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We thank the reviewers for the opportunity to respond to their questions about this proposed research.  We have made some changes the research protocol in an effort to answer the concerns of the reviewers.  

Questions and Comments to be addressed:

I. If the author shows that biological pathway differences are associated with the three vibration regions, it will remain unclear whether those differences are related to the vibration, or other mechanical variables (i.e., other explanations).  That is, unless only vibration is affected in each region, and not alternative mechanical variables (e.g., wall shear stress gradient), then how will the author insure vibration is the explanation?

II. The author suggests four proposed mechano-transducation mechanisms in cells, although there are others (e.g., the cytoskeleton) which may be important.  However, the particular ones he chooses are reasonable to explore given recent demonstrations these pathways affect cell proliferation and differentiation.  At the same time, it seems there are a dizzying array of such pathways, and the strategy for selecting the particular choices (and eliminating others) is unclear.  It would be better to make a strong case for exploring only one or two alternative mechanisms, while acknowledging alternatives.

III. Perhaps in an attempt to be comprehensive, the author has proposed many biological assays, each implying differing explanations of hypertrophy.  This reviewer has not seen the previous submissions and reviews, and it is possible the author included the many assays in response to referee comments, however, it seems the author is attempting to look at too many potential factors.

IV. Description of data management remains sketchy.  The author states, "Comparison between the various biological data under different hemodynamic conditions will be performed by T-tests and ANOVAs." This statement does not reassure the reviewer the author has clearly thought through the large data analysis problem.  One can imagine a very large range of combinations of outcomes, and the implication of each on the overall hypothesis, alternative hypotheses, and interactions of the various factors is unclear.  Furthermore, there is no power analysis to demonstrate the author can meaningfully address the questions with the numbers of animals.

V. There is a question as to whether the proposed tissue sampling is reasonable.  The proposed research assumes constant vibration (or other mechanical parameter) throughout each of the three regions.  In section 5.2.4, the author states, "…ERK1/2 phosphorylation and its activity… were measured at region of … high… and low… vibration levels…" These regions were established on the gross geometry of the vessel.  Among the revisions the author proposes sampling three regions: the anastomotic vein segment, the proximal and distal outflow regions.  The biological assays, however, are likely to exhibit rather fine, distinct, and substantial distribution differences within these three regions.  The experimental design for SA4 (i.e., histology every 100 micrometers) implies such a fine distribution.  In performing the Western blots for ERK1/2, JNK,, p38, and Northern blots for Egr-1, c-fos, and c-jun mRNA.  It is not clear what will be sampled.  These assays are mutually exclusive, so the author will somehow need to take portions of the three given regions.  Without knowing the ranges of variations of these variables within the three vibration regions, one cannot insure differences or lack of them will be biologically meaningful.

Response to Comment I and Comment V:

I. How will the proposed study differentiate between mechanical variables and vibration alone? 

V. Give more detail on the biological assays and describe how variations within the three regions will be accounted for.


We agree with the reviewer's comment that the results of the proposed study must differentiate between effects of hemodynamics variables (WSS and it’s gradient) and the vein wall vibration.  Further, we agree that variations within the regions must be accounted for.  The biological studies have been modified to determine variations in the molecular events within each region to better distinguish between the effects of vein wall vibration and WSS.  We originally proposed one chronic study with 10 animals and two acute studies of 8 animals each.  The chronic study provides the distribution of venous anastomotic intimal hyperplasia (VAIH) at 8 weeks. The thickness of VAIH will be obtained from histological slides taken at 100-micrometer intervals.  This will provide detailed information about the 3D distribution of VAIH along the axis of the vein as well as circumferentially as shown in Figure 1.  The VAIH will be averaged over a 90 degree 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 1.  The distribution of VAIH will be obtained from axial sections at 100 micrometer intervals along the venous anatomosis (LEFT).  The circumferetial 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 graft by averaged over a 90 degree angle (RIGHT).

Acute Studies


The two acute studies provide a measure of activation of the mechanotransduction pathways a short time after graft implantation. One group of animals (n=8) will be used to quantitatively determine ERK1/2 activation (phosphorylation) and the corresponding increase in the downstream nuclear transcription factor Egr-1 in the three regions (Figure 1) using protein extracts (Western blotting).  Originally we proposed two time points for the acute studies at 4 hours and 2 days.  We now propose to use the second group of 8 animals to determine the biological events again at 4 hours using immunohistochemical staining to determine the axial and circumferential distribution of the ERK1/2 activity and Egr-1 levels.  Immunohistochemical staining will detect the spatial resolution of ERK1/2 activity and Egr-1 levels from sequential 5-micrometer cross-sectional slices of the venous anastomosis taken at 1 mm intervals.  The number of positively stained cells per high power field will be quantified to determine relative differences between the molecular events at each 1mm interval at 4 standard circumferential quadrants (similar to the VAIH measurements in Figure 1).  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.


The axial and circumferential spatial distribution of the molecular events will be critical in distinguishing between the spatial variation of vibration and mean wall shear stress (WSS) as the inducing mechanical stimulus. These immunohistochemical staining studies will be conducted by the Core Lab at The University of Chicago, and these studies will not add any additional cost to the originally proposed budget.

Normal Vein under Vibration


The study of molecular events for a vein under normal venous flow and pressure conditions with externally applied vibration will test the independent contribution of vein wall vibration.  For the two acute studies, we will use Western blot analysis (8 animals) and immunohistochemistry (8 animals) to determine the molecular response of the normal vein under normal flow conditions for four cases: with/without external vibration and with/without injury as shown in Figure 2.  For each animal in the two 4 hour acute studies, the contralateral iliac vein will be exposed and subjected to vibration similar to the maximum level measured on the venous anastomosis of the AV graft. Using a computer controlled shaker, the exposed normal vein will be vibrated at the same level as the maximum vibration level obtained on the venous anastomosis.  This will be achieved by using the measured vibration velocity spectrum as the input driving force for the computer-controlled shaker.  The vein wall vibration will be measured such that the two (AV graft venous anastomosis and normal vein) match closely in vibration intensity.  One portion of the normal vein will include a response to injury by making a 2 cm axial cut that is sutured. The activity of MAPKs will be measured for the two sections of this normal vein under vibration after 4 hours to understand the importance of vibration with and without injury and with low levels of WSS and pressure.  Activity levels will be measured for two additional sections of the vein (with and without injury) for no externally applied vibration as a control.  



Figure 2.  Sketch of the acute in vivo study to examine the molecular events for a vein under normal venous flow and pressure conditions with externally applied vibration.

Vibration Measurements


In addition to the changes described for the molecular biology studies, we have also modified the in vivo vibration measurements from the original proposal to obtain greater resolution both axially and circumferentially. Two vibration measurements will be taken every 2 mm with one measurement off axis toward the graft (toe side) and one away from the graft (floor side) as shown in Figure 3 using laser Doppler vibrometry.  The vibrometer will be mounted on a tripod with a linear translation stage for precise control.  More measurements of vibration around the vein are not possible since the laser light must have a clear path to the vein from outside the surgically created cavity during surgery.
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Figure 3.  Sketch indicates the laser Doppler vibrometry measurement locations on the venous anastomosis (LEFT); cross-sectional view shows position of reflective tape for vibration measurement (RIGHT).


By further dividing the originally proposed regions in this way, the relative importance of vein wall vibration and WSS and WSS gradient will be distinguishable.  We expect the distribution of WSS to have a relatively small region of low WSS near the toe with high WSS gradients. This low WSS region is relatively focal (~1 to 2mm in axial length and (30 to 45( circumferential spread).  In contrast, the vein wall vibration is relatively constant over a much larger region encompassing both the toe and floor side based on preliminary results.  Thus, we expect the results of the axial and circumferential distribution of molecular events from the immunohistochemistry studies to elucidate the independent role of vibration and WSS in this animal model.

Response to Comment II and III:

II. Can a strong case be made for examining the chosen mechanotransduction pathways? 

III. Can the number of biological assays be reduced to make the project more focused?


In the submitted proposal, three MAP kinase signal transduction pathways were proposed for investigation in response to the measured biomechanical forces.  These included ERK1/2, JNK, and p38.  The PI and Co-I's agree with the Scientific Advising Committee that a more focal and selective approach to the signal transduction pathway would greatly enhance the proposal objectives. Using Western blotting, we are able to quantitate the several MAP kinase pathways using currently available antibodies and reblotting techniques. We propose to concentrate specifically on the ERK1/2 pathway (Figure 4). However, since no additional animals are needed and no significant amount of work is required, we will also determine the levels of JNK and p38.  In order to make the proposed research more focused, we have removed the originally proposed Northern blot analysis to determine mRNA levels. 
We have chosen to examine the ERK1/2 MAP kinase pathway in biomechanically induced VAIH as it plays a preeminent role in trascellular mechanotransduction.  This has been demonstrated previously in vitro and in vivo (references in original proposal) and more importantly because of the results of three studies conducted in our own lab. 
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Figure 4.  Mitogen activated protein kinase modules.  The proposed research will concentrate on the ERK1/2 pathway because preliminary results have shown this pathway to be important.

ERK1/2 Activation (phosphorylation) and Vibration Intensity


Evidence furnished in the original proposal; ERK1/2 phosphorylation (pERK1/2) and its activity (Elk1 phosphorylation) were measured 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 5 center panel). This was associated with a corresponding increase in the immediate downstream phosphorylation of the nuclear transcription factor (Elk1) (Figure 5, top panel) implicating enhanced vein wall vibration in the rapid activation of the putative mechanotransduction pathways.
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Figure 5. 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.

Inhibition of ERK1/2 Activation and Vein Wall Smooth Muscle Cell Proliferation


Second, an animal study was performed to examine if inhibition of the MAPK activation would have an effect on 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.


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 cellular 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 6 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 6 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 7). These findings demonstrate the importance of ERK1/2 pathway through the regional inhibition of vein wall MAP kinase activation and smooth muscle proliferation. 
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Figure 6.  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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Figure 7. Proliferating cell nuclear antigen (PCNA) immunohistochemical staining in anastomotic vein (B region) from control and PD98059 treated venous anastomoses at 1 week after arteriovenous graft implantation (magX100).
ERK1/2 Activation in Relation to Disturbed Arterial Hemodynamics


Third, previous work by Dr. Bassiouny involving different animal model has shown the activity of ERK1/2 to be related to disturbed hemodynamics.  The study examined the temporal course of in vivo MAP kinase activation (ERK1/2 and JNK) and the corresponding expression of the downstream immediate early genes Egr-1 and c-jun at regions of experimental arterial injury subjected to laminar or disturbed flow conditions.  


End-to-side autogenous iliac anastomoses were created to produce disturbed flow in 17 New Zealand White male rabbits (Group I). Flow studies in an analogous model of this end-to-side anastomosis demonstrated regions of flow separation, stagnation, and reduced wall shear stress.  In 15 other animals, an iliac arteriotomy of identical length to the anastomoses was primarily oversewn (Group II- laminar flow). 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 (16 ml/min vs. 17 ml/min and 51 mm Hg vs. 54 mm Hg, respectively). Compared to uninjured controls, there was a 4 to 5 fold increase in phosphorylated ERK1/2 (pERK1/2) and 3 to 4 fold increase in phosphorylated JNK (pJNK) at 4 hours in both groups. At 7 and 21 days, pERK1/2 and pJNK levels declined to uninjured control levels in Group II. Conversely, a sustained increase in pERK1/2 and pJNK was found in Group I (6- and 12-fold, and 5- and 8-fold, respectively). Additionally, these values were also significantly greater compared to Group II (p< 0.05).  At 21 days, there was a significant increase in Egr-1 and c-jun mRNA in Group I compared to uninjured controls (4- and 8-fold, respectively, p<0.05) and Group II (3- and 5-fold, respectively, p<0.05). Intima/media ratio was 4-fold greater in Group I than in Group II animals. 


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 and regional flow separation a prevail. MAP kinase activation is associated with enhanced expression of transcription factors Egr-1 and c-jun. These results suggest reduced levels of wall shear stress at regions of disturbed flow sustain those molecular and cellular events which underly progression of IT to an occlusive stenosis.

Response to Comment IV:

IV. Give a better description of the problem of data analysis

In general, 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 and Egr-1 

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

Statistical Methods


We will use a GEE model (Zeger and Liang, 1986) to examine the effect of vibration, WSS and WSS gradient on the biological markers while controlling for flow rate and pressure.  This model (GEE-generalized Estimation Equation) 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 the acute studies, we need 8 animals to detect an effect of 1.0 standard deviation away from zero with 80% power and p=0.05.  For the chronic studies, we expect a graft failure rate of 10-20%.  Therefore, we need 10 animals to be sure to have 8 animals after 8 weeks at the time of sacrifice.  The data analysis will be conducted in collaboration Professor Karrison, Ph.D. and Ms. Ming Wen, M.S. in the Biostatistic Consulting Laboratory at The University of Chicago.

Zerger, S.L. and K.Y. Liang, 1986, "Longitudinal data analysis for discrete and continuous outcomes," Biometrics, vol. 42, pp 121-130.

Expected Outcomes


The hypothesis from the original proposal is: VAIH is modulated by turbulence-induced vein wall vibration, with greater vein wall vibration enhancing VAIH. More specifically, vein wall vibration modulates key intracellular mechanotransduction signaling pathways via mitogen-activated protein (MAP) kinase activation (extracellular regulatory kinase [ERK1/2] and the stress activated protein kinase [JNK and p38] involved in VSMC proliferation and VAIH). We will test this hypothesis by correlating the regional variation of biomechanical variables, MAP kinase activation, and VAIH in an animal model of a human AV graft.  We will also compare MAP kinase activity in the same animal on a normal vein subjected to vibration.

The addition of the immunohistochemical studies provides a 3D distribution of ERK1/2 activity and Egr-1 both axially and circumferentially.  Based on our preliminary results, we have a good idea of what kind of results we expect from the biomechanical measurements.  As shown in Figure 8, Region B will have high vibration on both the toe side and floor side, Region C will have significant vibration but less that in Region B, and Region A will have very low vibration intensity.  In contrast, WSS will be high in Region B and C except for a small region of flow separation near the toe due to the high flow rates.  Region A will have low WSS due to the low flow rate in that segment.  The spatial gradient of WSS in Region B will be high on the toe side in and around the separation zone and low on the floor side.  The spatial gradient will be near zero in regions A and B.  Flow rate is not expected to vary greatly between the animals although it must be controlled for.  The spatial distribution of pressure in the vein is not expected to vary greatly based on the preliminary results and therefore, we expect relatively small changes in wall tension along the vein although it should be controlled for as well.  While we do not expect to determine the exact relative importance of all the biomechanical forces in AV graft failure.  However, we do feel that the expected differences in the spatial distribution of vein wall vibration, WSS, and WSS gradient will provide the necessary data to test our hypothesis.



Figure 8.  The expected distribution of biomechanical variables: vein wall vibration, mean WSS, and WSS spatial gradient in conjunction with the 3D distribution of molecular events and VAIH will provide the necessary data to test the relative importance of these biomechanical variables in AV graft failure. 
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