filter will be subsequently exposed to X-ray film at -700C for 72 h.  Autoradiographic bands after Northern blotting will be quantitated using scanning densitometry (Bio-Rad 620 scanner, Richmond, CA). To correct for differences in RNA loading, the density of the 18S ribosomal RNA band on the photographic negative of the ethidium-bromide stained gel will be also determined, and the relative densities of the probe and the ribosomal RNA band will be compared.

Western blot analysis

Western blot analysis will be performed to measure protein levels of Egr-1, c-jun and cfos in the extracts of porcine grafts with specific antibody against Egr-1, c-jun, and cfos (Santa Cruz Biochem., Santa Cruz, CA). The method is described above.

Section VI. Quantitative assessment of vein wall VSMC proliferation and apoptosis, and degree and localization of regional VAIH

a. Quantitative morphometry of VAIH

The chronic study provides the distribution of venous anastomotic intimal hyperplasia (VAIH) at six and twelve weeks. The thickness of VAIH will be obtained from histological slides taken at 100-micrometer intervals.  This will provide detailed information about the 3-D distribution of VAIH along the axis of the vein, as well as circumferentially, as shown in Figure 20.  VAIH will be averaged over a 90º angle in the four quadrants to obtain a measurement of VAIH on the toe side, floor side, and side-walls of the vein for each axial slice. 
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Figure 20.  The distribution of VAIH will be obtained from axial sections at 100-micrometer intervals along the venous anatomosis (LEFT).  The circumferential distribution of VAIH will also be determined from each histological slice.  Circumferential variation will be quantified as values on the toe side, floor side, and sidewalls of the vein by averaging over a 90º angle (RIGHT).

Immediately after sacrifice the animals will be perfusion fixed at 100 mmHg with 10% neutral buffered formalin. The AV graft and vein will be excised, cut into eight 3-5 mm segments, processed in a Tissue Tek II tissue processor, and embedded in paraffin. Each segment will be sectioned at 5 (m, and stained with hematoxylin and eosin and Wiegert von Gieson connective tissue stain for qualitative review with light microscopy.  Sections will be scanned from the microscope (at 100X magnification) using video computer imaging (ImageProPlus).  The contours of the lumen, the internal elastic lamina and the outer limit of the media will be traced.  Intima and media area and thickness, lumen radius and percent stenosis will be calculated for each section using computer assisted morphometry.  Graft and suture lines will be used as reference points in the X-Y-Z axis for three-dimensional reconstruction.as indicated in Section IV in the research methods. VSMC proliferation and apoptosis at 100 (m intervals using the techniques below. 

b. Quantitation of VSMC proliferation

Five (m cross-sections will be deparaffinized and dehydrated through xylene and graded ethanol and washed with ddH2O.  The tissue section will be quenched with 0.6% H2O2 in methanol for 20 min, and blocked with 10% bovine serum albumin containing 1% Tween 20 in PBS (PBS-T) for 1 hours.  Sections will be incubated with primary antibody (monoclonal anti-PCNA, Novocastra Laboratories, Newcastle, U.K.) diluted 1:100 at 4oC overnight. After washing with PBST, the sections will be incubated with an anti-mouse IgG (Amersham) diluted 1: 200 at room temperature for 30 min.  A standard immunoperoxidase detection system (Vectastain Elite ABC, Vector Laboratories Inc., Burlingame, CA) will be used with 3,3-diaminobenzidine (DAB) as substrate.  The sections will be counterstained with Harris’ hematoxylin, then mounted. For a negative control, the sections will be incubated in PBS without the primary antibody. 
The sections will be scanned at 400X magnification.  Positive cells in the media and intima will be counted throughout the entire circumference of each histologic section. The degree of proliferation will be calculated by dividing the number of positively stained nuclei by the sum of the medial and intimal cross-sectional areas.

c. In situ cell death (apoptosis) detection


In situ cell apoptosis will be examined by enzymatic labeling of apoptsis induced DNA strand breaks, described as TUNEL (TdT-mediated dUTP nick end labeling) from Boehringer Mannheim, Germany. (In situ cell death detection kit)  After dewax and rehydrate, the sections will be digested by 2 (g/ml proteinase K in 10 mM Tris pH8 for 30 minutes at 370 C followed by quench in 0.3% H2O2 in methanol for 1 hour at room temperature.  Rinsing slides with PBS, The sections will be incubated in permeabilisation solution (0.1% Triton x-100 in 0.1% sodium citrate) for 2 min on ice.  This will be followed by incubation with TUNEL reaction mixture  consisting of TdT (terminal deoxynucleotide transferase) and nucleotide mixture for 60 min at 370 C.  The slides will be rinsed 3 times with PBS and then will be incubated converter-POD (anti-fluorescein antibody conjugated with horse-radish peroxidase(POD) for 30 min at 370 C.  After 3 times washing with PBS, DAB-substrate solution will be applied to the sections for 10 min.  The sections will be counterstained with Harris’ hematoxylin, then mounted.  The amount of apoptosis will be determined as with PCNA analysis.

Section VIII. Finally, a strategy to correlate the independent solid and fluid variables with the dependent variables or end points, namely the molecular, VSMC proliferation / apoptosis, and the degree and localization of VAIH


Experimental Studies

We will correlate the measured hemodynamic parameters with the molecular, cellular, and structural events in the anastomotic vein wall.  Because of the generous size of these porcine anastomoses, it will be possible to perform a post hoc qualitative and quantitative analysis of these events in relation to regional distribution and magnitude of vein wall vibration intensity tensile wall stresses, turbulence intensity, WSS, and its gradient as determined in the in vitro flow modeling and computational fluid and solid dynamic studies.


At each time point and subsequent to the various interventions, the following in vivo data will be obtained:


Independent variables: 1) Turbulence intensity, 2) WSS, 3) Graft and venous flow rate, 4) Pressure, 5) Vein wall vibration intensity 

Dependent variables: 1) MAP kinase activation, 2) Egr-1, c-jun, and c-fos gene expression, 3) PCNA and apoptosis counts, 4) Intima to media area and thickness ratio, % lumen stenosis  5) Graft occlusion due to IH.  The relationship between the independent and dependent variables will be statistically analyzed by univariate and multivariate regressions.  Comparison between the various biologic data at the different anastomotic regions A, B, and C will be performed by T-tests and ANOVAS.  The null hypotheses to be tested are that the spatial variation of the in vivo data is independent of the spatial variation and magnitude of determined biomechanical variables 

New Section…. From Whitaker ???

We will correlate the measured biomechanical parameters (independent variables) with the molecular events in the vein wall at the time of sacrifice (dependent variables). 

Acute Studies Independent variables: Vein wall vibration, graft and venous flow rate, pressure. Dependent variables: ERK1/2 

Chronic Study Independent variables: Vein wall vibration, WSS, WSS spatial gradient, graft and venous flow rate, pressure, vein wall tensile stress. Dependent variable: Intimal thickness (VAIH)

Statistical Methods We will use a generalized estimation equation (GEE) model (65) to examine the effect of vibration, WSS and WSS gradient on the biological markers while controlling for flow rate and pressure.  The GEE model is a population-averaged model for repeated measures on the same subject. The final output from the GEE model includes regression coefficients, model-based and robust estimates for the variance of the estimates, z-statistics and p-values (based on asymptotic normality).


For each time point in the acute studies, we need eight grafts to detect an effect of 1.0 standard deviation away from zero with 80% power using a two-sided test at the 0.05 significance level.  We will use 10 grafts for the MAPK activation studies and 10 grafts for the immunohistochemical studies as there is a possibility of graft failure.  For the chronic studies, we expect a graft failure rate of 10-20%.  Therefore, we need 12 grafts to be sure to have eight grafts at the time of sacrifice.  The data analysis will be conducted in collaboration with Professor Karrison, Ph.D. and Ms. Ming Wen, M.S. in the Biostatistic Consulting Laboratory at The University of Chicago.

Time Table of Biological Studies

The large number (n=196) of animals requested in this proposal reflect 1) the necessity to process the harvested venous wall differently for the molecular analyses (fresh frozen tissue for northern, western and kinase assays) and for the histomorphometric / immunohistochemical assessments (pressure perfusion fixed vein tissue), 2) the proposed time course, 3) number of animals in each study group (uncuffed vs cuffed) needed to achieve statistical significance, 4) anticipated animal mortality.

	
	
	
	        Biological Studies
	
	

	
	Time
	Molecular Biology
	
	        Histology
	Total

	
	 course
	W/o cuff
	With cuff
	
	W/o cuff
	With cuff
	

	Year 1
	4h
	5
	5
	
	0
	0
	14

	
	3d
	5
	5
	
	7
	7
	28

	Total
	
	14
	14
	
	7
	7
	42

	
	
	
	
	
	
	
	

	Year 2
	1w
	7
	7
	
	7
	7
	28

	
	2w
	7
	7
	
	7
	7
	28

	Total
	
	14
	14
	
	14
	14
	56

	
	
	
	
	
	
	
	

	Year 3
	12w
	7
	7
	
	7
	7
	28

	
	
	Inhibitor
	Vehicle
	
	Inhibitor
	Vehicle
	

	
	4h
	6
	4
	
	0
	0
	10

	
	3d
	
	
	
	6
	4
	10

	
	1w
	6
	4
	
	0
	0
	10

	Total
	
	19
	15
	
	19
	11
	58

	
	
	
	
	
	
	
	

	Year 4
	2w
	0
	0
	
	10
	5
	15

	
	12w
	0
	0
	
	10
	5
	15

	Total
	
	6
	4
	
	16
	9
	35


Time Table of Biomechanical Studies

Simulations to be performed include in vitro flow modeling, computation fluid dynamics, and computational solid mechanics.  We anticipate that the variance in anastomotic flow geometries, flow waveforms, and pressures to be relatively small since the animal model is well controlled and only one standard geometry will be employed.  However, we do expect a variance of 20-30% and 10-20% in vein diameter and mean flow rate, respectively.  Therefore, multiple simulations will be performed to ensure that we have biomechanical force data that is representative of each animal at time points at 0 and 12 weeks.  The multiple fluid dynamics simulations will consist of 4 geometries (2 at time=0 and 2 at time=12wks) under 2-4 flow waveforms.  The multiple solid mechanical simulations will consist of these same 4 geometries under 2-4 different pressure conditions.  The multiple simulations are necessary to ensure that the biological data is correlated with accurate biomechanical variables.  

Strategy for Biomechanical Studies:

A. Obtain the precise three-dimensional geometry of the anastomosis from silicone cast of anastomotic geometry and spiral CT scanning.

B. Measure the blood flow rate along with region measurements of intraluminal pressure and vein wall vibration in vivo.
C. Construct in vitro model of the venous anastomosis based on the CT images for laser Doppler anemometry measurements.

D. Construct the computational grid of the venous anastomosis based on the CT images for the computational fluid dynamics and solid mechanics modeling.

E. Measure the three-dimensional unsteady velocity field and turbulence intensity within the in vitro model under 2-4 different flow conditions that represent the transitional/turbulent in vivo flow environment.

F. Compute the three-dimensional unsteady velocity field, turbulence intensity and wall shear stress distribution for the computational grid under 2-4 different flow conditions that represent the transitional/turbulent in vivo flow environment.

G. Compute the three-dimensional unsteady tensile stress distribution in the vein wall in the computational grid under 2-4 pressure conditions using a commercially available code that employs the finite element method.

Year 1

A-from the uncuffed and cuffed acute studies (n=5)

B-all animals

C & E-for the 1st of 4 in vitro flow models (t=0)

D & F-for the 1st of 4 computational grids (t=0)

G-for the 1st of 4 computational grids (t=0)

Year 2

B-all animals

continue C & E-for 2nd of 4 in vitro flow models (t=0)

continue D & F-for 2nd of 4 computational grids (t=0)

continue G-for 2nd of 4 computational grids (t=0)


Year 3

A-from the uncuffed chronic studies (n=5)

B-all animals

C & E-for the 3rd of 4 in vitro flow models (t=12wks)

D & F-for the 3rd of 4 computational grids (t=12wks)

G-for the 3rd of 4 computational grids (t=12wks)

Year 4

A-from the cuffed chronic studies (n=5)

B-all animals

continue C & E-for 4th of 4 in vitro models (t=12wks)

continue D & F-for 4th of 4 CFD grids (t=12wks)

continue G-for 4th of 4 CFD grids (t=12wks)

Anticipated Results


The ultimate objective of this proposal is to elucidate for the first time using experimental in vivo studies the role of biomechanical forces in AV graft failure from VAIH.  Over the past few years we have amassed sufficient data regarding the role of fluid dynamic forces in arterial wall intimal reactions at regions of geometric transition and after arterial injury.  Armed with this knowledge, expertise, and strong collaborators, it is our goal to resolve unanswered questions regarding the independent role(s) of solid and fluid dynamics forces in the induction and progression or stabilization of VAIH.  We feel particularly privileged to integrate the basic scientific and clinical investigations into a single, cohesive proposal.  It is our conviction that results from these investigations will be seminal in modifying the practice and art of hemodialysis AV access.  We anticipate that a new paradigm in the design, prevention, and management of VAIH will evolve because of this unique and concerted multidisciplinary effort.  This will have a significant and positive impact on the quality of care provided to patients with end stage renal disease and on the economics of this form of specialized health care delivery. 

Potential Problems

Animal Model


While we possess long-standing expertise in animal anesthesia and postoperative care, we anticipate potential complications in approximately 10-15% of procedures.  These include thrombosis, wound infections, and systemic infections. This has been accounted for in the number of animals requested for the proposed experiments.

Molecular Studies

We are confident that the harvested vein tissue will provide sufficient protein and total mRNA for the proposed studies.  We are prepared to utilize RT-PCR if transcription levels of the immediate early genes are low.

Flow Modeling

a) The vibration measurements are taken directly from the exposed vein after the surgical construction of the AV graft.  This vibration is expected to be different from that when the vein is not exposed (i.e. when tissue surrounds the vein).    The precise relationship of this difference as a function of vibration amplitude and frequency will be determined based on the finite element studies discussed in Section III.  Specifically, said studies will be conducted with the vein model in vacuum and in a viscoelastic continuum with nominal physical properties for soft biological tissue.

b) Geometric variability of the AV graft in the animal model due to differences in surgical technique and vein sizes.  We will have the precise 3D geometry for 15 animals and photographs of all animals studies.  We are prepared to create additional flow models or computation grids if deemed necessary. 

E. HUMAN SUBJECTS

N/A

F. VERTEBRATE ANIMALS

1. Male miniature swine (25-30 kg, age 4-6 months) fed normal pig chow will be used for the study.  Either a standard 4 by 7 mm tapered PTFE graft will be interposed in an end to side manner between the infrarenal aorta and external iliac vein on the right side in a loop configuration. 

2. This species is a standard animal model which has previously been used in our facilities. The vessels are of such dimension as to allow the appropriate operative procedures and physical measurements to be taken and simulate the human in vivo conditions. 

3. The animals will receive postoperative care by experienced veterinary staff within the A.J. Carlson Animal Resource Center located within the medical center.  This facility is equipped with state-of-the-art operating and recovery rooms.

4. Postoperative analgesia using Buprenex 0.2 mg/Kg IM.  

5. Euthanasia will be employed using a barbiturate overdose (50-75 mg/kg) in selected instances.  This method is consistent with the recommendations of the Panel on Euthanasia of the American Veterinary Society.
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Figure 5.  Histologic sections  of normal and anastomotic vein at region B. Weigert Von Geison preparation for connective tissue elements; elastin fibers (black) and collagen (red).  Magnification 6X. IEL: Internal elastic lamina.
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Figure 9.  VAIH without (A) and with cuff (B) application. Sections stained using Weigert Von Geison method. Magnification X 25. Note compression of the adventitia by the PTFE cuff (B). There was a 3 fold reduction of VAIH in the cuffed vs the uncuffed anastomoses. IEL: Internal elastic lamina. Adv: Adventitia. Lower panels represent ( actin staining of VSMCs, which were the predominant cell type in VAIH.
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Figure 13.  MAP kinase assay (top panel) and Western blot assay (center and bottom panels) for ERK1/2 activity and phosphorylation from different regions (A and B) of anastomotic vein and normal control vein (NV). The bands of (-Actin indicate the loading conditions.
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Figure 14. Western blot analysis for phosphorylation of ERK1/2 and JNK in control normal iliac artery (IA),  suture line (Group I), and anastomotic iliac arteries (Group II). Phosphorylated ERK1/2 (pERK1/2) and JNK (pJNK) was significantly increased in Group II 


at 3 weeks compared with IA and Group I. ( Actin bands indicate loading conditions.





Figure 15.  Northern blot analysis for Egr -1 and c-Jun  mRNA levels in control iliac artery (IA), suture line (Group I) and anastomotic iliac arteries. Ethidium bromide staining of 18S rRNA bands indicate loading conditions.  Both Egr -1 and c-Jun mRNA expressions were markedly elevated at 21 days in Group II compared with IA and Group I.























Figure 8.  Three-dimensional reconstruction of the vein anastomosis geometry based on the spiral CT of a silicone cast and a computational mesh created by the automated mesh development code (developed by UIC and ANL). 
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Figure 19.  Computational mesh created by the automated mesh development code (developed by UIC and ANL).  This mesh was obtained from the spiral CT measurements of the porcine AV graft vein anastomosis geometry shown in Figure 8.
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Figure A-2.  PCNA immunohistochemical staining in anastomotic vein (B region) from control and PD98059 treated venous anastomoses at 1 week after arteriovenous graft implantation .(magnification X 100)





Figure A-1.  MAP kinase assay (top panel) and Western blot assay (center and bottom panels) for ERK1/2 activity and phosphorylation from different regions (A and B) of anastomotic vein in vehicle and PD98059 animals. The bands of (-Actin indicate the loading conditions.
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