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ABSTRACT

Convective fluid motion through artery walls aids in transvascular transport of
macromolecules. Although measurements of convective filtration have been reported, they
were all obtained under constant transmural pressure. However, arterial pressure in vivo is
pulsatile. Therefore experiments were designed to compare filtration under steady and
pulsatile pressure conditions. Hydraulic conductance was measured in cannulated excised
rabbit carotid arteries at steady pressure. Next, pulsatile pressure trains were applied within
the same vessels, and simultaneously, arterial distension was monitored using Optical
Coherence Tomography (OCT). For each pulse train, the volume of fluid lost through
filtration was measured (subtracting volume change due to residual distension), and
compared to that predicted from steady pressure measurements. In order to determine the
role of the endothelium in this response, and the effect of increasing pulsatile frequency
from an initial value, one of each pair was de-endothelialized in some cases, and in other
experiments a pulsatile pressure of 1 Hz was initially applied, followed by a pulsatile
frequency of 2 Hz. In all cases the experimental filtration volumes were significantly
increased compared to those predicted for steady pressure, but over time, the magnitude of
the excess fluid loss was reduced. For de-endothelialized vessels, this reduction was not so
marked. These studies suggest that changes in arterial pulsatility may transiently increase
convective flux of macromolecules into the artery wall and that this is regulated by the
endothelium. In a parallel study. Bovine Aortic Endothelial Cells (BAEC) were exposed to
a transient pressure gradient and then held at 20 mmHg for ten or thirty minutes. After
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staining for actin fibers and/or catenin, the cells were examined using a deconvolution
microscope. The location of actin fibers changed from the body of the cell (central fibers)
to the edges of the cell (peripheral fibers), and beta-catenin increased around the periphery.
This result indicates that cultured endothelial cells can sense a change in transcellular
pressures and respond so as to maintain cell-to-cell adhesion.

Overall, the observed

responses of arteries and endothelial cells to transient pressure gradients in these studies
suggest a dynamic role for the endothelium in regulating transvascular transport in vivo.
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Chapter 1

INTRODUCTION

One question that has yet to be answered in the disease process known as arteriosclerosis is
how lipoproteins and certain reactive oxygen species accumulate in the artery wall in
sufficient concentrations to cause inflammation and damage of the artery wall.

The

molecules involved are of sufficient size that convection must play a major role in
facilitating the flux of these species into the artery wall. To examine the convective
properties of the artery wall (generally from the lumen outward into the arterial media and
adventia), researchers have often initially attempted to measure the flux of fluids such as
water or PBS (Physiological Buffered Saline) through the intima, assuming that waterbased products, such as these, will act as carriers for transportation of the larger molecules.
It is then a matter of estimating the degree to which the transport of the protein of the
perfusing water and protein mixture is coupled to the fluid convection, in order to determine
the rate of convection-assisted protein flux into the artery wall. The necessary first step,
however, is to measure the amount of water filtered, hereafter referred to as fluid filtered,
into the wall.

The research protocols used, prior to this study, to measure transarlerial water flux
generally involved creating a step change in pressure, waiting a period of time to allow for
transient effects to dampen, and then measuring the water filtration while the artery was
under the influence of the new steady-state pressure regime.

The artery is usually
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preconditioned, by having the pressure raised and lowered repeatedly, to eliminate
hysteresis. A typical technique used to measure filtration is to connect a length of surgical
tubing containing an air bubble in series with an artery, the other end of the tubing being
connected to a fluid reservoir. When the reservoir is pressurized, and the arterial outlet is
closed, the change in position of the bubble, with respect to time, reflects the volume of
fluid shifted into the artery. The transient effect that influences the filtration measurement
is that pressure changes cause distension of the artery wall which causes excess fluid to
flow into the artery, producing a sudden nonlinear movement of the bubble. The bubble
movement is therefore equal to the sum of the movement due to vessel distension and the
movement due to fluid filtration through the vessel wall. Therefore, the artery distension, if
not accounted for, will make measurement of the filtered fluid impossible.

Arteries are normally in a highly dynamic environment, however.

In many cases,

mechanical action leads to changes at the cellular level, possibly through varied
mechanotransduction pathways, which are still not understood.

While physiologically

homeostasis usually indicates a steady state, for large arteries homeostasis also includes a
pulsatile pressure component. Animal in vivo preparations in arterioles as small as 30
microns (30, 32, 57) have experimentally verified the presence of pulsatile flow even in the
microcirculation. Therefore, there is a question as to how filtration occurs in arteries and
arterioles under a pulsatile pressure regime. The previous techniques, while useful as
methods for measuring filtration, do not address this point.
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Creation of pulsatile pressure in arteries in vitro is not a simple task, however, as the
equipment required is relatively expensive (see Figure A.l), and often it is difficult to create
a pulsatile pressure without also creating a pulsatile flow through the artery. This then
creates a pulsatile shear force, which has been proven to affect the permeability of the artery
wall.

There is an even greater problem with measuring filtration, in that accurately

estimating the distension of an artery during or just after passage of one or more pressure
pulses is difficult and has not previously been attempted. Under pulsatile pressure, the
artery changes distension rapidly and may retain a residual distension over time depending
on the hysteresis in the artery wall. The distensibility and hysteresis under pulsatile
pressure have not been investigated.

Even at steady pressure, distension at different

pressures can be extremely variable even among arteries taken from members of the same
species, depending on the particular elasticity of the arteries in question. This makes
estimating the change in vascular volume during pressurization difficult, and consequently
makes measurement of the filtered volume under pulsatile pressure not feasible.

The main difficulties associated with measuring fluid filtration into the artery wall through
the intimal layer are:

1. The artery does not normally exist with a steady luminal pressure, but is exposed to
a pulsatile pressure of variable frequency and amplitude. The difficulty, however,
in measuring filtration in an artery undergoing a pulsatile pressure regime has meant
that most researchers have been forced instead to use steady pressure. Measuring

13

the fluid entering the artery while creating a pulsatile pressure regime in the vessel
is not the only difficulty.

During excision, any loss of pressure internally that

collapses the artery can damage the endothelium, which would alter the artery's
permeability. Any leaks in the vessel will cause the experiment to fail as the
magnitude of fluid volume exiting the vessel through even an average size leak will
be orders of magnitude greater than the filtration. Other factors to be considered are
maintaining a steady arterial baseline pressure on which to superimpose the pulsatile
component, monitoring the artery for leaks, and maintaining the arteiy in a
physiological environment (immersing the arteiy in the correct nutrient solution,
keeping the artery at 37° C, and keeping the artery at its original physiological
length). Integrating a pulsatile pressure system (with no consequent flow in the
artery) with a system to set the baseline pressure adds another level of complexity to
the experiment.

2. It is important to ensure that the distension of the artery under pressure does not
affect the measurement of the fluid filtered into the artery. The ways to avoid such
a circumstance in the past have included waiting until such transient effects have
dampened sufficiently and assuming that the artery returns to a quiescent state with
approximately the same distension as at the beginning of the experiment (41, 67).
In these cases, the only diameter measurement that could possibly be made was the
vessel outer diameter. These techniques will not work for measuring the filtration
under pulsatile pressure. The measurement has to be made initially at the onset of

the pressure pulses, and then finally either during the pressure pulses or at the
moment of cessation of the pulsatility; otherwise it is not possible to be sure that the
filtration measured represents only the flux into the artery wall.

In order to

accurately calculate vessel distension, it is necessary to measure the arterial inner
diameter rather than the outer diameter. Until now, these constraints have prevented
the real-time measure of distension in the artery when the artery is subjected to a
pulsatile pressure regime.

In the present study a method and device (see Figure A.l) have been designed to overcome
these difficulties and measure filtration in a rabbit carotid artery under baseline pressures of
60 to 80 mmHg, while also subjecting the artery to set pulse trains at amplitude of 10-15
mmHg and a 1.0 Hz fi-equency (See Appendix A). At the same time. Optical Coherence
Tomography has been used to determine any residual distension as a result of the pulsatile
pressure. With these difficulties primarily overcome, the transmural filtration caused by a
pulsatile pressure can be measured. These measurements give new insight into how
filtration occurs in real arteries.

When the filtration was measured under pulsatile pressure, or at least after the onset of
pulsatile pressure, questions arose as to what structures in the artery affect the filtration.
Such questions were also debated following the measurement of transmural filtration under
steady pressure. It was eventually shown that, under steady pressure, the endothelium has a
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major influence on the resistance to the flux of water into the artery wall, accounting for
approximately half the resistance to water flux (64, 68).

Following the same progression as the steady-state filtration research, what role does the
endothelium play in the filtration under pulsatile pressure? Are the results similar to those
found under a steady pressure regime, or, as is hypothesized in Appendix A, is the role of
the endothelium reduced under pulsatile pressure because the endothelium cannot react
within such a short timescale? One method utilized previously to attempt to answer such
questions was to compare filtration in intact vessels to that in de-endothelialized vessels
using the same procedure and the same device. Any significant differences that occur
would then characterize the properties of the endothelium. In Appendix B the results of
such a study are discussed.

The first step in investigating arteries in a more dynamic environment was to establish a
pulsatile pressure regime while measuring the necessary variables to be able to calculate the
exact transmural filtration. Another step was to make the experiment more physiological
by establishing the pulsatile pressure at one fi-equency, and then increasing the frequency of
pulsation. This procedure would simulate the situation in a person who, under stress,
experiences a fight or flight response, for example. One main question in such a study is to
see if the effect on the filtration, by changing the frequency of the pulsatile pressure, is
similar to that resulting from a sudden onset of pulsatile pressure. In Appendix B the study
of this question is also presented.
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In a parallel study, discussed in Appendix C, cultured endothelial cells were exposed to a
transient pressure gradient. Imniunofluorescent techniques were used to discover whether
the endothelial cell junctions, specifically junctional proteins such as beta-catenin together
with F-actin, remodeled in response to the pressure change.

In examining pressure effects upon endothelial cells, it was a benefit to be able to create an
environment in which only the pressure changed. In this way it was possible to ascertain, in
a preliminaiy study, whether the cells explicitly reacted to the direct effects of the pressure
change, as opposed to the stretching of underlying tissues or membrane due to distension.
Eliminating other parameters such as stretching, however, requires creating an artificial
environment instead of using a complete artery. Hence the use of cultured Bovine Aortic
Endothelial Cells (BAEC) on a rigid polycarbonate filter to allow for a study of the direct
effects of a transient pressure gradient upon the actin remodeling and beta-catenin
formation, which are associated, on the internal side of the cell membrane, with the cell-tocell junctions. These cell junctions are, in turn, associated with the junctional gap size that
affects the resistance of the endothelial layer. Other advantages of using cultured cells are
that they require much smaller volumes of reagents and expensive monoclonal and
secondary antibodies, and avoid the need to sacrifice many animals to establish whether
there is a possible relationship that warrants additional study. Using fewer reagents is also
beneficial since the antibodies are in short supply, requiring long waiting times, or even the
inability, to obtain the proper antibodies for immunofiuoresence studies. By using six
polycarbonate filters with endothelial monolayers cultured on one filter surface, nine
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control images and nine images of cells after exposure to a pressure transient can be
obtained, while using only microliters of antibody. In comparison, at least nine animals
would need to be sacrificed to obtain a likely lesser number of images with a need for much
greater volumes of reagents. As these are preliminary experiments, the insights gained
from the experiments with cultured cells will assist in deciding whether it is worthwhile to
pursue examining junctional gap and cell junctional molecule changes in intact arteries.
These preliminary experiments will also eventually lay a basis for establishing how
pulsatile pressure affects cell-to-cell junctions.

Major portions of Appendix A have been reprinted from Onset of Pulsatile Pressure Causes
Transiently Increased Filtration Through Artery Wall. Am. J. Physiol. In Press, 2004, used
with permission.
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Chapter 2

PRESENT STUDY
MAJOR FINDINGS

The methods, results, and conclusions of this study are presented in the papers appended to
this thesis. The following is a summaiy of the most important findings in these papers.
Experiments were performed upon rabbit carotid arteries and Bovine Aortic Endothelial
Cells (BAEC). The experiments detailed in appendices A, B, and C have revealed the
following results:

I. With the onset of a pulsatile pressure, there is a transient burst of fluid

for

approximately 30-50 pulses that cannot be accounted for by residual distension. This
fluid filtration is greater than would be predicted from steady-state calculation.
II. In experiments with more physiological relevance, an increase in pulsatile frequency
from 1 to 2 Hz frequency also produced a transient burst of filtration. The transient
burst period was shorter than in the previous experiments where the change in
pulsatile frequency went from quiescent arteries to 1 Hz pulse frequency.
III. Comparison of intact to de-endothelialized vessels showed that after onset of 1 Hz
pulsatile pressure, initially there was no statistical difference in filtration rate between
vessels with intact endothelium and those without endothelium.

Endothelium
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eventually lowers the filtration rate in vessels undergoing pulsatile pressure compared
with vessels without endothelium.
IV. In cultured cells, BAEC responded to transient pressure gradients by remodeling their
actin cytoskeletons to create more peripheral actin and concentrated beta-catenin
molecules around the cell perimeters. The onset of the pressure gradient was the only
known stimuli that the cells received.

Implications of the Studies
The transient burst of fluid observed after onset of pulsatile pressure, or changes in pulsatile
frequency, could serve to cause a sudden convective transport of lipoproteins in their
various forms into the artery wall. It is not known exactly where the lipoproteins would be
carried to in the wall, but the apparent inability of the endothelium to initially control this
influx of fluid could mean that temporarily these lipoproteins could follow the fluid flux
into the interstitial spaces. There, the more reactive molecules, such as oxyLDL, could
interact with, and damage, wall tissues, creating an inflammatory condition in the artery
wall. As the wall ground substance hydrates and resists convective transport, conditions
could arise to favor lipoprotein deposition in the artery wall spaces.

The initial transient burst seen with changes of pulsatile frequency in arteries could be due
to pulsatile pressure forces causing endothelial gaps to be forced open temporarily.
Alternatively, pulsatile forces and oscillations in the artery radius could create complex
local pressure gradients in the artery wall that could cancel the resistance of the
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endothelium, prior to it's remodeling to increase its resistance. An increase in pressure
would distend the arteiy, resulting in a narrowing of the wall and an increase in wall
density, thereby increasing the wall resistance to any fluid influx. Under pulsatile pressure
the artery radius oscillates, so that the wall thickness would vary depending on the current
radius. Therefore, local fluid flux into the wall could be highly dynamic, as observed in
these experiments.

The endothelitrai takes on a new, complex role in a dynamic artery. For example, the
endothelium reacts to frequency

changes as well as baseline pressure changes.

If

endothelium reacts to frequency changes, and in cultured cells responds to transient
pressure gradients, then there is a distinct possibility endothelium reacts to pulsatile
amplitude too. There is also a question as to the magnitudes of the changes in these
quantities to which the endothelial cells can respond. Therefore, the prospect exists for
endothelium to react on multiple levels; a set reaction on the baseline pressure level with
one response time, another reaction to frequency changes with a second response time, and
a differentially scaled response to either change. Potential endothelial dysfunctions might
include the failure to perform any one of the known functions of endothelium, and also the
failure to respond to stimuli in the correct response time or scale.

The response to transient pressure includes, by definition, a response to a transient filtration
across the cell junctions. The ability of the endothelial cells to sense the pressure gradient
at 20 mmHg for 18 seconds poses two questions:
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I. What is the signal pathway between the mechanotransduction element and the
response at the actin cytoskeleton and the cadherin/catenin complex?
II. What is the mechanotransduction element responsible for initiating the response?
These questions will only be answered through future research, although the questions
posed in the Discussions section of Appendix C, are plausible studies to be undertaken.

Assuming that the arteries in this study are representative of the physiological norm with
regards to filtration through the luminal side of the artery wall, then normal arteries must
experience regular transient bursts of filtration and the resulting large influxes of fluid seen
in these studies. This influx would seem to create a situation where the arteries are
predisposed toward having lipoprotein deposition occur naturally. Excised arteries, such as
are used in these experiments, do not have vasa vasorum or a working lymphatic system, so
the clearance of proteins and excess fluid

from the external wall is likely to be

compromised. This suggests another possible avenue that leads to lipoprotein deposition; it
is possible that vessels with compromised lymphatic systems could fail to empty the natural
fluid and protein infiltration associated with physiological pulsatile pressure levels.

Experimental Complexity
A common thread running through each of these experiments is the inherent idea that when
examining the functional aspects of the arterial wall and its structures, the results may be
affected by the dynamic nature of the regular physiological environment inherent to the

vasculature.

These experiments have verified that under dynamic conditions, the

predictions made by steady-state theory and experiments may not hold true. It has been
found during these studies that measuring parameters in a dynamic, experimental setting
becomes more difficult, as the number of factors that can be varied to effect a parameter
often mcrease, and the difficulty of accurately and precisely measuring the selected
parameter increases, as well. Instead of setting a simple baseline pressure as was done in
previous filtration

experiments, the additional variables included the frequency

and

amplitude of the pulsatile pressure, as well as setting an appropriate baseline pressure. It
also became necessary to consistently measure the position with respect to time of the
bubble movement at one-tenth of one second intervals, rather than one minute intervals as
in steady-state experiments.

In performing dynamic experiments, it became necessary to measure other variables in real
time that in steady-state experimentation are normally considered to be constant. The inner
diameter of the artery was an important and vital measurement during this study. This
increases the experimental difficulty, as the ability to image the inner diameter of even a
large blood vessel at a sufficient sampling frequency requires a complex imaging system
that, before now, has not been attempted with filtration measurements. The integration of
this system within the experiment apparatus was vital to the artery experiments. The ability
to measure these additional variables in dynamic systems is generally understated, but the
measurements are often vital to obtaining any meaningful results.
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General Overview
Fluid convection has been implicated as a process by which large molecules such as
lipoprotein could be transported into the artery wall. Theoretically, lipoproteins were then
ensnared in the wall by sieving processes. The experiments described in Appendices A and
B represent the first attempt to examine these ideas while the arteries are undergoing a
pulsatile pressure. Instigating a pulsatile pressure regime provides a better simulation of the
in vivo arterial environment compared to previous studies, and by doing so insights have
been gained into the time-course of filtration and the role of endothelium. A parallel set of
experiments, inspired by the arterial studies, investigated the ability of endothelial cells to
sense pressure gradients.
convective fluid

The findings

demonstrate a time-varying occurrence of

filtration that had not been measured previously.

Prior to these

investigations, there was a dearth of knowledge regarding how pulsatile pressure affected
the transmural filtration in arteries. Such experiments were considered too impractical to
perform, and the question of pulsatile pressure effects in wall filtration was not answered.
In spite of the difficulty in engaging in these studies, the process of answering this question
has stimulated many other questions, some of which have been answered in this study.
Additionally, these studies have produced tangible insights into the process of filtration in a
physiological setting.
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Appendix A

ONSET OF PULSATILE PRESSURE CAUSES TRANSIENTLY

INCREASED FILTRATION THROUGH ARTERY WALL
INTRODUCTION

Convective fluid motion is implicated in the transvascular transport and deposition of
macromolecules, such as lipoproteins, in artery walls (11), possibly by altering the "sieving
properties" of the intima and media. Fluid convection may act together with increases in
intimal permeability, related to endothelial cell turnover in the artery wall (22), to enhance
transport of lipoprotein. Lipid accumulation is a precursor to arteriosclerosis (11).
Therefore, factors that regulate fluid transport in the arterial walls are important regarding
arteriosclerosis, with one factor, ignored in the literature, being the pulsatile nature of blood
pressure.

Previous studies have been conducted on fluid motion through artery walls (11), usually by
varying hydrostatic pressure and allowing transient viscoeiastic effects to subside. Arterial
hydraulic conductance, Lp, a characteristic parameter of convective fluid motion, has been
measured at different steady state pressures in arteries (11, 15). However, in vivo, pulsatile
pumping of the heart causes cyclic changes in arterial transmural pressure, creating rapid
shifts in arterial wall stress, possibly changing wall transport properties and vessel
transmural flow permeability.
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In this study, vessels were examined that were initially subjected to steady pressure and
subsequently to a superimposed pulsatile pressure. Although this model differs from real
arteries, such a study is useful for three reasons: 1) Diagnosis of the mechanics of arteries,
specifically, which structures are more affected by pulsatile pressures versus steady
pressure. In this case, studying the transition from steady to pulsatile pressure could be of
great use in determining which wall structures are changed as the artery settles into a
pulsatile regime. 2) Physiologically, this study may be of interest with regard to smaller
arteries and arterioles operating in the region in which pulsatile pressure becomes damped
into steady pressure, dependent on the degree of constriction of arterioles further upstream.
It is conceivable that as the upstream vessels experience vasodilation or vasoconstriction,
the vessels further downstream may also experience a transition from steady to pulsatile
pressure, or vice versa, along all, or part of, their length.

Multiple animal in vivo

preparations in frog, cat, and rat arterioles as small as 40 microns have experimentally
verified the presence of pulsatile flow (46, 32, 38, 57), likely depending upon the resistance
of upstream arterioles. For example, experiments in cat omentum have demonstrated a
pulsatiiity of ± 15 mmHg 40 micron diameter arterioles downstream of the abdominal aorta
(32). 3) The reapplication of pulsatile pressure may give further insight into reperfusion
injuiy- in vessels that have been occluded and then reperfused. Many molecules thought to
cause injury in such situations, such as oxidated low-density lipoprotein, require convective
transport into artery walls because of their size. Therefore understanding how initial
filtration is affected by re-establishment of pulsatile pressure could be important.
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Within the artery wall under pulsatile pressure, complex pressure gradients may occur that
alter transmural fluid flux direction (36). Wall stress variations may affect both the intima
and the media. Regarding the intimal response to periodic mechanical stress, Rosales and
Sumpio noted transient changes in inositol triphosphate and diacylglycerol. over a period of
seconds, in endothelial cells stressed cyclically (50). Diacylglycerol, and protein kinase C
(PKC) (which is activated by calcium and diacylglycerol (50)) increase endothelial
permeability. With regard to the media, substances that are produced by the endothelium in
response to pulsatile stretch may affect arterial tone. For example, nitric oxide, endothelialderived hyperpolarizing factor, and prostaglandin I2 are vasodilators that are produced by
the endothelium in response to cyclic stretching (20). In addition, pulsatile stretch and
oscillatory flow through the artery wall stimulate endothelial cells to produce endothelin-1,
a vasoconstrictor (47). Results from a previous study suggest that the tone of arterial
muscle cells may affect the transport properties of the artery wall (9). The smooth muscle
cells themselves may also produce vasodilators. Three-dimensional modeling has revealed
that flow through fenestral pores in the internal elastic lamina creates shear stresses on
subjacent vascular smooth muscle cells of the order of 1 dyn/cm" (58), which can increase
their synthesis of nitric oxide (28. 69) and prostaglandins (5, 69). These findings indicate
that arterial transmural fluid flux may be modified by the characteristics of the applied
intravascular pressure.

When measuring rates of fluid filtration in the artery wall under pulsatile pressure, it is
essential to simultaneously monitor arterial inner diameter, otherwise extra fluid entering
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the vessel lumen, as a result of a residual distension, will be counted as filtration, and thus
the volume of fluid entering the artery wall will be overestimated. Residual distension can
be defined as any measurable, sustained increase in arterial diameter caused by hysteresis
in the pressure and diameter relation (creep). This hysteresis may have multiple causes,
such as alterations in vascular tone, or in stretching of other structural components of the
wall. In order to make an accurate measure of residual distension, a precise non-invasive
technique must be used. For example, low-coherence reflectometry has been used for
geometrical measurements on retinas and ocular structures (31). Extending low-coherence
reflectometry to tomographic systems produced Optical Coherence Tomography (OCT)
(31). OCT has captured detailed images of stents and layered structural details in the intima
and media in porcine coronary vessels that cannot be resolved by intravenous ultrasound
(61). OCT has imaged vessels in skin of small animals with micrometer accuracy, forming
cross-sectional images to find average blood vessel depth and luminal diameter (17).
Therefore OCT was used in this study to monitor arterial inner diameter throughout each
experiment.

METHODS AND MATERIALS

Experiments were performed on 6 male New Zealand White rabbits (Av. weight 3.62 kg.)
anesthetized with pentobarbital sodium (30 mg/kg iv administered). These experiments
were conducted within animal welfare regulations and guidelines for the U.S.A. under
lACUC approval. The following procedures were performed:
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1. Surgical preparation of cannulated carotid arteries.
2. Measurement of Lp at a steady pressure of 60 mmHg.
3. Application and measurement of pulsatile pressure (10-15 mmHg), superimposed upon
a steady pressure of either 60 or 80 mmHg, and measurement
of the resultant fluid filtration for a given set of pulses.
4. Simultaneous measurement before, during, and after application of the pulsatile
pressure of the arterial distension via Optical Coherence Tomography (OCT) (Figure
A.IA.).
5. Comparison of observed experimental fluid filtration through the intima (with residual
distension accounted for and removed) to predicted filtration (calculated from steady
pressure Lp and the pulse train time-averaged pressure).

Surgery
Carotid arteries were exposed and any branches ligated. The vessels were then cannulated
at both ends without allowing arterial pressure to fall, and perfused with phosphate buffered
saline (PBS) (4.0% bovine serum albumin, pH 7.4) containing Tiypan Blue dye to check
for leaks. Next, the stopcock attached to the distal cannula was closed, and the pressure
adjusted to 40 mmHg. The proximal stopcock was then closed and the artery was kept
warm (37°C) and moist with PBS. The fluids

perfusing and surrounding the artery

contained the same albumin concentration (4.0%) (62). Tedgui and Lever (62) have studied
albumin concentration gradients in artery walls with equal concentrations of isotopically
labeled albumin at the luminal and adventitial sides. In these experiments, the eventual
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concentration profile, after 90 minutes, was fairly uniform throughout the artery wall (at
approximately 6% of the perfusate/suffusate concentration). Thus, there is a net tendency
for water flux to be directed outward from the center of the wall, due to the colloid osmotic
pressure difference of about 20 mmHg (39). Although the colloid osmotic fluid flux toward
the lumen wall opposes the hydrostatic fluid flux, the former flux is considerably smaller
than the latter.

The artery was excised and the original physiological length was maintained with a
stainless steel holder clipped to each cannula. The carmulae were attached to closed
stopcocks to maintain artery pressure, and the artery was coimected to a rig and
preconditioned by repeatedly pressurizing and depressurizing between 10 and 100 mmHg,
following previously established procedure (13). An air-bubble introduced into a length of
tubing attached to the artery (figure A.1A) was used to measiire the artery Lp under steady
pressure following a previously established procedure (13). Using this technique, a stepchange in pressure is imposed on the arterial lumen and the bubble undergoes a rapid
displacement consistent with filtration through, and distension of, the artery wall. After a
few minutes the bubble then moves with a constant velocity corresponding to the
transmural fluid filtration rate, which then is used to obtain Lp (see equation 1 below). The
steady state Lp was measured in each vessel used in this study, prior to application of the
pulsatile pressure pulsations.
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Pressure Pulse Creation
Pulsatile pressure was created with a Harvard Apparatus pump (model 1421 Pulsatile Blood
Pump). The pump acted on a recirculating loop that branched to a smaller diameter tube
connected to the artery, creating a high resistance branch with oscillatory pressure without
net fluid flow (figure A.IA), A Viggo-Spectramed pressure transducer was attached to the
cannula at the other end of the artery and the outlet was closed. Baseline pressure was set
via an attached pressure reservoir and sphygmomanometer bulb and a calibration curve for
the pressure transducer was created at the start of the experiment. Next, the Harvard pump
was activated and six sets of 5-pulse trains, followed by six sets of 20-pulse trains at 60 and
80 mmHg baseline pressures at a frequency of one pulse per second were applied.
Therefore, there was a period of steady, baseline pressure, followed by the pulse train, and
then a return to steady pressure prior to the next pulse train (allowing the OCT files to be
saved, the OCT system to be reset, and, if necessary, the camera position to be changed to
capture the bubble motion). The duration of the steady pressure period between pulse trains
was estimated to be 10-20 seconds. Data on the fluid flux into the artery during these
interim periods were not obtained. The reason that six 5 pulse trains were used at the
beginning of each experiment was because preliminary experiments showed that 5-pulse
trains optimized the number of runs available during the initial 30-second period. The
experiments were continued with 20-pulse trains, rather than 5-pulse trains, because initial
tests showed that by this time the filtration rate was not rapidly changing and so did not
require such frequent monitoring.
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Figure A.IB shows a typical 5-pulse train. Synchronized data outputs were recorded from
the transducer and imaging system throughout each pulse train. The bubble oscillated back
and forth with each pressure pulse, and was often shifted toward the vessel after passage of
the pulse train. Each pulse train was videotaped to record the time and position at which the
osciliatoiy bubble motion stopped when the pulse train was over, so as to determine the
total time of oscillatory motion and shift from the pre-pulse position. This shift arose from
the sum of any residual arterial distension and the fluid filtered from the artery lumen. Thus
to determine the fluid loss from the arterial lumen it was necessary to measure the residual
distention. Predicted fluid loss by filtration from

the steady state calculation was found

using the following equation (42);
Predicted fluid loss - Lp As P t

(1)

where As - artery surface area, P = time-averaged transmural pressure and t = duration of
oscillation.

The duration of the oscillatory motion is used in the above equation to ensure that a direct
comparison is made between the predicted fluid lost and the experimental fluid lost over the
same given time interval. The time-averaged pressure is equal to the sum of the baseline
pressure plus the time-averaged value of the superimposed pulsatile pressure acting on the
vessel over the duration of oscillation. "Cumulative Volume" referenced in Figures A.3
and A.4 is the summed volume, either Experimental or Predicted (Steady-state) Volumes,
over time. For example. Experimental Cumulative Volume at 20 seconds is the sum of the
Experimental Volume values at 5, 10, 15, and 20 seconds. The time-scale in Figures A.3

through A.7 represents the integrated duration of the pulse trains themselves; five pulses are
one five-pulse train - lasting approximately five seconds. Ten pulses are the sum of two
five-pulse trains, such that the artery is under a total of 10 seconds of pulsatile pressure.

Measurement of Residual Distension
Optical Coherence Tomography is an imaging technique using back-reflected infrared light
to form depth-resolved images, analogous to the ultrasound technique. In OCT, near
infrared, short-coherence source light is combined with an aiming beam, and then split into
two beams; half of the light goes to a reference arm and half goes to a sample arm to image
the tissue sample. Light entering the tissue back-reflects when refraction index mismatches
occur at tissue boundaries and internal structural interfaces (31). The light back-reflected
from the tissue recombines with light from the moving reference arm, and due to the
difference in the path length between two beams interferes by the Doppler effect. This
interference reflects structural changes in the tissue. Interference only occurs when the
optical path length of the light in the reference and sample arms is within a coherence
length of the light source, so back-reflections from a select depth in the sample can be
measured, one retroreflector period corresponding to a single A-scan or measure of backreflectance versus depth. Thus, the detector of the recombined light produces a complicated
output due to intensity changes in the received signal as structural interfaces are traversed.
The image is then processed by the OCT computer software to reduce noise, and every
point on the scan is assigned a grayscale pixel value. In this way, an image of the artery
walls, at a single point on the artery length, is obtained at each sampling period (0.1
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seconds) (17). From these scans the arterial inner diameter can be measured at a given time
point, using NIH Image computer software.

A similar OCT system has been described previously (33). In the present experiment, the
short-coherence length source was a superluminescent diode with 1290 nm center
wavelength and a 49 nm bandwidth allowing for a 16-^m coherence length (and thus axial
resolution) in air. Assuming tissue index of refraction of 1.4 (18). then tissue axial
resolution was approximately 11 ^m. The sample arm light was focused to a 15-|im spot on
the tissue. The aiming beam was used to align the sample so that maximum artery diameter
was imaged. A-scans were taken at the same lateral location beginning approximately 2
seconds prior to pressure pulse initiation, and continued until approximately 5 seconds after
the pulses stopped. The two-dimensional OCT images are m-scans; i.e., functions of depth
and time. The OCT image time resolution was 100 msec (10 A-scans/sec.).

A typical 20-pulse train image is shown in figure A.2. Depth is plotted on the ordinate (4.2
mm optical path length full range), while a-scan (time) is plotted on the abscissa. The dark
bands are the upper and lower walls and the oscillations demonstrate changes in arterial
wall diameter in response to the pulsatile pressure. Volume displaced by residual distension
(Vres) is given by:

V,es = (^17n')(Rf^-Ro')

(2)
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where I is the artery length and n is the index of refraction. Diameter measures from OCT
(2Ro and 2R() are Optical Path Length measures and must be divided by the index of
refraction to become ""true" measurements.

The estimated residual increase in artery diameter required to crcate the observed shift in
bubble position was calculated to be 90 )jm, which is within the 1 l-fim resolution of the
OCT, assuming an arterial inner diameter of approximately 2.0 mm. Therefore OCT could
be used to determine whether or not an apparent increase in filtration was merely due to
residual distension of the artery.

Statistics
The mean volume accounted for by residual distension, after a given number of pulses, was
compared to the corresponding mean experimental volume (averaged over the 5 arteries)
using Student's t-test (p<0.05) (in cases in which the Kolmorogov-Smimov test showed
normality). Where normality was not found in a population, groups were tested using the
Wilcoxon Rank Sum test (Mann-Whitney Rank-Sum test). Error bars represent standard
errors. The experimental volume corrected for residual distension, averaged over the six 5pulse values between 0 and 30 pulses, was compared to the corresponding steady state
value using the Student t-test (p<0.05), after assuring a normal distribution of the values
using Kolmorogov-Smimov test. The 0-30 pulse mean experimental value was also
compared to the average of the experimental values obtained between 50 and 150 pulses,
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the latter parameter being divided by four to account for the fact that these were 20-pulse
trials rather than 5-pulse trials.

RESULTS

To calculate the volume of fluid filtered through the artery wall, the Lp of each of the six
arteries was measured experimentally as described before, and values were obtained
ranging from 6.2 to 27.5 x 10'^ cm sec 'mmHg '. A literature value of hydraulic
conductivity in rabbit carotid has been quoted at 1.69 x 10"^ cm sec'^mmHg'^ (60). It is
possible that differences in the per&sates used could explain the variation in results. The
literature study used Kreb's solution as perfusate, as opposed to the PBS with 4% albumin
perfused in this study. In studies using PBS with 4.0% albumin perfusate a comparable Lp
value of 13 x 10'^ cm sec''mmHg"' was obtained for rabbit femoral arteries (12). In
addition, in the previous measurement of Lp in rabbit carotid arteries (60), the perfusate
contained NaNOi, a nitric oxide donor (55), which could account for the difference in value
of Lp. It was unlikely that there was any endothelial damage in the carotid arteries as
preliminary experiments, in which the excised vessels were perfused with Trypan blue vital
stain, did not show stained endothelial nuclei. After completion of the experiments in this
study, some vessels were deliberately damaged by stroking the endothelial surface with a
fine brush, after which nuclear staining was observed.
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Figures A.3 and A.4 show the cumulative experimental volume (experimental volume is
defined hereafter as the volume entering the artery, as measured from the bubble shift
forward after a pulse train minus the volume accounted for by the residual distension),
compared to the cumulative steady state predicted volume, with respect to time. Where
graphs are labeled either 60 or 80 mmHg, this refers to the baseline pressure used
experimentally. The volume plot for 60-mmHg baseline pressure (figure A.3) shows an
initial rapid increase in filtration volume during the first 30 seconds after onset of pulsatile
pressure (30 seconds = approx. 30 pulses), that far exceeds that predicted for steady
pressure. After 30 seconds the plot becomes more linear and the slope is reduced but still
exceeds that predicted for steady pressure by 3-fold (3.9 x 10"5 cm3/sec. versus 1.3 x 10"5
cmVsec.). These slopes were obtained using linear regression analysis of data from 50 to
150 pulses. The change to a lesser slope after 30 seconds implies that there is less volume
accumulating over time, and hence a reduced fluid flux. The volume plot for 80 mmHg
(figure A.4) contains the results of trials performed on 5 separate arteries instead of six due
to experimental difficulties with the recording of the bubble movements during one of the
experiments. Individual averages at different time points may contain less than 5 or 6 runs
due to difficulties with either failure of the OCT system to record pressure or distension
files or difficulties with achieving 6 exact sets of 5 or 20 pulses. At 80 mmHg, a similar plot
is obtained as for 60 mmHg except that the reduction in slope (at later time points) appears
to be more gradual and is not clearly associated with a particular number of pulses. The
slope between 90 and 150 pulses, where linearity is achieved, is 7.3 x 10' cm /sec..
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compared to the slope of 1.4 x 10'^ cm^/sec. for steady pressure (a slightly greater than 5fold increase).

The graphs in Figures A.5 and A.6 show the individual experimental volumes, corrected for
residual distension, at each pulse train as well as the individual steady state predicted
volumes for base pressures of 60 and 80 mmHg, respectively. Error bars have been
removed for clarity and can be found in Table A.l. These graphs are non-cumulative,
representing the respective fluid volumes at each individual 5- or 20-pulse train (i.e., a
"snapshot" of the fluid volume associated with each pulse train). Both graphs show that the
experimental volumes are significantly increased when compared to the steady-state
predicted volumes. In addition, the mean average experimental volumes between 0-30
seconds are significantly greater than those between 50-150 seconds (when the latter
volumes are divided by four to account for the longer pulse time), at both 60 and 80 mmHg.
This means that the increase in filtration observed between zero and 30 seconds is a
o

transient increase, and will be referred to as the initial, transient "burst" of filtration.

Figure A.7 compares the total experimental volumes of fluid measured in experiments to
the volume accounted for by residual distension of the arterial wall at 80-mmHg pressure.
Since the first six sets of five pulses represent the initial transient excess filtration (before
30 pulses), excluding later runs should not compromise the results. At 80-mmHg pressure
after 5 pulses, the arteries mostly showed contractile behavior, although, rarely, some
arteries displayed distension. After 20 pulses, nearly all of the arteries examined
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experienced a contraction of varying magnitude. There were significant differences
between experimental volume and residual distension volume at 80-mmHg pressure at the
initial portion of the transient period (at the 5 and 10 second values) and at the end of the
period (30 second value), indicating that it is possible to distinguish between the two
quantities. Similar results may be demonstrated for the 60-mmHg baseline pressure (not
shown). From these measurements, with a carotid artery starting at an initial average radius
of 1.0 mm, the maximum residual distension volume (0.000526 cm^) corresponds to an
artery with a final distended radius of 1.01 mm. In arteries that experienced a contraction,
the maximum volume change from radial contraction corresponds to a final contracted
radius of 0.95 mm.

DISCUSSION

This study has demonstrated changes in fluid influx into the artery wall when a pulsatile
pressure is superimposed on an existing steady pressure. The effect of such pressure has
been to create a large, increased transient "burst" of filtration that settles to a more gradual
filtration after 30-50 pulses (at 60 mmHg baseline pressure) or 110 total pulses (80 mmHg
baseline pressure), with one pulse equal to approximately one second. These mechanical
changes in arteries observed with the transition from steady to pulsatile pressure are
important because they may alter arterial wall macromolecular transport properties (24, 26).
An example in which such conditions might be encountered in vivo is when arteries become
occluded, or partially occluded.

After relief of the occlusion, a pulsatile pressure is
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suddenly superimposed on a steady pressure, and our experimental findings predict that
there will be a subsequent transient "burst" of filtered fluid. A main cause of reperfusion
injury has been described as a "burst of reactive oxygen species" (35), which might
correspond to the burst of filtration found in this study. The transient burst could serve to
drive these toxic agents deeper into the artery, thereby causing more injury, and a more
inflammatory-like

response, as well as convectively moving larger molecules, such as

oxidated LDL, which has been implicated in the pathogenesis of atherosclerosis (51).

Two to three minutes after the onset of pulsatile pressure, at 60 or 80 mmHg, approximately
7 to 9 times the predicted steady state filtration volume had passed through the endothelium
into the artery wall. It might be expected that such a large transendothelial fluid transfer
would trigger a structural change in the media, either to facilitate absorption of the fluid or
to lower wall resistance to allow fluid passage through the wall. Wall filtration could be
caused by altered colloidal osmotic pressure (COP). The magnitude of such filtration is
limited by the concentration of the perfusate in the artery lumen. Plasma has a COP of 28
mmHg (39), well below the hydrostatic pressures of 60 and 80 mmHg. Therefore, even if
pulsatile pressure caused interstitial COP to reach its maximum value (28 mmHg), this
would not account for the increase in fluid filtration. In these experiments, the COP was
less than 28 mmHg because the physiological solution used was 4.0% albumin. So the
burst of filtration must be true filtration, and not due to simple changes in the artery wall
osmotic pressure gradient.

46

Another possible cause of the transient burst of filtration could be alterations in fluid shear
stress at the endothelial surface of the artery. The applied pulsatile transmural pressure
generates pulsatile fluid flow in the vessel, which results in unsteady shear stress.
Fluctuations in shear stress might alter the transport properties of endothelium.

The

variations in shear stress were estimated assuming Poiseuille flow in a cylindrical artery,
using approximate values for rabbit carotid arteries (Appendix A1 (3)). The fluctuation in
shear stress was found to be 0.35 dyn/cm'. This value is much lower than physiological
levels of fluctuating wall shear stress in arteries, and is therefore unlikely to result in
alterations in endothelial transport properties.

To distinguish between fluid entering the artery wall and fluid causing a residual distension
of the vessel, it was necessary to use OCT. This study has shown that OCT can resolve the
arterial walls and measure small changes in distension (distension corresponding to fluid
volume changes less than 0.0005 cm') in those walls over time. Optical Coherence
Tomography allows us greater resolution in the tissue than ultrasound techniques, better
depth-resolved imaging (compared to video or photography) and better depth of image and
longer working distance than confocal or deconvolution microscopy (19). However, it was
not possible to measure whether the excess fluid lost through the arterial intima was
retained in the arterial wall or filtered through the media/adventitia to the outer surface (i.e..
thickness changes in the wall of the order of those corresponding to retention of fluid in the
wall could not be resolved). Using the maximum average value obtained for the volume of
fluid lost (0.0035 cm^), one can calculate that the wall thickness should increase by

approximately 23 microns, which is close to the borderline of the OCT resolution
(presuming incompressible fluid, and cylindrical arteiy geometiy). Most values of
experimental volume were lower than 0.0035 cm^, and so OCT does not have the ability to
resolve residual changes in wall thickness or to define separate layers within a pulsing
artery wall.

The mechanism by which pulsatile pressure causes greater fluid influx initially and possibly
accumulates fluid overall in the wall is not known. Hypothesizing, there may be a transient
increase in the number or size of endothelial junctional gaps causing the response depicted
by figures A.3 and A.4. Monolayers of cyclically stretched cultured endothelial cells show
transiently increased permeability (50), but no such data are available for arterial
endothelium in vivo. Physiologically, endothelium accounts for a considerable fraction of
the total resistance to flux of water through the artery wall, at least in the aorta (62).
Pressure induced oscillating stretch of endothelial cells also affects production of factors
such as endothelin-1 or autocorticoids (47). which could effect the permeability of the
artery wall by causing contraction of the smooth muscle cells, thereby creating medial
density changes. Although an increase in endothelial penneability may be explained by
biochemical responses to the onset of pulsatile pressure, it is hard to account for the fact
that the major part of this response lasts only for approximately 2 minutes or less. For
example, endothelial recovery from permeability changes after treatment with histamine, or
other mediators such as bradykinin, requires approximately 30 minutes, with the limitation
being the ability of the cells to reform cell-to-cell junctions and remodel their cytoskeletons
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accordingly to close junctional gaps (10). Therefore, it would be difficult to attribute the
behavior seen in Figures A.3 and A.4 solely to endothelial recovery or remodeling. It is
more likely that the attenuation of the initial burst of filtration is produced by completion of
hydration of the arterial media. It should be noted however, that many arteries in other
species, including humans, contain vasa vasorum and lymphatic vessels in the outer media
and adventitia. The vasa vasorum and lymphatic vessels could participate in the exchange
of fluid between the circulating blood and the artery wall, assuming that the artery was not
excised, as in the present study. If the artery were equipped with functioning vasa vasorum
and lymphatic vessels there may be no need to invoke medial hydration as a mechanism for
attenuating the burst of filtration produced by the onset of pulsatile pressure.

However, in the case of an excised artery, a remaining question is where in the artery the
excess fluid is accommodated. One possibility would be that medial smooth muscle cells
imbibe the extra fluid. However, since cells have relatively small hydraulic conductances
(43), this is unlikely. Another possibility could be that changes in the tone of the smooth
muscle cells, induced by puisatility, alter the configuration of the extracellular space so as
to increase the available space for water. Previous experiments have shown that arteries
treated with agents producing smooth muscle cell contraction or relaxation, the available
space for water is not significantly altered (9). A third possibility is that there must be
another wall structural component hydrating after the onset of a pulse pressure. The most
likely remaining component(s) explaining this fluid loss are the extracellular matrix and
connective tissues that form the interstitium.
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Guyton describes arterial wall "tissue" spaces as an interlacing mat of collagen fibers with
the spaces between the fibers filled with a mucopolysacharide gel hydrated with trapped
extracellular fluid (29). This mucopolysacharide gel, or "ground substance," is generally
resistant to flow through interstitial spaces, but does allow for small molecule diffusion.
Excess fluid in these spaces can expand this ground substance and disrupt the gel reticulum,
allowing for there to be two phases in the gel; a fluid poor phase consisting of the gel
reticulum with "trapped" fluid, and a "free" fluid rich phase that occurs when excess fluid
or pressure breaks up the gel reticulum and forms free fluid pockets or eventually flow
channels in the tissue spaces (29). Evidence for such inhomogeneities is provided by
electron microscopic images showing two kinds of tissue spaces; spaces free of protein,
and spaces with protein "tunnels" containing interstitial fluid (15).

When describing

pressure effects on the volume of interstitial gel spaces, authors have expressed the results
graphically with a compliance curve in terms of interstitial pressure versus interstitial fluid
volume (IFV), which in all studies takes the form of a sigmoid-shaped curve (6). While
authors disagree over the exact values of interstitial pressures involved, they agree that a
low IFV corresponds to a dehydrated tissue with low compliance. Then there follows a high
(theoretically; infinite) compliance phase representing an initial "filling" or rehydration of
the tissue (29), followed by a third lesser compliance phase when the tissue has filled and is
now under tension (29). Aukland (6) describes this latter state as "reduced compliance due
to restriction by fascias." Figures A.3 and A.4 likely show a similar initial filling phase
followed by a restricted phase afterward.

From these previous studies, it appears that two effects, either singly or in combination,
might provide a mechanism for our results. Increased strain, produced by the pulsatile
pressure, may open up free fluid pockets in the "ground substance", allowing for suddenly
greater filling of the media. Such a mechanism could explain the results obtained at 60mniHg. At higher pressure, more free fluid pockets may open, or perhaps flow "channels"
could open in the mucopolysacharides, or at the interfaces of the connective tissue fibers
and the ground substance. These channels would allow more fluid to enter the interstitium
and so at an 80-mmHg baseline pressure the artery wall would take longer to saturate,
explaining the time-delay in the reduction of the slope of the plot.

Figures A.3 and A.4 imply that with initiation of a pulsatile pressure regime, the pressure
change and its changes in filtration may interact more directly with the interstitium than
theoretically predicted. A working hypothesis would be: though not observably edemic, the
transiently increased filtration, after the onset of pulsatile pressure, strains the interstitial
connective tissues and the ground substance, so that free-fluid regions or channels form,
perhaps resulting in regions of localized edema. The transiently increased filtration may
also assist passage and accumulation of lipoproteins and free radicals into the interstitial
fluid pockets, creating a source of chronic inflammation and tissue damage.

APPENDIX Al: ESTIMATION OF PULSATILE WALL SHEAR STRESS

We consider a cylindrical artery with inner radius Ro - 0.1 cm, and length 1 = 2 cm, and
assume a sinusoidal pressure with frequency 1 Hz added to the baseline pressure. The
artery radius is then R = 0.1 [1 + 0.05 cos (27rt)] cm, assuming a ± 5.0% change in radius
with pulsation, and the internal volume is approximately V - 0.027E [1 +0.1 cos (27it)] cm .
The volume flow rate at the end of the artery at which the pressure is applied is then equal
to the rate of change of volume with time, and its maximum value is Qmax = 0.004

cm^/s.

From well-known properties of Poiseuille flow, the maximum value of the wall shear stress,
in time and space, is given by:
•2

Tmax = 4|j, Qmax/(7^R ) = 0.35 dyn/cm

9

-J

assuming a fluid viscosity ji = 0.007 dyn s/cm . The predicted maximum shear stress
decreases linearly to zero at the occluded and of the artery. This maximum shear stress is
very small relative to the transmural pressure forces driving the filtration through, and
distension of. the artery wall, and is less than one tenth of that encountered in arteries in
vivo (69). The stress is also smaller than values quoted in the literature for minimum shear
stress required to stimulate endothelial cells to increase their Lp (0.5 dyne/cm^) (56), where
such stimulation produced results on a time scale of approximately 30 minutes after
application of the stress to the cells. This time scale is almost twelve times longer than that
involved in the transient filtration burst demonstrated in the present study. Therefore,
activation of the endothelium by unsteady shear stress is unlikely to affect our experimental
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A ppe ndix B

EFFECTS OF PULSATION FREQUENCY AND ENDOTHELIAL
INTEGRITY ON ENHANCED ARTERIAL TRANSMURAL FILTRATION
PRODUCED BY PULSATILE PRESSURE

INTRODUCTION

The study described in the previous appendix (3) addressed the lack of information on the
effect of pulsatile pressure on arterial transmural fluid transport.

Prior studies had

examined variation of hydraulic conductance, Lp, a parameter of convective fluid transfer,
with steady hydrostatic pressures. Such studies are useful because convective fluid motion
is thought to be involved in transporting large molecules (i.e., lipoproteins), into artery
walls, where accumulations of such molecules are known as fatty streaks. These streaks
can be precursors of arteriosclerosis, because fibrous plaques form initially from fatty
streaks.

However, it is important to examine arteries when they are exposed to pulsatile pressure
because in vivo, pulsatile pumping of the heart causes cyclic changes in arterial transmural
pressure, creating rapid shifts in arterial wall stress, possibly changing wall transport
properties and vessel transmural flow permeability.

In the previous study involving pulsatile pressure (3), rabbit carotid arteries, initially at
steady luminal pressure, were subjected to pulsatile pressure consisting of six separate
pulse-trains of five pulses per train, followed by six separate pulse-trains of twenty pulses
per train. Any residual distention after completion of each pulse-train was measured using
Optical Coherence Tomography (OCT), to enable accurate determination of the volume of
fluid that had filtered through the artery wall. Then the experimentally measured filtered
volume was compared to that predicted using the steady pressure measurements.
Experiments showed that with onset of a pulsatile pressure, there is initially a large, but
transient burst of increased filtration (3). The use of OCT was found to confirm that the
fluid measured as passing through the artery intima must have been filtration, and could not
be accounted for by the residual distension in the artery wall. Over time, the transient burst
of filtration settles into a more homeostatic, linear filtration rate that at a baseline pressure
of 60 mmHg is still three times greater than that predicted by steady state theory.

It is known that the endothelium plays a significant role in controlling fluid filtration
through the artery wall. In fact, a previous study (64. 68) has demonstrated that the
endotheliuin accounts for about half of the hydraulic resistance of the whole vessel wall.
For this reason, one goal of the present study was to evaluate the role of the endothelium in
the pulsatile pressure-induced increased filtration. One problem inherent in the previous
study was that the pulsatile pressure was initiated in arteries that were pressurized at a
steady transmural pressure. To be more physiological, the artery should be in a continually
pulsatile state, with occasional changes in pulse frequency. Therefore, a second goal of this
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study was to examine filtration changes (while still correcting any residual distension) in
arteries experiencing the effects of a change in the pulsatile pressure frequency in an
already established pulsatile regime.

METHODS AND MATERIALS

Experiments to compare intact versus de-endothelialized vessels were performed on five
male New Zealand White rabbits (Av. weight 3.82 kg.) anesthetized with pentobarbital
sodium (30 mg/kg iv administered). Three other male New Zealand White rabbits (Av.
weight 3.27 kg.) were similarly anesthetized and used for the experiments to examine the
effects of frequency changes. All experiments were conducted within animal welfare
regulations and guidelines for the U.S.A. under lACUC approval. The following procedures
were performed:

For De-endotbelialized Vessels
1. Surgical preparation of cannulated carotid arteries: For testing the deendothelialized arteries, the second carotid arteries of the pairs used in the previous
study (3) were employed.

Therefore, the intact arteries from the previous

experiment served as a control group in the current study. Arteries were deendothelialized by passing an air bubble along their length.
2. Hydraulic conductance (Lp) at a steady pressure of 60 mmHg was measured.
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3. A pulsatile pressure (10-15mmHg) was superimposed upon a steady pressure of
either 60 or 80 mmHg, and. after the onset of a given set of pressure pulses, the
resultant fluid filtration was measured. A Viggo-Spectramed pressure transducer
measured and recorded the pressure changes over time.
4. Simultaneous measurement before, during, and after application of the pulsatile
pressure of the arterial distension via Optical Coherence Tomography (OCT).
5. Comparison of observed experimental fluid filtration into the artery wall (corrected
for residual distension) to predicted filtration (calculated from steady pressure Lp
and the pulse train time-averaged pressure) and to intact values.

For Frequency-Changed Vessels
1. Surgical preparation of cannulated carotid arteries: Rabbit carotid arteries (both
lateral and contralateral) were excised and prepared using a protocol detailed in a
previous study (3). Arteries to be tested by changing the frequency were left with
normal endothelium.
2. Hydraulic conductance (Lp) at a steady pressure of 60 mmHg was measured.
3. An initial pulsatile pressure regime (10-15 mmHg pulsatile pressure superimposed
on the baseline pressure (60 mmHg)) was established. Then the resultant fluid
filtration was measured after doubling the frequency for a given set of pressure
pulses. A Viggo-Spectramed pressure transducer measured and recorded the pressure
changes over time.

4. Simultaneous measurement before, during, and after frequency variation of the
pulsatile pressure of the arterial distension via Optical Coherence Tomography
(OCT).
5. Comparison of observed experimental fluid filtration into the artery wall (corrected
for residual distension) to predicted filtration (calculated from steady pressure Lp and
the pulse train time-averaged pressure) and to values previously measured in arteries
pulsed at 1 Hz frequency.

Surgery
During a previous study (3), both rabbit carotid arteries were surgically removed from each
animal and one vessel was used to determine the effects of pulsatile pressure on fluid
filtration. The second carotid artery from each pair was used in the present study to
determine the role of the endothelium in response to pulsatile pressure. Both vessels were
cannulated, pressurized with phosphate buffered saline (PBS, 4.0% bovine serum albumin,
pH 7.4), excised, and then stored briefly in PBS before their use (3). Before excision, any
branches from the main artery had been ligated. A stainless steel holder clipped to each
cannula maintained the excised arteries at their original physiological lengths. The
cannulated segment was placed into the apparatus shown in Figure A.l and the segment
was perfused with PBS containing 0.03% Trypan blue. Inclusion of the Trypan blue in the
perfusate allowed for detection of any unligated branches when the vessels were
pressurized and the outlet closed. The arterial segment was then de-endothelialized by
passing a small air bubble through its length.

Next, the segment was preconditioned by

repeatedly pressurizing and depressurizing between 10 and 100 rninHg,

following

previously established procedure (13). An air-bubble introduced into a length of tubing
attached to the artery was used to measure the artery Lp under steady pressure following a
previously established procedure (13). The same surgery was performed upon the three
rabbits used in the experiments to test changing frequencies, except in these cases the six
available arteries were all left intact before experimentation.

Creation of Pressure Regimes
Pressure Pulse Creation
Pulsatile pressure was created in the arterial segments with a Harvard Apparatus pump
(model 1421 Pulsatile Blood Pump). The same apparatus used in the previous study (3) was
used to create a high resistance branch with oscillatory pressure without net fluid flow in
series with the cannulated end of the artery (see Figure A.1). A Viggo-Spectramed pressure
transducer was attached to the cannula outlet at the other end of the artery. As in previous
experiments, baseline pressure was set by an attached pressure reservoir and
sphygmomanometer bulb and calibration curves were created at the start of each
experiment. The arteries used in the prior experiments (3) were used as intact vessels for
comparison with the present experiment. As for the intact vessels, the Harvard pump was
activated and six sets of 5-pulse trains, followed by six sets of 20-pulse trains at 60 and 80
mmHg baseline pressures at a frequency of one pulse per second were applied to the deendothelialized vessels. In between the pulse-trains there were 10-20 second periods of
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steady pressure in order to allow the apparatus to be reset. Data on the fluid flux into the
artery during these interim periods were not obtained.

Synchronized data outputs were recorded from

the transducer and imaging system

throughout each pulse-train. As was seen previously in the intact vessels, the bubble
oscillated back and forth with each pressure pulse, and was often shifted toward the vessel
after passage of the pulse train. Bubble position for each pulse train was videotaped to
determine the total time of oscillatory motion and shift from the pre-pulse position. This
shift arose from the sum of any residual arterial distension and the fluid filtered from the
arteiy lumen. As in the intact vessels, predicted fluid loss by filtration from the steady-state
calculation was found using the following equation (42);

Predicted fluid loss = Lp As P t

(1)

Where As = arteiy surface area, P = time-averaged transmural pressure and t = duration of
oscillation (now determined for a de-endothelialized vessel).

As in the prior study,

"Cumulative Volume" referenced in Figures B.l, B.2, and B.3 is the summed volume,
either experimental or predicted (steady-state) volumes, over time (i.e.. Experimental
Cumulative Volume, 20 seconds, is the sum of the Experimental Volume values at 5. 10,
15, and 20 seconds). Time-scales in Figures B.l through B.3 represent the integrated
duration of the pulse trains themselves (Ten pulses are the sum of two five-pulse trains, so
the artery experiences approximately a total of 10 seconds of pulsatile pressure).

Changing Frequency of the Pulsatile Pressure
To establish an initial pulsatile frequency in the artery, a baseline pressure of 60 mmHg was
imposed, and then the pump was used to create a pulse-train consisting of 150 continuous
pressure pulses at an amplitude of 10-14 mmHg (added to the baseline pressure) and a
frequency of approximately 1 Hertz. At 60 mmHg baseline pressure, after 150 total pulses,
the filtered volume rate settled to a "steady" value (estimated 3.9x10"' cm^/sec.), and thus
no further bursts occurred (3). Then two sets each of higher frequency 5-pulse trains
followed by 20-pulse trains were generated in the arteiy. Therefore, as an example, the
artery began at a steady-state, 60 mmHg of pressure, received an initial 150 pulse pressure
train at set amplitude and frequency (10-14 mmHg, 1 Hertz), and then was allowed to
stabilize at steady pressure temporarily to measure the initial bubble position. Next the
artery received a 5-pulse pressure train at 2 Hertz frequency, the experimental volume
filtering into the artery was measured, and then the process repeated for five more 5- pulsetrains. After another 150 pulse-train set, at the initial frequency, the artery was exposed to a
set of six 20-pulse double frequency pulse-trains.

During the high frequency pulse-trains, the pump plunger was forward in its cylinder when
the baseline 60 mmHg pressure was set. This was necessary in order to discern that the
plunger has started and stopped in the same position, especially when using a higher pulse
frequency. The effect of having the plunger forward is that when the pump is engaged and
the plunger retracts, the pulsatile component is subtracted from the baseline pressure.
Therefore, the pulse train appears inverted. Physiologically, however, this is akin to an
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artery already having been inflated by a ventricular contraction, the heart valves having
closed, and the artery then elastically recoiling to resume its original distension. The artery
is then re-distended by re-pressurization as the ventricles contract again. Therefore, the
situation physiologically is as if to merely start the artery in a different phase.

Measurement of Residual Distension
To determine the fluid loss from the arterial lumen it was necessary to measure the residual
distention using Optical Coherence Tomography (OCT) as was performed in a prior study
(3). The OCT system has been described previously (33). The current system consists of a
short-coherence length source (superluminescent diode, 1290 nm center wavelength and 49
nm bandwidth) allowing for a 16-|a.m coherence length (and thus axial resolution) in air.
Assuming a tissue index of refraction of 1.4 (18), then tissue axial resolution is
approximately 11 pm. The sample arm light is focused to a 15-|im spot on the tissue. A
detailed description of the operation of the OCT imaging technique used in pressurized
arteries is included in a previous study. The system was used as before (3) to create twodimensional OCT images (m-scans; i.e., functions of depth and time with time resolution of
100 msec (10 A-scans/sec.)) in order to determine variations in internal diameter. Volume
displaced by residual distension (Vres) is given by:
V«s = (nl/n')(Dr-D(r)

(2)

Where 1 is the artery length and n is the index of refraction. Diameter measures from OCT
(Do and Df) are Optical Path Length measures and must be divided by the index of
refraction to become "true" measurements.
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Statistics
Error bars represent standard errors. The experimental volume corrected for residual
distension, averaged over the six 5-pulse values between 5 and 30 pulses, was compared to
the corresponding steady-state value using the Student t-test (p<0.05), after assuring a
nonnal distribution of the values using Kolmorogov-Smimov test. The 5-30 pulse mean
experimental value was also compared to the average of the experimental values obtained
between 50 and 150 pulses (six 20-pulse trains), the latter parameter being divided by four
to account for the fact that these were 20-pulse trials rather than 5-pulse trials. The various
plots were tested for normality, checked for equal variances, and then where possible linear
regression was performed. When linear regression lines could be found between two
regions, F-tests were then performed to test whether the regions yielded significantly
different linear regression lines.

RESULTS

Hydraulic Conductance
For the de-endothelialized arteries, the hydraulic conductance (Lp) of each artery was
measured experimentally under steady pressure so as to estimate the predicted volume of
fluid filtered through the artery wall. An average value of 6.03 ± 3.88(SD) x 10' cm sec"
'mmHg'^ was obtained and this was significantly greater (p < 0.05) than the average Lp of
intact arteries, 1.49 ± 1.13(SD) x 10'^ cm sec"'mmHg"' (3). For the arteries that were later
o

exposed to a frequency change, the average steady-state Lp was 0.956 ± 0.482(SD) x 10"

cm sec"'mmHg'', which was not significantly different from the previous values (3). The
mean Lp value of the de-endothel ial ized vessels was almost 3 to 4 times that of the intact,
which is consistent with values in the literature. Tedgui and Lever (63) quote values of Lp
in damaged rabbit aortas twice that of normal rabbit aortas. The predicted filtered volume
for the de-endothelialized vessels was found at each time point using the steady-state Lp
values. These values were, on average, approximately three times those of the steady-state
predicted volumes of the intact arteries (not shown).

Filtration in De-endothelialized Vessels
Figures B.l and B.2 show the cumulative experimental volumes for the de-endothelialized
pulsatile vessels (experimental volume is defined hereafter as the volume entering the
artery, as measured from the bubble shift forward after a pulse train minus the volume
accounted for by the residual distension), compared to: (i) the predicted cumulative steadypressure filtration volume for de-endothelialized vessels (hereafter referred to as deendothelialized steady-state vessels), and (ii) the cumulative experimental volumes for the
intact pulsatile vessels (intact vessels, data from (3)). Graphs are labeled either 60 or 80
mmHg (in Figures B.l and B.2, respectively) depending on the baseline pressure used
experimentally. Figure B.3 shows the cumulative experimental volumes for the vessels
experiencing a frequency change in pulsatility (hereafter referred to as 2 Hz frequency
vessels). Using figures B.l, B.2. and B.3 the parameters compared were: (i) the cumulative
experimental volumes for de-endothelialized pulsatile vessels from 5-30 pulses versus those
from 50-150 pulses, (ii) the cumulative experimental volumes for de-endothelialized
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pulsatile vessels versus the corresponding volumes for de-endothelial ized steady-state
vessels over both the 5-30 and the 50-150 pulse groups, (iii) Using the same comparisons
as in (ii) but versus the intact pulsatile vessels.

Where possible, linear regressions have been summarized in Table B.l for the 5-30 and the
50-150 pulse-regions of figure B.l. Linear regression on the de-endothelialized steady
pressure and the de-endothelialized pulsatile plots show that from 5-30 pulses, the deendothelialized pulsatile values have a slope 5.3 times the slope of the de-endothelialized
steady-state values (15.6 x 10'^ cmVsec. versus 2.9 x 10'^ cnr^/sec., respectively). Linear
regression on the same plots from 50-150 pulses show that the de-endothelialized pulsatile
values have a slope approximately four-fold that predicted for de-endothelialized steadystate slopes (11.2x 10" cm /sec. versus 2.7 x 10" cm /sec., respectively).

F-tests

demonstrate significant differences between the slopes of the de-endothelialized pulsatile
values and the de-endothelialized steady-state values, for both 5-30 pulses and 50-150
pulses. However, the same test does not show a significant difference between the slopes of
the de-endothelialized pulsatile values and the intact pulsatile values at 5-30 pulses even
though the de-endothelialized pulsatile and the intact pulsatile values are significantly
different at 50-150 pulses.

A point-by-point comparison of the intact and de-

endothelialized pulsatile results shows a significant difference between the two plots at each
point from 50-150 pulses (by the Wilcoxon Rank Sum test (52)). Hence, the original
assumption (3) that the endothelium plays only a minor role in the production of the
transient burst of filtration after onset of pulsatile pressure appears to be accurate but only

for the initial 30-50 pulses. As the number of pulses approaches 150, the endothelium
appears to lower the filtration rate in the intact pulsatile versus the de-endothelialized
pulsatile vessels.

Figure B.2 shows cumulative volumes versus time scatter-plots for the same vessels as in
Figure B.l, except that these vessels were tested at 80 mmFIg baseline pressure. Table B.2
summarizes the linear regression slope values (where linear regression is possible) at 5-30
pulses and 50-150 pulses.

The scatter-plots for the intact pulsatile and the de-

cndothelialized pulsatile volumes follow a similar trend as in the 60 mmHg plot, but F-tests
between the de-endothelialized pulsatile and the intact pulsatile vessels from 50 to 150
pulses do not find a significant difference. The point by point comparison over 50-150
pulses, using the Wilcoxon Rank Sum test, again indicates significant differences between
the intact and de-cndothelialized pulsatile vessels at 50, 90, 110, and 130 total pulses. The
points compared at 70 and 150 total pulses do not show significance.

There is no

significant difference between the slopes of the de-endothelialized pulsatile vessels and the
intact pulsatile vessels at 5-30 pulses.

This supports the finding that under pulsatile

pressure, the damping effect of the endothelium on the transiently increased filtration is
delayed.

Filtration in 1-2 Hertz Frequency Vessels
Changing the pressure pulse frequency from one to two Hertz produced the results shown in
figure B.3. Going from 1-2 Hz also gives a transient burst of filtration similar to that found
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when going from steady pressure to a 1 Hz pulsatile pressure (3). Also shown in the figure
are the cumulative results from intact pulsatile arteries that have been subjected to only a 1
Hz pulse frequency, and the steady-state cumulative volumes calculated over time periods
equivalent to the time periods for the 2 Hz frequency pulse trains (labeled equivalent
steady-state volumes). The graph of the 2 Hz frequency vessels displays the following
characteristics: there is an initial region with an apparent transient burst of filtration from
2.5 to approximately 15 seconds, followed by a region of lesser filtration from 25-75
seconds. Due to the nonlinearity of the plots in figure B.3, F-tests were not performed. Ttests show that the values at 5-30 pulses for intact pulsatile vessels are significantly smaller
from those for the 2 Hz frequency vessels. The values at 50-150 for the intact pulsatile
vessels are also significantly smaller when tested against the same regions of the 2 Hz
frequency vessels.

DISCUSSION

In previous work (3). the importance of understanding the effect upon fluid influx into the
arteiy wall when a pulsatile pressure is superimposed on an existing steady pressure has
been discussed. Other influences upon the amount of fluid influx, such as the colloidal
osmotic pressure in the system used herein, or any permeability changes due to any possible
minimal shear stress in the artery used, and presence or absence of vasa vasorum in the
excised carotid arteries have also been discussed previously (3). While increasing the
frequency does increase the shear stress within the artery, previous analysis shows that at
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most, the shear stress will double to 0.7 dyne/cm^, which has been shown to produce a
change in Lp only after 30 to 60 minutes and is still insignificant compared to the
transmural pressure forces involved. Examining figure B.3 shows that any results from this
experiment occur earlier than 30 minutes after the change in frequency, so changes in shear
stress cannot account for these results.

One question posed in the previous work is whether or not a change in artery wall thickness
would have been detectable by OCT. The previous analysis focused on the change in
thickness that could occur after a single pulse-train trial, using the maximum volume
measured during the individual trials. It is also instructive to examine what change in
thickness would be possible if the accumulated volumes of the intact pulsatile vessels
shown in figures B.2 and B.2 are considered. At 60 mmHg, the accumulated volume
eventually reaches a maximum value of 0.0105 cm\ The formula for the change in volume
corresponding to a change in wall thickness (with average values of R*, (average artery
radius) - 1.0 mm, 1 (average artery length) - 1.8 cm, and t (average artery thickness) = 0.14
mm) is given in equation (3):

AV^j, -2;zRJAt

(3)

Using the listed average values with a change in Vf,iu of 0.0105 cm"', gives a thickness increase
of approximately 92 microns, or a 66% increase in thickness that should be visible under OCT.
At 80 mmHg the accumulated volume increases to 0.208 cm^, which would correspond to a
thickness change of 180 microns, or a 131% thickness increase. These values equal or exceed

the estimated medial water content of the rabbit carotid arteiy (9), so fluid must, at least at 80
mmHg, be exiting from the adventitial side of the artery.

Role of the Endothelium during a Pulsatile Pressure Regime
A question arising from the previous work is the role of the endothelium versus the role of
the media of the artery in the two phases of filtration into the artery wall. The results of this
study suggest a significant role for the endothelium in controlling the volume flow rate
through the artery wall after the onset of pulsatile pressure, but only after an initial period of
time has passed, since at first the de-endothelialized arteries have the same filtration
characteristics as the intact arteries. At some point prior to the 50 to 150-pulse range, at 60
mmHg baseline pressure, the presence of the endothelium makes a significant difference to
the volume filtered over time. While at 80 mmHg a statistically significant difference in
slopes is not foxmd, examination of the graphs does suggest a trend towards the
endothelium also reducing the volume flow rate after 110 pulses. A comparison of the
slopes of the graphs in figure B.l shows that the de-endotheliaiized plot is well modelled by
a linear curve passing through the origin. The later points on the intact vessel plot suggest a
linear curve with a y-intercept greater than zero. For this to occur at some point prior to the
later points in the intact vessels plot, the endothelium must alter the filtration characteristics
of the intact vessels. The question then arises: what mechanism exists that can allow the
endothelium to change its permeability on a time-scale that is of the order of two minutes?
One way the endothelial cells could directly alter the filtration characteristics of the arterywall would be to alter the intimal resistance to water flux.

Another possible way for
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endothelial cells to change the filtration would be indirectly by changing the arterial medial
resistance through release of nitric oxide or autocoids, such as endothelin-1.

A way to adjust the resistance of the endothelium within the time frame seen in figure B.1
may be the ability of endothelial cells to maintain equilibrium between an adhesive and a
contractile state (27).

Typically, in a contracted state endothelial cells are retracted fi-om

their fellow cells, the junctional gaps between individual cells are wider, and the
endothelium as a tissue becomes more permeable (25). The contraction and subsequent
retraction are brought about by changes in the tone of the actin-myosin complex (allowing
more cross-bridge cycling (25)). Vasoactive substances, such as thrombin and mildly
oxidized low-density lipoprotein (mox~LDL) (25), can produce these effects.
Counterbalancing the contraction is a relaxation in the actin-myosin complex allowing the
adhesive forces (also called tethering forces) present in the adherens jxmctions and in the
focal adhesions to maintain a basal level of the barrier fimction of the endothelium. One
measure of the level of barrier function is that it is directly related to the amount of myosin
light chain (MLC) dephosphorylation, accomplished, for example, by increases in amounts
of certain molecules such as cAMP.

Experiments on cultured human umbilical vein endothelial cells (HUVEC) with mox-LDL
show reductions in MLC phosphatase followed by MLC phosphorylation (25). In the
HUVEC cells, after exposure to mox-LDL, MLC phosphatase reduced to 60% of normal
value after a time period of 30 seconds to two minutes, and returned to normal after 5
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minutes (25). Considering cellular functions occur at greater speeds in intact tissues versus
cultured cells, it is a reasonable possibility that the endothelium in the intact arteries
experiences possible changes in the amounts of MLCK (myosin light chain kinase)
inhibitors, and that such changes could, at least in part, explain the alteration in endothelium
permeability seen at later pulse values in the intact vessels. The lack of a difference
between fluid filtration into intact vessels, compared to de-endothelialized vessels, both
undergoing pulsatile pressure, at 80 mmHg may be due to the tethering forces requiring
more time to restore or increase the endotheHal barrier resistance while under the influence
of the higher baseline pressure. Future experiments to investigate the junctional gap size
for example, by staining with silver nitrate, prior to and after changes in the pulsatile
pressure, could resolve whether modification of intimal resistance accounts for the lower
filtration over time in the intact pulsatile vessels at 60 mmHg baseline pressure.

Another possibility is that the pulsatile pressure causes release of regulatory molecules,
such as nitric oxide or endothelin, that affect medial resistance to filtration. There is also
the potential that these molecules could affect intimal resistance as well. Upon onset of
pulsatility, or a change in pulsatile Irequency, the endothelial cells might release the
autocoid(s), which would then take time to act upon the medial cells (smooth muscle cells,
pericytes or fibroblasts). This would then account for the delayed reaction seen in figure
B.2, as prior to 30-50 pulses the molecular signaling may not have had time to instigate a
response. The lack of a response at 80 mmHg may be because at higher pressure it may
take longer for the response to the regulatory molecules to overcome the mechanical forces.
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Previous studies have shown that nitric oxide production by cultured endothelial cells is
influenced by shear forces (48). In the arteries used in the present study, however, the flow
and therefore the shear forces were attenuated (3). Studies on the effects of pulsatile flow,
pulsatile pressure, and cyclic stretching both singly and in combination have been
conducted on cultured endothelial cells (21). These experiments used human venous
endothelial cells grown on silicon rubber tubes that were attached to devices to create
pulsatile pressure, pulsatile flow,

and cyclic stretch.

The mechanical conditions

(insignificant flow, pulsatile pressure) were similar to those used in the rabbit carotid
arteries described previously. The distal end of the silicon tubing was blocked to stop any
flow and the endothelial cells were subjected to 120/80 mmHg pulsatile pressure with a
2.0% cyclic strain. These results were compared to cells subjected to the same conditions
plus a 115 mL/min. flow-rate resulting in a mean pulsatile shear stress of 7.1 dyn/cm^ (max:
9.4 dyne/ cm ). Pulsatile pressure without flow is reported to produce one-ninth the nitric
oxide of pulsatile pressure with flow (21). Therefore it is unlikely that a change in NO
causes the reduced filtration seen in the intact pulsatile arteries at 60 mmHg. Additional
experiments measuring any change in the nitrite level within the artery before and after
pulsation would be useful.

An autocoid molecule that could create changes in wall tone that may well, in turn, alter
medial artery wall geometry is the autocoid endothelin-1. Endothelin-1 (ET-1) is a potent
vasoconstrictor, hence its possible role in changing artery wall tone. Constriction of the
vessels after an onset of pulsatile pressure has been noted before, but the effect has been
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short lived (only after five to ten total pressure pulses) (3). This would indicate that any
effects on wall filtration by ET-1 stored as a reserve in the endothelial cells are quickly
exhausted, and long-term effects would have to rely on production of new ET-1,
presumably by the endothelium. The production of ET-1 has been studied, in cultured
cells, under combinations of pulsatile pressure, pulsatile shear stresses, and cyclic
circumferential stretching (72).

In experiments upon bovine aortic endothelial cells,

Sylgard 184 tubes with cells cultured upon their interiors were acted upon by pulsatile
pressure (100 ± 60 mmHg), high one directional (6 dyn/cm2) and oscillatory (0.3 dyn/cm2)
shear stress, low pulsatility shear stress (0.08-0.3 dyn/cm ), and tubes with zero and 4%
cyclic circumferential stress (72). EcNOS and ET-l mRNA were measured under these
conditions. In all tubes, ET-1 mRNA production was a maximum, compared to a static
control tube, after four hours. After four hours, oscillatory shear stress (mean 0.3, range
of ± 3.0 dyn/cm^) was found to increase ET-1 mRNA levels by 6-fold, regardless of the
presence of a cyclic stretch (72). For actual endothelin production to take place, since
ET-1 mRNA increased on the order of hours, for the transcription process to result in
actual endothelin-1 will take even longer. Therefore, a possibility exists for a synergistic
response to pulsatile pressure. Early into the onset of pulsatility, the endothelial cells in
large arteries may use active mechanical processes such as changing their tethering or
contractile forces to maintain their resistance to fluid flux and thereby retain their barrier
properties. In the long term, however, use of autocoids such as endothelin may play a
more important role in regulating wall resistance.
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Possible Effects of Increased Filtration on Arterial Media
It is possible that the excess fluid filtering into the artery wall might affect the configuration
of the interstitial space in the arterial media (3). This hypothesis relies on two assumptions.
One, that absorption by the smooth muscle cells (SMC) and other medial cells is
insignificant (43). Two, the space available for water in the extracellular space is not
reconfigured by a change in SMC tone (9). If these assumptions are correct, then during the
initial period of high filtration more spaces may open up for the fluid in the "ground
substance," (29) or mucopolysacharide gels that exist in the interstitial spaces.

Effects of Pulse Frequency Changes
The fact that a transient increase in filtration was observed when the pulsatile frequency
was changed from l-to-2 Hz, similar to that seen after the onset of pulsatile pressure
following a steady pressure, is important because an increase in pulse frequency often
happens in vivo. Thus the transient burst in filtration is probably a normal physiological
event, as opposed to an artifact caused by the sudden instigation of pulsatile pressure. When
the frequency of pressure pulsatility is changed, the initial transient burst of filtration, seen
with the 60 mmHg baseline pressure, is compressed into approximately 2.5 to 15 seconds
(compared to 5-30 seconds in the zero-to-1 Hz pulsatility arteries). It is not surprising that
in the 1 -to-2 Hz vessels the increased fluid flux occurred over a shorter time period
compared with the 60 mmHg 0-to-l Hz vessels. Pulsing at twice the frequency but the
same amplitude probably serves to move more fluid into the gel matrix at a faster rate.

The ability of the 1 -to-2 Hz frequency arteries to respond and lower their filtration rate after
15-25 seconds as opposed to 30 - 50 seconds is an interesting result which could suggest
two possibilities: one, the doubling of the frequency causes a greater stimulus to the
endothelium to trigger increased cell-to-cell adhesion, and two, arteries that have already
experienced a 1 Hz pulsatile pressure may already be pre-conditioned to express cellular
adhesion molecules. Either one or both of these possibilities might explain the rapid
response to the frequency change.

Possible Implications of This Study
In both the intact and de-endothelialized vessels, there is increased filtration compared to
that predicted from steady-state measurements. This would indicate that with the onset of a
pulsatile pressure, there must be internal changes in the artery wall occurring to allow
greater filtration

to take place.

The internal wall modifications could either be

reorganization of the medial structures to allow more passage of fluid through the wall, or a
local variation in the internal wall pressure gradient. The lack of any observable difference
between the intact and de-endothelialized vessels initially means that after the onset of
pulsatile pressure, the endothelial resistance must either be reduced or be overcome by
altered wall pressure gradients.

If the phenomenon seen are due to altered pressure

gradients, then the pressure gradients involved would have to be greater in the intact vessels
than in the de-endothelialized vessels to cause an equal amount of filtration.
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It would appear that intact arteries are able to respond to the increased transmural filtration,
produced by physiological changes in pulse frequencies, by retaining some barrier function
with a probable mechanism being adjustment of endothelial junctional adhesion. This
adjustment requires some time after the frequency change, so that initially there is still a
transient burst of filtration. Contemplating the role of the endothelium in large blood
vessels, the differences in the filtration response, following onset of pulsatile pressure,
between the de-endothelialized pulsatile and the intact pulsatile vessels, might provide
insight into the disease processes associated with inflammation and endothelial dysfimction.
For example, if an artery vwth some endothelial damage were exposed to a change in
pulsatile frequency, large concentrations of protein could be transferred into the artery wall.
This protein transport would be greater than previously predicted, and could be
convectively pumped into interstitial regions formerly closed to fluid transfer. Among the
transported species would be some types of molecules that damage connective tissues and
extracellular matrix, such as oxidized LDL, thereby increasing and continuing the
inflammatory process. In addition, if the wall ground substance saturates and dampens the
excessive convection, then the damaging molecules could accumulate beneath the
endothelium. Thus a damaged or leaking endothelial barrier might allow large fluxes of
lipoproteins and inflammatory species to be convectively driven by pulsatile pressure into
the wall so as to overwhelm wall clearance mechanisms. On the other hand, in an intact
vessel, the endothelium would act as a dynamic barrier adjusting to different frequencies
and pressures, controlling any subsequent increases in convective fluid and macromolecular
fluxes into the artery wall.

75

Appendix C

TRANSIENT FILTRATION EFFECTS ENDOTHELIAL ACTIN
CYTOSKELETON AND BETA -CATENIN

INTRODUCTION

The endothelium is the mterface between intravascular and extravascular compartments. It
provides a barrier between the flowing blood and the body tissues, and is often the first
responder to diverse and radical changes in the body. Other purposes of the endothelium
include;

1) balancing pro and anti-coagulant mechanisms, 2) regulating leukocyte

adhesion/migration, 3) participating in vascular tone and growth, and 4) producing
paracrine signaling molecules (35).

Endothelial cells are structurally linked together by adherens junctions which work with
actin to produce ceil shape charges. The adherens junction is partially comprised of the
cadherin-catenin complex, which is linked by other attachment proteins to the actin
cytoskeleton. Vascular endothelial (VE) cadherin is a transmembrane protein that interacts
with the cytoplasmic proteins of beta-catenin, alpha-catenin, and pi20. Cadherins interact
with each other in a calcium dependent pathway, in the junctional gaps. Beta catenin and
pi 20 bind directly to the cadherin. Beta catenin is itself an adhesion molecule responsible
for cellular communication and signal transduction. Beta catenin is attached at the carboxy
terminus of the cytoplasmic side of the VE cadherin molecule (34). Alpha catenin does not
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bind directly to cadherin, but helps link the beta-catenin to the actin cytoskeleton (34, 49,
53).

Many other proteins are linked to the cadherin-catenin-actin pathway. Some of the proteins
that may have an effect on cell-to-cell adhesion are tyrosine phosphatase and rho proteins.
Tyrosine phosphatase has been found to interact with cadherin-catenin complexes as a
regulator)' switch controlling the binding potential of beta-catenin (45). Rho proteins are
responsible for the construction of central actin fibers in cells, tight junction permeability,
and epithelial barrier function (14). Both of these proteins have shown to be involved in the
actin formation and catenin-cadherin binding pathways. However, it remains to be seen
what type of effect a transitory pressure gradient has on these complexes.

The actin cytoskeleton is also important to many functions within the cell. It provides a
structure for the cell, and is involved in cellular functions to create movement. Two
arrangements of actin that are found in the cell are central actin and peripheral actin.
Central actin is characterized by long, straight fibers that are contained within the body of
the cell and often coalesce into star patterns. Peripheral actin follows the border of the cell
and within the cell membrane. External stresses appear to act on endothelial cells and alter
their permeability partly through changes in their actin cytoskeleton. The effect of shear
stress on actin remodeling has been extensively studied, but the effect of pressure on the
actin cytoskeleton has received little attention. In this study the effect of a step-change in
pressure on the actin remodeling of bovine aortic endothelial cells (BAEC) was examined.

It was hypothesized that the actin would remodel in response to the pressure change. As
pressure is exerted upon the cells, it can be hypothesized they will begin to respond by
forming tighter bonds between their cell-to-cell junctions, so as to retain the ability of the
endothelium to function as a barrier between the luminal side of a blood vessel, and the
external tissue. This may then require increased levels of peripheral actin to bind to extra
alpha-catenin.

Because of the strong link between the actin cytoskeleton and the cadherin-catenin
complex, it is expected that if the actin remodels substantially then significant changes
might occur in the amount or arrangement of catenin seen in the cell. As there is an
increase of pressure and stress on the cells, the cells might react by increasing their
adhesiveness to each other, which would affect the cytoplasmic side of the adherens
junctions at the cadherin-catenin complexes. By examining an increase in beta-catenin, it
may be possible to deduce whether the cells are adhering more tightly to each other and
thus responding to the external stress stimulus.

METHODS AND MATERIALS

Cell Growth
BAECs of passages 16-22 were checked for health in a media of Dulbecco's Modified
Eagle Medium (DMEM) with 10% Fetal Bovine Serum (FBS) and 1% Penstrep. Media
from the flask was removed and the cells were washed with Calcium Magnesium free
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Phosphate Buffered Solution (CMF PBS) for thirty seconds. CMF PBS was removed and
10ml IX Trypson/EDTA solution was added. Cells were incubated for five minutes. Cells
were removed from solution and 0.1 ml of cells and media was put in a hemocytometer to
count the number of cells. The cells were then centrifuged and broken up with lOniL of
media. Cell solution was then pipetted onto a polycarbonate filter with 0.4-micron pores to
obtain a cell density of 3x10"^ cells per cm^. Cells were then stored under 2 mL of media
and it was necessary to obtain 3x10'^ cells per cm^ on a filter of Area=1.13cm^. This
yielded 33,900 cells per filter. The amount of solution to add to the filter was found using
the following relation:
33,900(tx'/Av / filter)
.
—^
= solutwn(ml)l filter
#ofcells I mL

After adding cell solution to the filter, 2mL of media was added to each filter. Cell solution
was also added to a T-75 flask with a passage number of X+1. We also wanted the same
density of cells, 3x10'* cells per cm^, but in a flask of area 75cm^. This gives 225x10'' cells.
This was found using the following:
225x10^ cells I flask
, . .
„ ,
—
= solutioniml) / flask
#ofcells / mL
The solution was then placed in an incubator for eight days at 37 ° C.
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Experiment
A water bath at 37 ° C was used to warm the pressure reservoir containing the media that
bathed the cells during the experiment. One individual filter with cells was placed in an
Ussing chamber (Figure C.l). The chamber was then filled on both sides with HEPES
containing DMEM and 0.1% Bovine Serum Albumin. The front side of the chamber was
filled first to ensure pressure was exerted down upon the cells. After the front side had been
evacuated of all air and filled with solution, the same procedure was completed on the rear.
For controls, after the chamber had been sealed, the cells were left for one minute under
zero pressure. Then group one cells were sealed in the chamber and the pressure was
immediately raised to 20mmHg and left for ten minutes. Next group two cells were treated
similarly except they were left for thirty minutes. The front side of the apparatus received
the pressure initially, while the back side was closed off to filtration. When the chamber
contiguous with the cells (front side) first received the pressure, a pressure gradient
occurred across the filter separating the two chambers resulting in a transient filtration
across the cell layer for approximately 18 seconds before the pressure on both sides of the
filter equilibrated (Figure C.l). Upon completion of the experiment, cells were washed
with 37° C CMF/PBS (Calcium, Magnesium free Physiologically Buffered Saline). Cells
were then extracted with CSK (Cytoskeletal) buffer for two minutes, and then washed again
with CMF/PBS. The cells were next fixed with 3% para-formaldehyde in CMF/PBS for
five minutes at room temperature, washed in CMF/PBS, and refrigerated until staining.

To differentiate whether any reaction in the cells was due to the transient pressure gradient
or due to an equal change in hydrostatic pressure on both sides of the cells, the experiment
was performed with the pressure reservoir attached to both sides of the chamber. In this
configuration, the pressure will be raised equally on both sides of the cell monolayer, so
there will be no pressure gradient and no resultant transient filtration through the junctional
gaps. The cells were again exposed to a 20 mmHg step change in pressure and then one
group held at pressure for 10 minutes, the other group for 30 minutes. These groups were
then also compared to a control group to identify any changes in actin that may have
occurred.

Immunofluorescence Staining for Cytoskeleton Associated Proteins
Beta-Catenin Staining
Cells were blocked with a solution of 1%BSA and 2% normal goat serum in CMF/PBS for
thirty minutes.

Next, the cells were immersed in purified mouse anti-beta-catenin

monoclonal antibody {l|i,g/ml) in block and incubated overnight. Cells were then washed
three times for five minutes in CMF/PBS with 0.1% BSA. The cells were then treated with
the secondary antibody, Alexa Fluor 594 goat anti-mouse IgG at 1 (ng/ml) for one hour and
washed three more times in CMF/PBS.

Actin Staining
If beta-catenin and actin were both stained on one filter, the cells were placed in 1%
BSA/PBS for twenty minutes after immunofluorescent staining was completed. Cells were
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then placed in Alexa Fluor 488 Phalloidin for twenty minutes to identify the F-actin. They
were then washed twice with PBS. Cells that were not stained for beta-catenin were stained
with YoPro to identify the nuclei, and Rhodaniine Phalloidin to identify F-actin. Cells were
placed in Rhodamine Phalloidin stain with 0.2{iL YoPro for twenty minutes (71). All cells
undergoing actin staining were then fixed in a 3% Formalin solution for ten minutes and
washed with PBS.

Deconvolution Microscopy
All cells were mounted on glass slides with Vectashield hard set. After the cells were
mounted, they were viewed on a Deconvolution Microscope at 60 X magnification. The
total filter area was scanned initially and areas with a confluent monolayer were selected.
From these areas fields were selected which showed most of the endothelial cells in focus.
Since the filter was not an exact flat surface only a portion of the endothelial cells could be
in focus simultaneously. From these fields, two or three were selected at random for image
capture. The microscope system could then be set to take any number of image planes
above and below the field selected at a lOjxm separation. The deconvoluted images were
analyzed using NIH image/Scion Imager version beta 3b. All images were recorded on a
512 X 512-pixel array with the same background intensity.
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Measurements
Differentiating Between Peripheral and Central Actin
In order for the length of actin fibers to be measured, the fibers had to be in sharp contrast
to the rest of the picture. If a filament was in sharp contrast over only a portion of its
length, the length measured was the length over which there was a differentiable edge from
the background. Any actin that was in a star pattern was designated as a central fiber. In
addition, long or short, straight strands of actin in the body of the cell were designated
central. Peripheral actin was designated by long, curving strands of actin at the edges of the
cells.

YoPro stain was used to identify the position of the nucleus, which then could be

used as a cellular landmark. After the prominent fibers in an image had each been assigned
as a type of actin, each fiber length was then measured using NIH Image/Scion imager
using the measuring tool. The summed lengths of both the central and the peripheral actin
were combined into a total length. Ratios were then formed from the summed lengths of
central versus total actin, peripheral versus total actin, and peripheral versus central (P/C)
actin (Table C.l ).

Evaluating Beta-Catenin
Cells with beta-catenin staining were also analyzed using NIH Image/Scion Imager. Lines
of 40 pixels in length were marked across the midpoints of the observable cell boundaries.
The individual lengths of the cell boundaries to be tested were selected by testing the
lengths of cell boundaries between points where two or more cell boundaries came together
into a junction (please see figure C.4c). Images were analyzed using the Plot Profile
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function to determine the full width half max (FWHM) of the main peak in the plot of the
pixel intensity as one crosses the cell boundaries. Using the profile made, the formed peak
was measured at FWHM and the number of secondary peaks was counted. If there was no
discemable peak then no measurement was recorded. Both a blinded and a non-blinded
observer evaluated the images using the same experimental protocol with one exception;
the blinded observer measured the FWHM of the pixel intensity at random points between
junctions at the cell boundaries. A sharper peak determined that there was a more intense
fluorescence localized at the cell boundary and therefore possible junctional molecule
remodeling.

When all of the discemable boundaries had been measured, the average

FWHM was calculated for each image.

Negative Antibody Staining
There were many small specks in the image that were stained with both the primary and
secondary antibodies. It is necessary to see if these were packages of catenins or merely
artifacts jfrom the stain. Cells that were experimented on were subjected to the same
immunofluorescence staining protocol as before, but with the negative antibody substituted
for the primary antibody.

Statistics
Data received were then t-tested and tested for normality. Ratios were logarithmically
transformed before t-tests were performed with Sigma Stat version 3.0. The normality test
was performed using the Sigma Stat 3.0 Kolmogorov-Smimov normality test. The P/C

ratio showed a significant difference when a t-test was performed. A Mann-Whitney Rank
Sum Test, using Sigma Stat v. 3.0, was performed on all averages of the FWHM values that
did not satisfy normality.

RESULTS

Actin and YoPro stains were analyzed to determine whether there was a change in actin
organization due to the transient pressure gradient. Figure C.3 shows images that were
obtained from each experiment. Figure C.3a shows the actin organization of a control cell.
As can be seen, there is a high level of central actin, and very little, if any, peripheral actin.
The star pattern is a visible sign of the central actin. Figure C.3c shows cells ten minutes
after the step change of pressure and the resulting transient filtration has occurred. There is
no significant difference found between the respective types of actin imaged in figures C.3a
and C.3c. Figure C.3d shows cells thirty minutes after the step change of pressure. There is
a visible change in the type of actin toward the peripheral actin, verified by significant
differences in the ratios of both the central and peripheral actin to the total actin,
respectively (Table C.l). There is also a significant difference between the ratios of the
lengths of peripheral to central actin (Table C.l), and a significant difference in both
measured lengths of the individual peripheral and total actin when the control and 30
minute cells are compared. Table C.l summarizes the results of the actin staining, with the
significant differences highlighted by common colors or shading. Figures C.3b, d, and f are
the same images of actin as in a, c. and e, superimposed with the YoPro staining of the

same field so as to show the cell nuclei. The images in figure C.3 show that the actin
remodeling and subsequent formation of the peripheral actin occur mainly at the cell
periphery. Cells that were exposed to pressure on both sides of the chamber did not
demonstrate a significant change in peripheral or central actin when compared to the control
cells.

Catenin staining was performed to determine the effect of a temporary pressure gradient on
the junctional proteins inside the cell membrane. Figure C.4 shows pictures of control cell
and cells thirty minutes after onset of the transient gradient, after being stained for betacatenin. Figure C.4a shows the control cells, not subjected to transient pressure. There is a
lack of high intensity lines along the borders between the cells, and many areas of
indiscernible, vague borders. Figure C.4b is a picture of cells stained thirty minutes after
the onset of a transient pressure gradient.

There is an observable difference in the

discemable presence of distinct cell boundaries. This increase in visible cell boundary
indicates a possible increase or concentration of the beta-catenin at the cell boundary,
possibly in the catenin/actin binding complex.

Figure C.4c is an example of the

measurement protocols followed at the visible cell boundaries.

Table C.2 shows the averages of all the average FWHM for the control and 30 minute
images from both blinded and non-blinded observers. The mean values between the two
groups were significantly different by the Mann-Whitney Rank Sum Test, for both
observers. The non-blinded observer examined a total of 89 profiles in the control fields.
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56 of which had discemable peaks (62.9% of the total number of profiles). For the 30
minute fields, 84 profiles were examined and 74 profiles had discemable peaks (88.1%).
These results are also tabulated in table C.2. Since beta-catenin binds to actin fibers at the
cell membrane, it is reasonable to assume that where there is the catenin there is the actin.
Figure C.5 is a dual stain of actin and catenin, demonstrating that the only place that the
actin and catenin overlap is on the cell periphery. There is no apparent interaction in the
cell body, so the transitory pressure gradient appears to cause the peripheral actin to
congregate in the same space within the cell boundaries as the beta-catenin.

Figure C.6 is a picture of one of the negative control stains. The negative controls were
used to help determine: 1) If there was actual catenin staining in the cell, 2) If certain parts
of the cell were catenin precursors. The dark areas of the picture indicate the places where
catenin is located. As can be seen, all of the dark areas are along the periphery of the cell.
This agrees with the hypothesis that the actin- and catenin are interacting along the
periphery. In the catenin stained pictures, there were small specks of high fluorescence. It
was thought that these were either small bundles of catenin precursors or an artifact of
staining. If these were catenin precursors it would show the movement of catenin from the
internal areas of the cell to the periphery. As it stood, however, these bundles also appeared
on the negative controls. Since the negative controls were designed to bind everything but
the catenin, it was obvious that these small, bright dots were not catenin precursors, but
rather artifacts of the staining. The negative control stain shows the cytoplasm of the cell
much brighter than the periphery. This was also observed in the catenin-stained images.
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Deconvolving both the negative control images and the catenin images removed the
majority of the highlighted artifacts.

This, combined with the negative control stain,

showed that there was no nuclear staining.

DISCUSSION

Table C.l reflects that the cells, after exposure to a transient pressure gradient, begin to
form peripheral actin bands around the cell perimeter. This response must be due to the
transient gradient and resulting transient filtration, as the cells which had the pressure raised
equally on both sides of the chamber did not form significant peripheral bands. The
significantly different lengths of peripheral actin and total actin, but not central actin (from
control to 30 minutes after pressure) mean that the cell has polymerized new peripheral
actin in response to the stimulus from the change in pressure. This is also evidenced by the
significantly different P/C (peripheral to central actin) ratio between Control cells and cells
30 minutes after pressure application. Beta-catenin has also either been formed at, or
shifted to. the cell perimeter in response to the transient pressure. The changes seen in these
structural components suggest that;

1. The endothelial cells are attempting to maintain attachment to the substratum (4,
abstract).
and
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2. The endothelial cells are attempting to maintain the integrity of their cell-to-cell
adhesions (4, abstract)

When photographs are taken of slides using microscopy, multiple light interference occurs.
The fluorescent light from the specimen is the only light required. However, many other
types of light invade the picture and cause noise such as scattered light from other planes of
view.

The Deconvolution Microscope uses algorithms to filter noise and return the

scattered light to its point of origin, thereby correcting the images produced. The result is a
much cleaner picture that can be more easily analyzed. It was important that during the
experiment no measurements were taken directly at the edge of an image, as in these areas
the controlling algorithm breaks down so that readings cannot be trusted.

By looking at

these borders, it is obvious there is much more distortion, and results cannot be adequately
determined from them.

The images obtained using this technique indicated that application of the transient pressure
to the endothelial cells produced a greater concentration of beta catenin at the cell junctions.
An increase of catenin would mean that the cells were either forming more bonds with each
other or possibly attaching more actin to the already existing adherens junctions. An
increase in the number of bonds formed would also indicate an increase in the strength with
which the cells were bound together. The images shown in figures C.4a and C.4b reinforce
this idea. When cells were subjected to pressure, they formed more and/or much tighter
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bonds with each other. Because there was a need for increased bonding, there was an
increase in the amount of catenin needed in the cell.

Previous literature (2) demonstrates in epithelial cells the appearance of tluorescently
labeled E-cadherin during formation of individual aggregates into larger plaques at the cell
peripheries.

The peak fluorescence

intensity at the plaque increased but the total

fluorescence intensity of the plaque and surrounding area stayed the same.

This is

comparable to the results seen when measuring the FWHM of the catenin-stained images,
indicating increasing concentrations of beta-catenin at the cell boundaries. Considering that
cadherin and beta-catenin are coupled in the cadherin/catenin complex, this supports the
assumption that increased beta catenin at the cell periphery is related to increased cell-tocell binding. Cells follow a process in forming advanced adherens junctions (2) stage one,
diffuse E-cadherin reorganizes into aggregates, which then attach, via small actin fibers, to
a circumferential actin band. In stage two, the circumferential bands separate and join at
the outer edges of the two cells via a large plaque formed from the aggregates in stage one.
The cells are then tightly joined along their central axis by vertices as are found in cell
clusters. Stage three involves addition of more cells into a tissue, with the circumferential
actin contracting and pulling large plaques along, leaving vertices between cells. Actin
polymerization has been shown to play a major role in formation of adherens junctions.
While these stages are associated with individual epithelial cells forming into cell
monolayers, the similarities of the stage one cells to the observed formations of beta-catenin
and peripheral actin in the BAEC cells are remarkable. It is possible that the changes in

beta-catenin and actin seen in the BAEC cells are either reformation of cell adhesions
loosened by the transient pressure, or that the changes in beta-catenin and actin represent
augmentation at the cell interface by the formation of new adherens junctions.

Membrane tension has been found to cause aggregation of cadherins by diffusion within
flattened membranes (23). By monitoring adhesion by EAhy cells to a surface with only
other cadherins. it was found that flattening of the cells caused recruitment of new cadherin
to cadherin binding at the cell to surface interface. Creation of a transient pressure gradient
is not likely to cause membrane tension in the BAEC cells used in this study because the
filter on which they were grown was rigid, at least in comparison to the cyclic
circumferential stretch found in vivo. Tarbell has found that the polycarbonate filters like
the type used in these experiments do not distend significantly enough to effect filtration
measurements through the monolayer (59). which would indicate any distension in the filter
is neglible as far as it affects cell-to-cell adhesion and subsequent actin polymerisation.
Further experiments would be required using a flexible membrane in order to determine the
effects of membrane tension on distribution of junctional proteins.

Regarding the changes in endothelial cell actin arrangement, in response to a transient
pressure gradient, observed in this study, there is little information in the literature with
which to compare. Most other studies have focused on responses of the actin cytoskeleton
•J

to shear stress. Cultured endothelial cells (HUVEC) exposed to a shear stress of 10 dyn/cm

responded with a resulting elongation of their cell bodies and the formation of stress fibers
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in the shear direction. This reaction of endothelial cells to laminar shear has been well
documented (40). The elongation and orientation of endothelial cells in the direction of
laminar shear has been found to be prevalent in vivo, and varying local shear stress
produces reorientation of cell alignment. Shear stress has been found in vivo to reduce
peripheral actin at cell boundaries (40). The stress fibers, or filamentous actin, ran through
the cell body (65), unlike the actin reorganization toward the cell periphery seen in figures
C.3a and e. Furthermore, there was a detectable broadening of the fluorescent intensity at
the cell boundaries when the cells were stained for VE-cadherin and beta-catenin six hours
after application of the shear stress (65). The result with beta-catenin also contrasts with the
FWHM data from the present study (Table C.2), in which application of a transient pressure
gradient produces a narrowing of the intensity peak of the catenin-staining. Therefore, the
reorganization of the actin fibers seen in this study is not consistent with other actin
reorganization found for cells subjected to laminar shear stresses.

Another force that must be present during the transient filtration is the wall shear stress
within the endothelial cleft. The stress can be calculated from the pressure difference, using
a cleft width (B) = 10 nm (59), and a cleft length (1) = l}.im (59), by the relation:
r = APB/l (from 59)
If the pressure difference across the monolayers is 20 mmHg. the endothelial cleft wall
shear stress is 266.7 dyn/cm". For a 10 cmH20 (13.6 mmHg) transverse pressure. Tarbell
(59) calculates an endothelial cleft wall shear stress of 25 dynes/cm . This value cannot be
duplicated with the given values of cleft width and length, however. Instead, a value of
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approximately 180 dynes/cm" corresponds to the indicated values. Shear stresses of these
magnitudes would likely be triggers of actin reorganization, possibly through shear force
transduction by fibers such as glycosaminoglycans in the endothelial cleft. Models have
estimated the ability of embedded proteoglycans and glycoproteins in the cell membrane
and attached to the actin c>1oskeleton to transduce laminar shear parallel to the cell surface
(70). While single proteins in the glycocalyx are estimated to have too small a drag force to
significantly deform actin fibers at the cell boundary, multiple fibers can aggregate to
produce an estimated moment of 6.2 pN/nm at the core point of the aggregate fibers when a
laminar

shear of 10 dyn/cm^ is applied. This moment is of sufficient magnitude to deflect

actin fibers by greater than lOnm (70).

Therefore, the large shear force in the endothelial

cleft seen in these transient pressure experiments would easily be able to deflect
cytoskeletal elements and matrix fibers in the junctional gaps could serve as a means to
sense the cleft shear stress. Laminar shear stress, however, produces actin fiber fonnation
parallel to the shear force direction, but this is not seen in these experiments. The actin
reorganization at the periphery resembles more closely the response seen with cyclic strain
experiments, where the actin fibers form with orientations transverse to the shear strain
direction (54). So if the deformation of matrix fibers in the endothelial clefts is the
mechanolransduction element to sense transient or transverse pressure gradients by the cleft
shear stress, then the response enacted by the cells possibly follow signalling pathways
more akin to that seen when a cyclic stretch occurs as opposed to signalling associated with
laminar shear stress. A possible future test of this finding would be to see if incubating the

cells in forskalin inhibits the actin reorganization in the same manner as seen in cyclic
stretch studies (54).

The actin-catenin-cadherin complex works together to bind cells at adherens junctions.
When there is a reduced actin at the cell periphery there is less chance for the cadherins to
bind to the actin. However, once there are large amounts of peripheral actin, there are more
places in which the catenins can bind (1). An increase of catenin-actin binding might
indicate an increase in catenin-cadherin binding. This would mean there was an increase in
adherens junctions in the cell, and thus much tighter binding. We have shown that BAECs
reacted to a temporary transient pressure flow and sustained pressure by reorganizing actin
so as to be able to bind catenins. This could facilitate more and tighter junctions with
neighboring cells.

Other questions that arise from this are the following: 1) what is the response of integrins
and the EC-substratum binding? 2) What is the effect of the pressure gradient and constant
pressure on the pi 20 protein? 3) What is the response of tyrosine phosphatase to the
pressure gradient and constant pressure? 4) What effects do Rho proteins have on the cells
under such conditions?
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Appendix E

FIGURES AND GRAPHS

Appendix A:
Figure A.IA: (Figures 2.1A and B are from (3)) Diagram showing the experimental apparatus including the Optical Coherence
Tomographer (OCT) (Modified from (16)). Data collected consists of: videotape of bubble position over time and pressure
transducer readout files, time-coordinated with graphics files of the OCT a-scans.
Figure A.IB: Pressure transducer recording, showing 5-pulse train, 60-mmHg baseline pressure. Pulses mimic carotid artery
pulses without a dicrotic notch, due to a lack of mitral valves (44).
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Figure A.2: (From (3)) 300 OCT a-scans covering a 20-pulse train at 80-nimHg baseline pressure. A-scans are plotted
horizontally, each a-scan starting every 0.1 seconds. The vertical axis depicts mismatches of the index of refraction through the
vessel walls. Points marked "a" and "b" are illustrative of a-scans in which initial vs. final diameter may be measured to
determine residual distension. Points shown are for descriptive purposes only. Artery initial diameters were approximately 2.0
mm.
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Figure A.3; Cumulative Volumes at 60-mmHg baseline pressure (from (3)). Experimental Volumes (measures of actual fluid
transmurally filtered from the artery lumen into the artery wall). Values are means of volume measured from bubble displacement
(from before and after a pulse train) minus volume displacement accounted for by residual distension (Vres)- Steady state volume
represents the predicted value of transmural fluid filtered found using equation 1. X-axis represents integrated duration of the
pulse trains alone, so that 5 pulses are one five-pulse train, 10 pulses are two five pulse trains, for example. Saturation of at least
the medial artery porous volume may occur around 30 pulses (i.e., 30 seconds) at 0.6x10'^ cm^ experimental volume. Error bars
are SE of the mean value associated with the given point, respectively. Numbers above each point are the numbers of successful
trials used to find the mean at that time point (Diamonds represent experimental volume, squares represent steady state volumes).
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Figure A.4; (From (3)) Cumulative Volumes at 80-mmHg baseline pressure. Experimental Volumes (measures of actual fluid
transmurally filtered from the artery lumen into the artery wall). Values are means of volume measured from bubble displacement
(from before and after a pulse train) minus volume displacement accounted for by residual distension (Vres)- Steady state volume
represents the predicted value of transmural fluid filtered found using equation 1. X-axis represents integrated duration of the
pulse trains alone, so that 5 pulses are one five-pulse train, 10 pulses are two five pulse trains, for example. Error bars are SE of
the mean value associated with the given point, respectively. Numbers above each point are the numbers of successful trials used
to find the mean at that time point (Diamonds represent experimental volume, squares represent steady state volumes).
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Figure A.5: (From (3)) Individual volumes (experimental and steady state), displaying non-cumulative volumes at each 5- or 20pulse time point with 60-mmHg baseline pressure. The numbers of successful trials for each time point are the same as in figure
3. X-axis represents integrated duration of the pulse trains alone, so that 5 pulses are one five-pulse train, 10 pulses are two five
pulse trains, for example. Error bars have been removed for clarity, and can be found in Table A.l. The mean experimental
volume is significantly greater than the mean steady state volume. The average 0-30 pulse experimental volume is also
significantly greater than the average 50-150 pulse experimental volume (when the 0-30 volumes are compared to one-fourth the
50-150 volumes, to account for the change in time scale). Therefore, 0-30 pulses experimental volumes have been termed the
transient "burst" of filtration. Diamonds represent experimental volume, squares represent steady state volumes.
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Figure A.6: (From (3)) Individual volumes (experimental and steady state), displaying non-cumulative volumes at each 5- or 20pulse time point with 80-mmHg baseline pressure. The numbers of successful trials for each time point are the same as in figure
4. X-axis represents integrated duration of the pulse trains alone, so that 5 pulses are one five-pulse train, 10 pulses are two five
pulse trains, for example. Error bars have been removed for clarity, and can be found in Table A.l. The mean experimental
volume is significantly greater than the mean steady state volume. The average 0-30 pulse experimental volume is also greater
than the average 50-150 pulse experimental volume (when the 0-30 volumes are compared to one-fourth the 50-150 volumes, to
account for the change in time scale). The x-axis represents integrated duration of the pulse trains alone, so that 5 pulses are one
five pulse train, 10 pulses are two five pulse trains, for example.

The average 0-30 pulse experimental volume is also

significantly greater than the average 50-150 pulse experimental volume (when the 0-30 volumes are compared to one-fourth the
50-150 volumes, to account for the change in time scale). Therefore, 0-30 pulses experimental volumes have been termed the
transient "burst" of filtration. Diamonds represent experimental volume, squares represent steady state volumes.

Figure A.6: Individual Volumes After Each Pulse
Train: Experimental & Steady State 80mmHg
0.4
0.35
0,3
0,25

0.2

1
a 0.15
©

>

•

0,1

•

0,05
0
0

50

100

150

200

Time (Pulses: 1 Pulse • 1 Second)

o

Figure A.7: (From (3)) Total experimental volume (volume measured from forward shift of bubble) compared to possible volume
change caused by residual distension in the artery wall at 80 mmHg. X-axis represents integrated duration of the pulse trains
alone, so that 5 pulses are one five-pulse train, 10 pulses are two five pulse trains, for example. At the beginning and the end of
the transient region, OCT can discern a significant difference in the two volumes (i.e., true filtration occurs). Where only one
number of trials is placed above a value, both average volumes are found from the same number of trials (i.e., at 10 pulses both
averages are formed from 5 trials each).

Asterisks show where two comparisons have significantly different averages.
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Appendix B

Figure B.l: Cumulative Volumes at 60-mmHg baseline pressure. Experimental Volumes (measures of actual fluid transmurally
filtered from the artery lumen into the arteiy wall). Values are means of volume measured from bubble displacement (from before
and after a pulse train) minus volume displacement accounted for by residual distension (Vres)- Steady state volume represents the
predicted value of transmural fluid filtered. X-axis represents integrated duration of the pulse trains alone, so that 5 pulses are
one five-pulse train, 10 pulses are two five pulse trains, for example. Error bars are SE of the mean value associated with the
given point, respectively. Trendline (R' = 0.96) is over values 50-150 of the De-endothelialized vessels. Diamonds represent Deendothelialized Pulsatile, triangles represent De-endothelialized steady state, and boxes represent Intact pulsatile (3) volumes.
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Figure B.2: Cumulative Volumes at 80-mmHg baseline pressure. Experimental Volumes (measures of actual fluid transmurally
filtered from the artery lumen into the artery wall). Values are means of volume measured from bubble displacement (from before
and after a pulse train) minus volume displacement accounted for by residual distension (Vres). Steady state volume represents the
predicted value of transmural fluid filtered. X-axis represents integrated duration of the pulse trains alone, so that 5 pulses are
one five-pulse train, 10 pulses are two five pulse trains, for example. Error bars are SE of the mean value associated with the
given point, respectively. Trendlines are for the De-endothelialized Pulsatile values (lower trend]ine, R' = 0.98) and Intact
Pulsatile values (3) 90 through 150 (upper trendline,

= 0.99). Diamonds represent De-endothelialized Pulsatile, triangles

represent De-endothelialized steady state, and boxes represent Intact pulsatile (3) volumes.
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Figure B.3: Cumulative Volumes at 80-mmHg baseline pressure. Experimental Volumes (measures of actual fluid transmurally
filtered from the artery lumen into the artery wall). Values are means of volume measured from bubble displacement (from before
and after a pulse train) minus volume displacement accounted for by residual distension (V^s)- Steady state volume represents the
predicted value of transmural fluid filtered. X-axis represents integrated duration of the pulse trains alone, so that 5 pulses are
one five-pulse train, 10 pulses are two five pulse trains, for example. Error bars are SE of the mean value associated with the
given point, respectively. Diamonds represent 2 Hz Pulsatile, triangles represent Equivalent steady-state, and boxes represent
Intact pulsatile (IHz) (3) volumes.
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Appendix C:
Figure C.l-A representation of the Ussing Chamber used for the experiments (4).
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Figure C.2: Cells were subjected to a brief, eighteen second temporary gradient of pressure from OmmHg to 20mmHg.
Afterwards the cells were under constant pressure for either ten or thirty minutes (4).
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Figure C.3 a and b: C.3a is a conti'ol cell. Note the amount of central actin and the lack of peripheral actin. C.3b is the
picture, with YoPro stain visible. (Note-arrow denote central actin)

Figure C.3 c and d: C.3c and C.3d are cells subjected to a temporary pressure gradient and then ten minutes of constant
pressure. (Note-arrows denote peripheral actin)

Figure C.3c & d

to

Figure C.3 e and f: Images of cells subjected to the temporary pressure gradient, and then thirty minutes of constant pressure.
There is a visible shift from the central actin to the peripheral actin. (Note-arrow denotes peripheral actin.)
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Figure C.4 A, B, and C: A is a control catenin stain. Note the lack of distinct barriers and the lack of definition between the cell
boundaries and the rest of the picture. Many of the areas are wide stretches of loosely packed catenin. B is a picture of thirty
minute cells. The definition is much greater, and there is more of a sense of cell to cell adhesion. C shows the picture after it
has been measured. Black lines indicate where measurements were taken. (Note-arrow indicates beta-catenin)

Figure C.4

Figure C.5: Actin and catenin are both stained. The only interaction of the actin and catenin is on the periphery of the ceil.
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Figure C.6: The negative stain showed that we were staining catenin at the cell periphery. The highly fluorescent specks
not catenin precursors.

Figure C.6

Appendix F

TABLES
Appendix A
Table A.l: (from (3)) Standard errors (± SE) for figures 5 and 6.
Vcalc equals Vsteady-state from equation 1.
60 mmHg
No.
Pulses

80 mmHg

5
10
15
20
25
30

Vexp
lO'lcm
±SE
0.39
0.39
0.53
0.39
0.04
0.87

Vcalc
10'\cm^)
±SE
0.02
0.02
0.02
0.02
0.02
0.02

Ve™
10"lcm^)
±SE
0.97
0.53
0.51
0.96
1.05
1.04

Vcalc
10"\cm-^)
±SE
0.04
0.02
0.02
0.02
0.02
0.02

50
70
90
110
130
150

14.97
2.45
5.12
2.98
3.69
4.29

0.13
0.09
0.08
0.08
0.08
0.08

1.76
1.88
1.83
0.41
0.69
0.78

0.09
0.10
0.09
0.08
0.09
0.09

133

Appendix B:

Table B.l: 60 mmHg Baseline Pressure.
Slopes of cumulative filtration volume versus time (10' (cm )/s)).
5-30
Pulses
1. Intact Pulsatile
II. De-endothelialized Pulsatile

in. De-endothelialized Steady-state

20.0

50-150
Pulses
3.9(me)

15.6(111}

11.2 (I)(III)

2.9 (II)

2.7 (II)

A number (roman numeric) after a value indicates a significant difference between that
slope value and the slope value corresponding to the numeric (for example, II is
significantly different from III above).
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Table B.2: 80 mmlig Baseline Pressure.
Slopes of cumulative filtration volume versus time (10'^(cm^)/s)).

I. Intact Pulsatile

5-30
Pulses
9.0

50-150
Pulses
7.3

11. De-endothelialized Pulsatile
III. De-endothelialized Steady-state

9.0(111)
4.9(11)

NA
4.1

A number (roman numeric) aJfter a value indicates a significant difference between that
slope value and the slope value corresponding to the numeric (for example. 111 is
significantly different fi*om II at 5-30 pulses).
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Appendix C
Table C.1: Lengths of Actin Fibers:

Centeal Periiiieral
Contrd
No gradient

Total

C/T

P/T

P/C

n=m

Mean
SE

7518 9916 1886.1

§MZ

i.433

iJ55

225.3

0.063

0.060

0.212

710„5 11743 2138.9

iJi8

237.7

0.058

107.4

199.5

30 mill.
After grad
N=10

Mean
SE

147.0

245.5

flJ25 2J2S
0.076

0.958

Table C.2: Full Width Half Max for beta-catenin flouresence.
Control- No Gradient
Non-Blinded Observer- N=56 (62.9% of total)
(33 extra profiles with no discernible peaks)
Mean

7.2013

Standard Deviation

1.311

Standard Error

0.109

Blinded Observer- N=87
Mean

2.6099

Standard Deviation

0.4260

Standard Error

0.0387

Table C.2: Full Width Half Max for beta-catenin
flouresence cont.
30 Min After Gradient
Non-Blinded Observer- N=74 (88.9% of total)
(10 extra profiles with no discernible peaks)
Mean

5.9994

Standard Deviation

1.529

Standard Error

0.139

Blinded Observer- N=55
Mean

2.3876

Standard Deviation

0.2379

Standard Error

0.0297

