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Results: 

Frank-plot all vibration data nicely for publication 

Discussion: 

     ERK1/2 protein is expressed in E.C. to a greater degree than in SMC and inflammatory cells. 

     Staining intensity is greater in region A than B 

     VAIH is more in region A 

Introduction

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)  

We have developed a porcine model of VAIH in order to investigate the role of turbulence induced vein wall vibration in the activation of the mechaniotransduction patheway  ERK1/2 and key MAP kinases involved in regulating nuclear transduction and VAIH.  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.

We determined levels of solid and fluid dynamic variables at the well defined regions of the AV graft venous anastomotic. We used a novel technique to measure in vivo vein wall vibration along with intraluminal pressure. At these distinct regions the corresponding levels of ERK1/2 were quantitated…

Purpose of the study was to…

Materials and Methods

Animal Model

Male miniature swine (25-30 kg) fed normal pig chow werre used for the study (n=5).  Anesthesia was 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 study (1 month). 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.  

Using a retroperitoneal right flank incision, the distal infrarenal aorta and external iliac vein are dissected. The internal iliac vein is ligated at its confluence to create a 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 additionally allows for studying the effect of turbulent flow on vein wall vibration for several diameters beyond the anastomosis in 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.  (See Figure 1)

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 2). 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.    

Blood flow rate and Pressure

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.

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 1b).


Vein Wall Vibration

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 3) 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 were 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.
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. 

Immunohistochemical Analysis

The first group of animals will be used to determine the biological events again at 4 hours using immunohistochemical staining to determine the axial and circumferential distribution of the activated ERK1/2 and Egr-1 protein.  Immunohistochemical staining will detect the spatial resolution of ERK1/2 and Egr-1 protein from sequential 5-micrometer cross-sectional slices of the venous anastomosis taken at 100-micrometer intervals.  The number of positively stained cells per high power field will be quantified to determine relative differences in ERK1/2 and Egr-1 at each 1-mm interval from four standard circumferential quadrants (Fig. 20).  Additionally, we will do cell specific staining (i.e. endothelial and VSMC's) as well as staining for proliferating cells (PCNA immunohistochemistry) in relation to the observed molecular events.  We will characterize co-localization of each proliferating and non-proliferating cell type with ERK1/2 and Egr-1 immunostaining.

ADD new info in this section

Results

In vivo graft flow rate, pressure and wall vibration 

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. 

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.  

ERK1/2 phosphorylation and activity 

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). 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.

VAIH: Immunohistochemical analyses

 To be changed…

VAIH: Histomorphometric 

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.

Inhibition of VAIH by application of a para-anastomotic cuff

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. 

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.

Discussion

Interpretation of the Results

After completion of these studies, we will have fairly complete description of the biomechanical forces within the venous anastomosis.  This will include the spatio-temporal distributions of wall shear stress, pressure, and tensile stress (mean and fluctuating).  An important question about this study is will we be able to distinguish the effects of WSS from those of vibration? This can be achieved because of the natural variation in biomechanical variables in the venous anastomosis. In order to compare MAPK activation and VAIH with independent variables (biomecanical variables), a substantial variation in the independent variables is necessary.  There will be variation spatially within the graft, as shown by the preliminary results, and also variation from graft to graft.  Variations in the flow between animals due to biological variability, geometry, and/or surgical technique will strengthen the accuracy the results because each animal will have its own biomechanical variables. 

It is important to note that the Western blotting acute study of MAPKs will be conducted only after both the VAIH measurements and the immunohistochemical analysis. The order that the studies are conducted is important in order to insure that the regions for the Western blotting analysis are selected such that we can determine the relative role of each biomechanical stimuli.  The three regions sketched in Fig. 21 are the same as the regions used for the preliminary studies.  However, the size of these regions and even the number of regions may change based on the results from the chronic studies, CFD results, and the immunohistochemical analysis.  Before the Western blotting studies are begun, we will have a good idea of the distribution of WSS, VAIH, and activated MAPKs.  Thus, the regions will be selected such that we minimize the low wall stress effects at the toe (region B), maximum differences in tissue vibration between region B and C, as well as reduce effects of confounding variables at the suture line.  Based on our current understanding of the distribution of biomechanical stimuli, we expect the regions to be categorized as shown in the table above Fig. 21.

Note, the regions of low WSS (separation) are not likely to correlate with those of vibration since the separated flow region is focal while the vibration levels are diffuse over a much larger region of tissue.  One concern for the acute studies is that because of the coarse regional measurement of MAPKs, the axial and circumferential variations in WSS will make the MAPK results difficult to interpret.  This will not be a problem since immunohistochemical staining will be used to determine the axial (every 100-micron) and circumferential distribution of the activated ERK1/2 and Egr-1 protein.  While immunohistochemical staining will not provide a quantitative measure, it will be able to determine if focal regions of low WSS are spatially correlated with more activated ERK1/2 than regions of high WSS.  Thus, the detailed spatial (albeit qualitative) information from the immunohistochemical staining in conjunction with quantitative (albeit regional) spatial information of the Western blotting analysis will allow us to determine the relative importance of WSS, tensile stress, and vibration.

Region
WSS
Tensile Stress
Vibration

A
Low
High
Low

B
High
Medium
High

C
High
Medium
Medium

A. PRELIMINARY RESULTS/PROGRESS REPORT

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).
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