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ABSTRACT

Matching Supply to Demand: Relating Local Structural Adaptation to Global Function.
(May 2008)
Ketaki Vimalchandra Desai, B.S., Pune University
Chair of Advisory Committee: Dr. Christopher M. Quick

The heart and microvasculature have characteristics of a complex adaptive
system. Extreme challenges faced by these organ systems cause structural changes
which lead to global adaptation. To assess the impact of myocardial interstitial edema on
the mechanical properties of the left ventricle and the myocardial interstitium, we
induced acute and chronic interstitial edema in dogs. With chronic edema, the primary
form of collagen changed from type I to III and left ventricular chamber compliance
significantly increased. The resulting functional adaptation allows the chronically
edematous heart to maintain left ventricular chamber compliance when challenged with
acute edema, thus, preserving cardiac function over a wide range of interstitial fluid
pressures.
To asses the effect of microvascular occlusions, we reintroduced the Pallid bat
wing model and developed a novel mathematical model. We hypothesized that
microvessels can switch from predominantly pressure-mediated to shear-mediated
responses to ensure dilation during occlusions. Arterioles of unanesthetized Pallid bats
were temporarily occluded upstream (n=8) and parallel (n=4) to vessels of interest (20-
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65 µm). In both cases, the vessels of interest rapidly dilated (36+24 %, 37+33 %),
illustrating that they responded appropriately to either decreased pressure or increased
shear stress. The model not only reproduced this switching behavior, but reveals its
origin as the nonlinear shear-pressure-radius relationship.
The properties of the heart and microvasculature were extended to characterize a
“Research-Intensive Community” (RIC) model, to provide a feasible solution consistent
with the Boyer Commission, to create a sustainable physiology research program. We
developed and implemented the model with the aim of aligning diverse goals of
participants while simultaneously optimizing research productivity. While the model
radically increases the number of undergraduate students supported by a single faculty
member, the inherent resilience and scalability of this complex adaptive system enables
it to expand without formal institutionalization.
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CHAPTER I
INTRODUCTION

Myocardial interstitial edema forms as a result of several disease states and
clinical interventions. Acute myocardial interstitial edema is associated with
compromised systolic and diastolic cardiac function, and increased stiffness of the left
ventricular chamber. Formation of chronic myocardial interstitial edema results in
deposition of interstitial collagen which causes interstitial fibrosis. To assess the impact
of myocardial interstitial edema on the mechanical properties of the left ventricle and the
myocardial interstitium, we induced acute and chronic interstitial edema in dogs. Acute
myocardial edema was generated by coronary sinus pressure elevation while chronic
myocardial edema was generated by chronic pulmonary artery banding. The pressurevolume relationships of the left ventricular myocardial interstitium and left ventricular
chamber for control animals were compared with acutely and chronically edematous
animals. Collagen content of non-edematous and chronically edematous animals was
also compared.
In vitro experiments have established that endothelial shear-mediated responses
cause dilation of blood vessels secondary to increase in blood flow and pressuremediated responses cause vasodilation with decreased transmural pressure.

____________
This dissertation follows the style of the American Journal of Physiology Heart and
Circulatory Physiology.
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Because it is not possible to experimentally separate these responses in an intact vascular
network, investigators developed mathematical models to illustrate that shear- and
pressure-mediated effects can work synergistically to support flow autoregulation.
However, the competition between pressure- and shear-mediated responses leads to a
fundamental dilemma when a part of a microvascular network is occluded. If there is an
occlusion upstream of a particular vessel of interest, pressure-mediated responses would
have to be dominant in order for it to dilate and decrease resistance. If there is an
occlusion parallel to a particular vessel, shear-mediated responses would have to be
dominant in order for it to dilate and provide collateral flow. We therefore reintroduced
the Pallid bat wing model and developed a novel mathematical model to test the
hypothesis that microvessels can switch from predominantly pressure-mediated to shearmediated responses.
Although the Boyer Commission lamented the lack of research opportunities for
all undergraduates at Research-Extensive Universities, it did not provide a feasible
solution consistent with the mandate to maintain sustainable physiology research
programs. The costs associated with one-on-one mentoring, as well as the lack of
sufficient number of faculty, make it impractical. We therefore developed and
implemented the “Research-Intensive Community” (RIC) model with the aim of
aligning diverse goals of participants while simultaneously optimizing research
productivity.
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CHAPTER II
PROBLEM STATEMENT

The heart and microvasculature work together to ensure that blood supply
matches metabolic demand, and represent two endpoints of the cardiovascular system.
Despite obvious structural and functional differences, they share several salient features.
First, the two organ systems adapt to local, mechanical stimuli with indirect global
regulation. Second, their function is robust, i.e., they can withstand extreme challenges.
Third, they efficiently match supply to demand.
Two pathologies exemplify the most extreme challenges to the ability of these
two organ systems to ensure supply matches demand.

Acute myocardial edema

compromises cardiac function and thus affects the blood supply to vascular system.
Acute microvascular occlusion prevents the perfusion of blood into the tissue. In both
cases, adaptation to local mechanical stimuli leads to functional adaptation that
maintains global function.

However, the mechanisms relating local adaptation to

changes in global function in both cases remain unknown. Two possibilities why
advances have not yet been made can be identified.
First, global function of both the heart and the microvasculature are emergent
properties, and reductive approaches to studying them do not elucidate a simple
relationship between supply and demand. In fact, both heart and vessels have aspects of
complex adaptive systems in that they are 1) composed of interacting adaptive units 2)
resilient when perturbed 3) emergent and 4) inherently self organizing with minimal
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expenditure of energy. However, they have not been characterized as complex adaptive
systems. Second, there are very few people trained in interdisciplinary cardiovascular
sciences. Research training programs, based on the 1-on-1 “research apprenticeship”
model, have failed to ensure that 1) adapts to the specific sets of incentives and
constraints of different departments, 2) is sustainable with minimal input of resources,
and 3) can efficiently match research opportunities to demand for undergraduate
research training. In this case, the underlying problem is that research programs are not
complex adaptive systems: they are not 1) composed of interacting adaptive units 2)
resilient when perturbed 3) emergent and 4) inherently self organizing with minimal
expenditure of energy. Only recently has a model been developed that may have the
characteristics to fulfill these criteria with team based RIC model, but the relationship of
local team structure to global program function has not been elucidated.
The purpose of this dissertation is to explain how the heart adapts structure to
successfully maintain function with edema; vessels adapt structurally to successfully
maintain function with occlusion; and to apply the principles learned from these
complex adaptive systems to suggest ways to design the RIC structure as a functional
institutional program that is globally sustainable.
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CHAPTER III
MECHANICS OF THE MYOCARDIAL INTERSTITIUM

INTRODUCTION
Myocardial interstitial edema can develop as a result of several clinical
conditions such as acute and chronic arterial hypertension, acute and chronic pulmonary
hypertension, acute coronary sinus hypertension; and interventions such as
cardiopulmonary bypass and cardiac transplantation (29, 30, 78, 79, 83, 85, 100, 101,
117). Edema develops in the left ventricle following elevation of right-sided heart
pressures as a result of elevation of coronary venous and coronary microvascular
pressures and, thus, increased microvascular filtration into the myocardial interstitium
(87, 117). Acute myocardial edema is associated with increased stiffness of papillary
muscle (37) and impairment of left ventricular systolic and diastolic function, including
decreased left ventricular chamber compliance (30, 45, 85, 117, 134).
Models of chronic myocardial edema have been shown to induce development of
myocardial interstitial fibrosis (85). Formation of left ventricular edema, after two
months of pulmonary artery banding in dogs, results in significantly increased interstitial
collagen deposition in the myocardium of the left ventricular freewall (85). Chronic
pulmonary artery banding in rats results in biventricular myocardial edema formation
and increased myocardial mRNA levels of collagen types I and III within the left and
right ventricular myocardium (29).
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Interstitial fibrosis, developed in volume-overloaded and pressure-overloaded
hearts (29, 85, 141, 142), is characterized by deposition of primarily type I collagen.
This deposition results in diastolic dysfunction as observed by increased myocardial
stiffness (38, 65), diminished ventricular chamber compliance (15) and slowing of
ventricular relaxation (142). Collagen degradation and turnover (89, 97) as well as
changes in collagen cross-linking (5, 112) could also have an impact on the physical
properties of collagen and thus the myocardial interstitial matrix. However, the impact of
myocardial interstitial fibrosis on ventricular mechanical properties appears to depend on
the type of collagen deposited. A study comparing rats with experimental arterial
hypertension to chronically-exercised rats showed evidence that a higher collagen III to
collagen I ratio in the myocardium correlated with more rapid diastolic relaxation (16).
How ventricular mechanical properties are affected by the type of collagen deposited
during edema-induced interstitial fibrosis is not well described.
We therefore measured the end-diastolic pressure-volume relationship of both the
left ventricular chamber and the left ventricular myocardial interstitium before and after
acute edemagenic challenge in control animals and animals with chronically edematous
hearts.

METHODS
Chronic Experimental Preparations
All procedures were approved by the Animal Welfare Committee at the
University of Texas Medical School, Houston. Twenty six dogs of either sex with body
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weight greater than 15 kg were used.

Animals were anesthetized with 25 mg/kg

thiopental sodium intravenously and intubated. Anesthesia was maintained with 0.51.5% halothane. Dogs were artificially ventilated with a respirator (Harvard apparatus,
South Natick, Mass.) set to deliver room air at a volume of 25 ml/kg and a rate
appropriate to maintain PaCO2 between 35 and 40 mmHg. All animals were allowed to
recuperate for a period of two months following surgery. Postoperative antibiotics and
analgesics were administered by veterinarians as clinically indicated.
Intramyocardial capsules. Under sterile conditions the chest was opened through
a left lateral thoracotomy exposing the heart. The pericardium was opened exposing the
left ventricular myocardium. Consistent with previous studies (87), solid-state pressure
transducers (Millar, Houston), encapsulated in porous polyethylene of 35 micron pore
diameters, were inserted into the mid-myocardium of the left ventricle through blunt
dissection. The final dimensions of the intramyocardial capsules were approximately 2x3
mm. The right ventricular myocardium is too thin to implant our solid state
microtransducers and thus the right ventricular pressure-volume relationship cannot be
determined utilizing this technology. To facilitate the measurement of myocardial
interstitial fluid pressure, three capsules were placed in each left ventricular myocardium
ensuring that at least one of the transducers would be operational two months following
implantation for use in the acute protocols. Consistent with previous studies (87), the
pericardium was not surgically reapproximated. Solid-state pressure transducers were
used in place of fluid filled catheters in order to obtain higher fidelity (rise time less than
20 ms) recordings of myocardial interstitial hydrostatic pressure due to the constantly
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changing interstitial pressures associated with myocardial contraction (87). Myocardial
interstitial fluid pressure varies as a function of myocardial contraction, reaching a
minimum during diastole. As a result, maximum left ventricular transmicrovascular
fluid flow occurs during diastole. We therefore expressed our results in terms of
myocardial interstitial fluid pressure and volume recordings obtained at end-diastole
(87). Catheters from the solid-state pressure transducers were exteriorized through the
thoracotomy and coiled into a subcutaneous pouch.

The chest was closed with a

multiple layer technique and animals were allowed to recuperate. A total of 18 animals
were instrumented with interstitial fluid pressure monitoring capsules.
Pulmonary artery banding. In 11 animals, pulmonary arterial pressure was
elevated by pulmonary artery banding to create chronic myocardial edema. Copper wire
was encased in polyethylene tubing, to minimize erosion and scarring, and then placed
around the pulmonary artery during the sterile surgical preparation. Unlike studies where
the pulmonary artery was progressively occluded to mimic a model of progressive
pulmonary artery stenosis (12), we banded the pulmonary artery to maintain a fixed
reduction in diameter and a fixed mean pulmonary artery pressure of between 30 and 40
mmHg (28, 114, 147). With chronic body fluid redistribution pulmonary artery pressure
tended to decrease over time although was sufficiently elevated in all animals to produce
the desired level of myocardial edema accumulation. An increase in pulmonary artery
pressure results in an increase in pressure within the thebesian veins and coronary sinus.
This elevates microvascular pressure within the left ventricle, thus potentiating left
ventricular myocardial edema. Elevation of right-sided circulatory pressures and
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superior vena caval pressure in this model also reduces the volume of cardiac lymph that
can flow into the central venous circulation, thus further potentiating myocardial edema
(86).

This model produces right-sided pressures within the heart and vasculature

analogous to those seen in right heart failure or cor pulmonale (86). The chest was
closed as indicated above and animals were allowed to recuperate for a period of two
months.
Acute Experimental Preparations
Animals were anesthetized, intubated and ventilated as described in our chronic
surgical preparation. Vascular lines were placed to constantly monitor arterial and
venous pressures.

The myocardium was exposed through a left thoracotomy as

previously described.
Coronary sinus pressure elevation. A pressure monitoring Swan-Ganz balloon
tipped catheter (Edwards Laboratories, Santa Ana, CA) was inserted through the right
jugular vein and directed into the right atrium. The catheter was then advanced into the
coronary sinus and sutured to the external wall of the sinus in such a manner as to not
occlude the vessel. Mean pressure within the coronary sinus was recorded from the
Swan-Ganz catheter. When the Swan-Ganz catheter balloon was inflated, graded
elevations in coronary sinus pressure could be obtained. The affixing suture ensured that
the balloon could not be ejected from the coronary sinus. With coronary sinus pressure
elevation, microvascular pressure within the myocardium increases, potentiating the rate
at which fluid enters the myocardial interstitium. Coronary sinus pressure was thus
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elevated in a stepwise fashion in control dogs and in those with chronic myocardial
edema to potentiate edema formation and compromise cardiac function (87).
Left ventricular myocardial interstitial fluid pressure. The chronically implanted
Millar catheters were exteriorized from their skin pouch and connected to Millar
amplifiers (Millar, Houston) and recorders. Viewed microscopically, the porous
polyethylene capsules were found to be encased in loose connective tissue surrounded
by normal myocyctes with no visible signs of inflammation or scarring. Each catheter
was tested to determine the reliability of its myocardial interstitial fluid pressure
measurements. Compression of the tissue over the catheters produced a high fidelity
change in myocardial interstitial fluid pressure. A second test occasionally used was
acutely changing the circulating colloid osmotic pressure either through hemodilution or
colloid administration. All these interventions manifest themselves through changes in
myocardial interstitial fluid pressure. Any catheter not responding appropriately was not
utilized (88). Since myocardial interstitial fluid pressure can be impacted by external or
internal compression, myocardial left ventricular interstitial fluid pressure at end-diastole
(PINT) was normalized. This normalized value was expressed as PINT minus left
ventricular end-diastolic chamber pressure. Except during left ventricular volume
infusion to determine left ventricular chamber compliance, the baseline left ventricular
end-diastolic chamber pressure was not elevated in our chronic preparation and did not
change during the course of our experiments.
Left ventricular chamber compliance. Left ventricular volume was determined by
inserting an Edwards impedance catheter (Santa Ana, CA) through the aorta into the left
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ventricular chamber. A Millar solid-state pressure transducer was also introduced into
the left ventricle to measure left ventricular end-diastolic chamber pressure along with a
catheter for volume infusion. We then infused isotonic saline directly into the left
ventricle at a rate that increased left ventricular end-diastolic chamber pressure by 7 to 8
mmHg in each animal. Unlike intravenous volume transfusion, right-sided vascular
pressures (coronary sinus pressure) did not change during volume infusion. After
maintaining a stable elevated left ventricular end-diastolic chamber pressure for 5
minutes, left ventricular end-diastolic chamber volume was again determined three
times. Because compliance varies with the location on the ventricular pressure-volume
curve, we calculated the left ventricular chamber compliance as the change in left
ventricular end-diastolic chamber volume ( EDV) divided by the change in left
ventricular end-diastolic chamber pressure ( EDP).

Left Ventricular Chamber Compliance =

∆EDV EDV2 − EDV1
=
∆EDP EDP2 − EDP1

(3.1)

where, EDV1 is the initial left ventricular end-diastolic chamber volume, EDP1 is the
initial left ventricular end-diastolic chamber pressure, EDV2 is the left ventricular enddiastolic chamber volume after saline infusion, and EDP2 is the left ventricular enddiastolic chamber pressure after saline infusion. At the conclusion of each protocol,
animals were euthanized with an overdose of thiopental sodium and 20 ml saturated
potassium chloride solution.
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Wet to dry weight ratio (myocardial edema). The amount of myocardial edema or
extravascular fluid (EVF) was obtained from the unitless blood free (wet weight - dry
weight)/dry weight ratio for the left ventricular myocardium. Following removal of
tissue for collagen digestion and histological analysis of porous polyethylene capsules,
the myocardium was homogenized. A spectrophotometric correction for blood volume
was performed since the volume of blood and consequently water found within the
coronary vasculature may vary throughout the course of an experiment (84). The
homogenate was then weighed and dried to a constant weight. We have previously
demonstrated that this procedure quantifies extracellular, extravascular fluid volume
changes or myocardial interstitial edema since cellular volume remains constant (85).
Control myocardial extravascular fluid values obtained during the left ventricular
chamber compliance protocol were determined by transmural myocardial biopsy (once
in control animals prior to generating acute edema), following which cardiac tissue was
placed in a (kerosene/bromobenzene) gradient column to determine percent water and
extravascular fluid (50, 85). The myocardial interstitial pressure-volume relationship was
expressed as extravascular fluid i.e. myocardial edema plotted against normalized left
ventricular end-diastolic interstitial fluid pressure.
Collagen analysis. Total myocardial fibrosis can be estimated by the amount of
collagen in the myocardial interstitium. Hydroxyprolene concentration within the
myocardium was determined using the method described by Weber et al. (142) and
confirmed with an amino acid analyzer. Since collagen contains approximately 13.4%
hydroxyprolene (85, 142), the collagen content of the specimen was calculated by
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multiplying the hydroxyprolene content by 7.46. The concentration of collagen was
expressed as milligrams of collagen per 100 mg dry ventricular weight. Samples of left
ventricular myocardium taken for collagen typing were lyophilized and pulverized. An
aliquot was used for solubilization and determination for collagen types. Samples were
initially extracted using 1M NaCl in 0.05M Tris buffer, pH 7.4, at 4˚C, containing
protease inhibitors for 24 hours. Supernatants were separated by centrifuging and heart
residue extracted in 0.5M acetic acid. Pepsin (1mg/ml) digestions were performed three
times on residues at 4˚C in 0.5M acetic acid for 24 hours. The three pepsin extracts were
pooled for collagen precipitation, which was collected by centrifugation (7, 68). The
relative percentage of collagen types I and III was determined through SDS gel
electrophoresis (137, 142). Following scanning of stained gels with a densitometer, the
quantities of collagen types I and III were determined by planimetry (137).
Experimental Groups
Protocol 1: Determining the effect of chronic myocardial edema on the left ventricular
myocardial interstitial pressure-volume relationship
Group 1a. To determine the pressure-volume relationship for the left ventricular
myocardial interstitium, baseline data for left ventricular end-diastolic interstitial fluid
pressure (chronically implanted porous polyethylene capsules) and myocardial
extravascular fluid [(wet weight - dry weight) / dry weight] were obtained from two
animals. These data were compared to 48 historic controls from our laboratory. Since
the new control values were not different from existing controls, data were pooled (85).
In eight additional animals, left ventricular end-diastolic interstitial fluid pressure and
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myocardial extravascular fluid were determined after edema was acutely formed by
coronary sinus pressure elevation.
Group 1b. Left ventricular myocardial interstitial fluid pressure at end-diastole
and myocardial extravascular fluid were determined in eight animals with chronic
myocardial edema resulting from chronic pulmonary artery banding. Acute myocardial
edema was generated by acute coronary sinus pressure elevation in five of these animals.
This group was designed to simulate patients with chronic right heart failure or
pulmonary disease, which elevates right-sided circulatory pressures thus potentiating
myocardial edema (86).
Protocol 2: Determining the effect of chronic myocardial edema on left ventricular
chamber compliance
Group 2a. In five animals, left ventricular chamber compliance was calculated
after left ventricular myocardial edema formation was potentiated by coronary sinus
pressure elevation.
Group 2b. In three animals with chronic myocardial edema secondary to
pulmonary artery banding, left ventricular chamber compliance was determined at
baseline and following additional acute myocardial edema formation.
Statistical Analysis
All data are presented as the mean + standard error of the mean (SEM).
Normalized left ventricular end-diastolic interstitial fluid pressures and myocardial
extravascular fluid values were compared using either a student’s t-test or a paired t-test.
A p value less than 0.05 was considered significant. Regression equations were
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calculated using the least squares method (109). The co-efficients of the regression
equations representing the slopes and y-axis intercepts were compared using Student’s ttest (109).

RESULTS
Table 3-1 summarizes the experimental interventions performed in each group
along with the measured parameters. In brief, subjects in groups 1a and 2a did not have
pulmonary artery banding and chronic myocardial edema. The 1a group was used as
baseline, and left ventricular end-diastolic interstitial fluid pressure and myocardial
extravascular fluid were measured. In the 1a control group, left ventricular end-diastolic
interstitial fluid pressure and myocardial extravascular fluid were measured before and
following acute myocardial edema formation. Left ventricular chamber compliance was
calculated for group 2a prior to elevation of coronary sinus pressure. It was calculated
again following the generation of acute myocardial edema. Subjects in groups 1b and 2b
had their pulmonary artery banded to induce chronic myocardial edema. Left ventricular
end-diastolic interstitial fluid pressure and myocardial extravascular fluid were measured
for group 1b, and left ventricular chamber compliance was calculated for group 2b.
Additional acute myocardial edema was then generated in all chronically edematous
animals, with the exception of control animals with chronic edema, and all
measurements were repeated.
Normalized values of left ventricular end-diastolic interstitial fluid pressure as a
function of myocardial extravascular fluid are illustrated in Fig. 3-1. In control animals
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(Group 1a: baseline, n=50), at a baseline myocardial extravascular fluid value of
2.9+0.07 [(wet weight-dry weight)/dry weight], normalized left ventricular end-diastolic
interstitial fluid pressure was 14.9+1.1 mmHg. Elevating coronary sinus pressure
resulted in the formation of acute myocardial edema (Group 1a: control animals, n=8),
that manifests itself as an increase in myocardial extravascular fluid volume. As the EVF
changed from baseline to 3.5+0.03 (p<0.01), normalized left ventricular end-diastolic
interstitial fluid pressure changed from 14.9+1.1 to 37.5+1.8 mmHg (p<0.01). The
baseline value for myocardial extravascular fluid for subjects with chronic edema
(Group 1b: control animals, n=3) was significantly higher than the myocardial EVF
value of subjects in group 1a: baseline. We compared the normalized values of left
ventricular interstitial fluid pressure at end-diastole in control animals with acute edema
(37.5+1.8 mmHg) to animals with chronic edema (22.2+1.4 mmHg) (Group 1b:
chronically edematous, n=5). At a myocardial extravascular fluid value of 3.5+0.03,
normalized left ventricular interstitial end-diastolic pressures in the two sets of animals
were significantly different (p<0.01). Generation of acute edema in chronically
edematous subjects also increased the normalized left ventricular end-diastolic
interstitial fluid pressure values from 22.2+1.4 mmHg at control to 45+2.4 mmHg
(p<0.01) at an EVF of 3.6+0.04. It is interesting to note that further increasing
myocardial extravascular fluid above 3.5 did not increase normalized left ventricular
end-diastolic interstitial fluid pressure in animals with chronically edematous hearts.
Figure 3-2 demonstrates left ventricular chamber compliance plotted as a
function of myocardial extravascular fluid (EVF). Regression lines were plotted for
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control data (y=-4.11x+15.64, r2=0.67) and chronic myocardial edema data (y=4.70x+20.73, r2=0.86). In control animals (Group 2a: control animals, n=5), the negative
slope of the regression line demonstrates that left ventricular chamber compliance
decreased in animals made acutely edematous, indicating that hearts became stiffer.
Animals with chronic edema (Group 2b: chronically edematous, n=3), following
pulmonary artery banding, also demonstrated a decrease in left ventricular chamber
compliance when they were made acutely edematous, also indicated by the negative
slope of the regression line. The slopes of the control regression line and the chronic
edema regression line could not be shown to be significantly different (109). Before
generation of acute edema, left ventricular chamber compliance was higher in
chronically edematous animals when compared to non-edematous animals.
Myocardial collagen content in the control group 1a was 3.9+0.44 mg/100 mg
dry wt. and 5.8+0.34 mg/100 mg dry wt. in the chronic edema group 1b, demonstrating a
significant difference. The distribution of left ventricular collagen changed when animals
were made chronically edematous; the percentage of type III collagen increased from
11% in control animals to approximately 90% in animals with chronic edema, while the
percentage of type I collagen decreased from 85% to approximately 10%.
Figure 3-3 illustrates left ventricular chamber compliance as a function of the
normalized left ventricular end-diastolic interstitial fluid pressure. Left ventricular
chamber compliance values were obtained by substituting myocardial extravascular fluid
values from Fig. 3-1 into regression equations from Fig. 3-2. Standard deviations for left
ventricular chamber compliance were also computed from regression equations from
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Fig. 3-2. We placed boundary limits on the lower values of myocardial EVF to avoid
negative or non-physiologic values for left ventricular chamber compliance (see Fig. 33). Left ventricular chamber compliance was lower in acutely edematous animals (1.24
mL/mmHg) at normalized left ventricular end-diastolic interstitial fluid pressure value of
37.5+1.8 mmHg, when compared to non-edematous control animals (3.71 mL/mmHg) at
14.9+1.1 mmHg. Animals with chronic edema demonstrated a higher control value of
left ventricular chamber compliance (4.27 mL/mmHg) when compared to nonedematous control animals (3.71 mL/mmHg). Even after acutely elevating left
ventricular end-diastolic interstitial pressure in chronically edematous animals to 45
mmHg, the left ventricular chamber compliance value remained relatively high at 3.8
mL/mmHg. As illustrated in Fig. 3-3, the points representing animals with chronic
edema are shifted to the right, indicating a more compliant myocardium at any given left
ventricular end-diastolic interstitial fluid pressure.

DISCUSSION
Generating acute edema in both control and chronic animals resulted in increased
stiffness of the left ventricular chamber. Chronically edematous hearts had higher left
ventricular chamber compliance when compared to non-edematous control hearts (Fig.
3-2). Compared to control animals, the percentage of type III collagen in the left
ventricles of chronically edematous hearts was significantly higher, and type I collagen
was significantly lower.
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This study is the first to characterize the pressure-volume relationship of the left
ventricular myocardial interstitium subjected to acute and chronic edema. Animals
subjected to an acute increase in myocardial extravascular fluid or myocardial edema
exhibit an increase in stiffness of their left ventricular myocardial interstitium. However,
when animals with chronic myocardial edema were subjected to acute edemagenic
conditions, their pressure-volume relationships demonstrated a right shift in the curve
when compared to control animals with acute edema (Fig. 3-1). In other words,
generating acute myocardial interstitial edema in control animals resulted in an increase
in left ventricular end-diastolic interstitial fluid pressure, which was significantly higher
than that resulting from a comparable increase in myocardial extravascular fluid in
animals with chronic edema. The pressure-volume relationships were plotted by joining
data points linearly and not as regression lines (Fig. 3-1). If the curves were plotted nonlinearly, there would still be a right shift for animals with chronic myocardial edema. We
were confident that increasing myocardial extravascular fluid to approximately 3.5 [(wet
weight-dry weight)/dry weight] would raise myocardial left ventricular end-diastolic
interstitial fluid pressures. However, additional increase in myocardial extravascular
fluid did not raise left ventricular end-diastolic interstitial fluid pressure beyond
approximately 50 mmHg in either acute or chronic conditions. We speculate that damage
to the interstitial matrix (which may or may not be reversible) may have occurred. We
anticipated that the curve would break in the opposite direction resulting in significantly
elevated interstitial pressures for relatively small increases in volume. We believe that
when capillary pressure increases to approximately 50 mmHg following coronary sinus
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pressure elevation, there is enhanced venous outflow from the thebesian veins (62, 64)
into the right ventricle where the pressure is relatively lower. Opening of the lower
resistance thebesian outflow limits the elevation in myocardial microvascular pressure,
and thus left ventricular end-diastolic interstitial fluid pressure, from exceeding
approximately 50 mmHg. An alternate explanation is that the heart may attempt to
decrease interstitial pressure by shunting fluid across the myocardial surface
(transudation). This would keep interstitial pressure at a lower level and eliminate the
potential for microvascular collapse and cardiac death. Another explanation is that the
myocardium is not homogeneous and, at higher pressures, fluid may be accumulating in
places other than where the transducers were recording pressures.
Acutely elevating the myocardial interstitial fluid content of the left ventricular
interstitium resulted in decreased compliance of the left ventricular chamber in both nonedematous control and chronically edematous animals. We hypothesized that left
ventricular chamber compliance would be lower and the left ventricle would be stiffer in
chronically edematous animals under control conditions. However, chamber compliance
of hearts with chronic myocardial edema was higher under control conditions when
compared to non-edematous hearts. The information presented in Fig. 3-3 was derived
from the data in Fig. 3-1 substituted into the regression equations of Fig. 3-2, determined
using the methods of least squares. Because this does not always result in a perfect fit (as
indicated by the r squared values), it was possible for slightly negative values for
compliance to be computed. This concept is called to the reader’s attention, since
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negative compliance values have no physiologic meaning and simply represent a
statistical anomaly.
The quantity of interstitial fibrosis in the heart can be estimated by the amount of
collagen in the myocardial interstitium. Myocardial collagen is comprised primarily of
types I, III and V, with type I collagen predominating (65). Characteristics of the type of
collagen play a marked role in determining the behavior of the myocardial interstitium.
While type I collagen is composed of larger diameter fibers with greater stiffness, type
III collagen is relatively more distensible with small diameter fibers (15, 65). Since
fibrillar type I collagen is relatively stiff, small changes in its content can impact
functional properties of the heart. It has been hypothesized that the increased collagen
content, and not left ventricular mass, during systemic hypertension results in diastolic
dysfunction (15, 66). This could be attributed to an increase in the collagen type I to type
III ratio, which could be responsible for the increased stiffness of the left ventricle (146).
Increased collagen deposition in the heart can be attributed to increased collagen
expression in response to variations in hemodynamic loading (18). Depending on the
heart’s response to these mechanical stimuli, cardiac fibroblasts may activate different
signal transduction pathways to regulate the fibrotic content of the myocardium (3).
Thus, hypertensive hearts responded to pressure-overload resulting in increased collagen
type I concentration and a stiffer myocardium. Type I collagen fibrosis predominates in
the left ventricular myocardium exposed to an increased afterload. The right ventricle
also hypertrophies when challenged by an elevated vascular outflow pressure
(pulmonary artery pressure) (114) similar to how the left ventricle responds to systemic
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arterial hypertension (38). We speculate that in a model of pulmonary artery
hypertension, the right ventricle, exposed to pressure overload, would have an elevated
collagen type I/type III ratio. We did not perform analysis of the right ventricle in our
study due to physical constraints in implanting the porous polyethylene capsules.
However, it would be interesting to know if right ventricular fibrosis with type I collagen
takes place in our model of pulmonary artery hypertension (increased right ventricular
afterload). When our animals were made chronically edematous (with no pressureoverload), type I collagen was replaced by type III collagen. Because collagen has a
rapid turnover (89, 97), it would be unlikely to observe any transient changes in the type
after 2 months. Increased distensible type III collagen may be responsible for the
increased left ventricular chamber compliance in chronically edematous hearts. We have
previously demonstrated a similar increase in compliance and interstitial distensibility or
decreased stiffness of the small bowel in conjunction with gastrointestinal edema (124,
126). The concept of ‘compliance resetting’ in chronic disease has also been addressed
in the bioengineering literature (42, 43, 46).
Banding of the pulmonary artery and generation of chronic myocardial interstitial
edema resulted in structural adaptation of the left ventricle. Although we did not conduct
any studies to characterize a causal relationship between changes in collagen degradation
or cross-linking and adaptive remodeling of the heart, we did observe a shift in the
primary collagen type in the left ventricle from type I to III. For a given left ventricular
end-diastolic interstitial fluid pressure (Fig. 3-3), chronically edematous hearts had
higher left ventricular chamber compliance when compared to non-edematous or acutely
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edematous hearts. We believe that patients with chronically edematous hearts are better
equipped to cope with certain pathological conditions (30, 83, 85, 100, 101, 117)
associated with acute edema formation compared to patients with non-edematous hearts.
This change in left ventricular chamber compliance could be attributed to the distensible
fibers of collagen type III that were laid down during the development of chronic
myocardial edema in these animals. The concept of adaptive remodeling of the
interstitium to regulate compliance has been previously demonstrated in several models
(42, 43, 46, 78, 79, 124-126).
Adaptive remodeling of the chronically edematous myocardial interstitium could
result from factors other than a shift in predominant collagen type. In order to assess
structural changes in the myocardial interstitial matrix, collagen biochemistry including
studies of concentration, types, ratios, turnover and degradation (89, 97) as well as
changes in cross-linking (5, 112), would be valuable. Our protocols were designed
primarily to evaluate myocardial interstitial matrix mechanics. A future study could be
designed to evaluate collagen biochemistry and histology of not only the left ventricle,
which could provide an alternative explanation for the shift in myocardial interstitial
pressure-volume relationship, but also of the right ventricle, which has not been
adequately characterized. Samples of the right and left ventricle could be taken on a
daily or weekly basis, because of the rapid rate of collagen degradation and turnover (89,
97), during the development of myocardial edema and interstitial fibrosis. However, due
to high costs associated with chronic canine studies and the significant numbers required
to track biochemical changes over shorter time intervals (to detect changes in
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degradation and cross-linking), a rat model may be more appropriate. Such studies
would, however, preclude evaluation of interstitial mechanics.
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CHAPTER IV
SHEAR-MYOGENIC SWITCH

INTRODUCTION
Although the buildup of metabolites such as adenosine, potassium, and
acetylcholine plays a fundamental role when blood supply does not meet tissue demand
(56), it is insufficient to explain flow autoregulation. Because metabolite-driven arterial
dilation has a slow response time (22, 145) and has minimal effects on upstream vessels
(8, 80), investigators began to explore two local mechanical stimuli—transmural
pressure (8, 32) and endothelial shear stress (53, 75, 76). The pressure-mediated
myogenic response is endothelium independent, and is characterized by constriction of
blood vessels when transmural pressure increases and dilation when transmural pressure
decreases (128). A decrease in perfusion pressure causes a myogenic dilation in vessels
within seconds, thus, lowering vascular resistance and partially restoring blood flow. On
the other hand, the shear-mediated response is endothelium-dependent, and is
characterized by a dilation of vessels when flow increases, and a constriction when flow
decreases (70, 82). When tissue metabolic rate increases and local resistance arterioles
dilate, the increased flow causes a secondary dilation of feeding arterioles, augmenting
flow. These pressure- and shear-mediated responses therefore act synergistically to aid
flow autoregulation (71).
Pressure-mediated and shear-mediated responses compete when shear stress and
transmural pressure either simultaneously increase or simultaneously decrease (81). In

26

either case, there is no governing principle predicting whether the competing responses
result in vasodilation or vasoconstriction. The apparent dominance of the pressuremediated response over the shear-mediated response has been demonstrated in a number
of systems including rabbit cerebral arteries (139), pig coronary arterioles (81) and rat
skeletal muscle arterioles (135). Investigators have also shown that increases in pressure
elicits a myogenic constriction, even if accompanied by increased metabolites and
reduced oxygen tension (102). In stark contrast, the dominance of the shear-mediated
response over the pressure-mediated response has been demonstrated in small rabbit
conductance arteries (36, 54, 72, 116). The conflicting reports have been particularly
difficult to reconcile because each intervention affects pressure and shear differently
(19), and each vessel has different sensitivities to changes in pressure and shear (34, 52,
82).
Although occlusion of arterioles in a microvascular network can occur with
micro emboli (149), fat emboli (4), or platelet aggregation (136), it has been studied far
less than occlusion of large conductance vessels. Unlike conductance vessels in organ
systems with well-defined collateral vessels (127), the resistance arterioles can act as a
plexus, have numerous arcuate arterioles interconnecting branches, and even exhibit
circular arcade structures (31, 35). Thus, there are multiple pathways for blood to reestablish flow, and any arteriole could act as a collateral. Occlusion upstream of a
particular arteriole causes a simultaneous decrease in shear stress and pressure (69),
therefore causing shear- and pressure-mediated responses to compete. Ameliorating the
resulting compromised perfusion would require a dominant pressure-mediated response.
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However, occlusion parallel to the same arteriole causes a simultaneous increase in shear
stress and pressure (99), also causing shear- and pressure-mediated responses to
compete. However, ameliorating the resulting compromised perfusion would require a
dominant shear-mediated response. It has yet to be determined how arterioles can
selectively switch from pressure-dominated responses to shear-dominated responses.
The behavior of blood vessels differ significantly depending on whether they are
studied in vitro, in situ or in vivo (148). Although in vitro studies were able to
demonstrate pressure- and shear-mediated responses in a single vessel (34, 77), they
cannot address how transmural pressure and endothelial shear stress co-vary in a
vascular network. Studies conducted in situ incorporate metabolic factors, but the
inability to experimentally abolish the pressure-mediated response makes it difficult to
determine differential responses to changes in metabolites, shear stress and transmural
pressure. Potential dilatory effects of anesthesia (129), inflammation secondary to
surgical trauma (148), and conducted stimuli from nearby vessels (40, 41), can limit the
ability to interpret the results of in vivo experiments. The batwing model has been
critical to our current understanding of the myogenic effect in vivo, because it allowed
the noninvasive characterization of the vasculature to changes in pressure (31, 33).
However, it fell out of use before shear-mediated dilation was fully appreciated. The
lack of conventional animal models amenable to noninvasive experimentation and the
inability to completely block the individual effects of metabolites, shear- and pressuremediated responses led to the development of mathematical models (26, 47, 122, 123,
140).
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Pries et al. (31, 120-122) developed a series of large-scale mathematical models
that captured the complex interaction of four stimuli of chronic vascular adaptation.
Although these models have been critical for understanding the emergent properties of
vascular networks (119), their complexity makes it difficult to ascribe network behavior
to any specific mechanism. By taking a simpler approach that eliminated two stimuli,
Quick et al. (123) revealed that observed shifts in the lower level of autoregulation can
be ascribed to pressure-mediated arterial dilation. Another approach first modeled
arterial beds as single vessel with a pressure-mediated response (27), then two vessels
with shear- and pressure-mediated responses (58), and, finally, a symmetrical bifurcating
network with each vessel exhibiting metabolite-, pressure-, and shear-mediated
responses (92). Capturing ever-increasing levels of complexity, investigators have
successfully modeled coronary (26), cerebral (140), renal (113), and skeletal (13)
networks. In particular, the model developed by Liao et al. (92) illustrated how
heterogeneity in the sensitivity of the shear-and pressure-mediated responses aided
normal autoregulation. Integral to their model was an assumption of a symmetrical tree
structure without interconnections that could act as collaterals in the event of regional
occlusion. Because this model incorporated realistic interaction of pressure- and shearmediated responses, the results of microvascular occlusions can be addressed with only a
minor increase in complexity.
In summary, although pressure- and shear-mediated responses act together to aid
flow autoregulation, reconciling the conflicting reports when these responses compete
and explaining how they interact to ameliorate compromised perfusion cannot be
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accomplished with conventional animal or mathematical models. We therefore
developed a simple mathematical model and re-introduced the classic Pallid bat wing
model to do so.
Theory
Hemodynamics of a single vessel. The radius (r) of a vessel determines its
vascular resistance (R), which in turn determines the amount of blood flowing through
the vessel and the axial pressure gradient across it (123). The resistance of an arteriole
can be approximated from Poiseuille’s law,

R (r ) =

∆P 8ηL
=
Q πr 4

where P is the axial pressure gradient, Q is the blood flow,

(4.1)
is viscosity of blood and L

is arteriolar length. Radius also determines the endothelial shear stress ( ), the frictional
force acting on the endothelium due to the flow of blood. Endothelial shear stress can be
expressed in terms of Q, or alternatively mean blood velocity (v),

τ=

v
4ηQ
=
4
η
πR 3
r

(4.2)

The expression v/r is referred to as the “pseudo shear rate” (11). Endothelial shear stress
was calculated for the mathematical model, while pseudo shear rate was calculated from
measured r and v values for the experimental model.
Predicting pressure and shear stress in a network model. Figure 4-1 illustrates a
network of arterioles represented in terms of their resistances. The network was
constructed with the minimum number of arterioles necessary to achieve our goals. The
upstream arteriole was designated as Min, the parallel arteriole as Mp, the collateral as
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Mc, and the vessel of interest as Mv. The network was asymmetric, and incorporates 1st
and 2nd order arterioles, characterized by two parameters, r and L. Consistent with
accepted modeling methodology (123), pressure drops across the vessels are governed
by Poiseuille’s Law (Eq. 4.1), and flows through them are governed by conservation of
mass. Arteriolar network inlet pressure (Pin) was set at 100 cmH2O, and the outlet
capillary pressure (Pout) was set at 50 cmH2O (31). Pressures at the outlet of one vessel
were set equal to the pressure at the inlet of the following vessels. Pressures P1, P2 and
P3 denote transmural pressure at the junctions. Resistances for vessels Min, Mp, Mc, Mout
were chosen such that pressure P1, P2 and P3 were consistent with published values (1, 2,
1.43, and 50 mmHg sec nl-1, respectively)(31). The pressure of the collateral vessel (Pc)
was set at the initial pressure P2. Using the known values of diameter (31) and length
(approximately 6 mm for the vessel of interest) from the bat wing vasculature, Eqs. 4.1
and 4.2 were solved simultaneously for pressure and flow using standard methods (123).
Vessel adaptation. To simplify the model, only one arteriole in the network
(circle, Fig. 4-1) was set to adapt with changes in pressure and endothelial shear stress,
while all others had constant radii. In this case, adaptation of the vessel of interest (Mv)
to changes in transmural pressure (myogenic response) and endothelial shear stress
(shear-mediated dilation) were based on a model of coronary vessels developed by Liao
et al (92). This model characterized the arterioles of the coronary microvasculature from
different levels of the network. Summarizing briefly, the steady-state diameter (D) of an
arteriole was characterized assuming
D = Dm + ( D p − Dm ) Fτ ,

(4.3)
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where Dp was the steady-state passive diameter at transmural pressure P, Dm represented
the activation of smooth muscle due to the myogenic response in the absence of flow,
and F represented the normalized effect of endothelial shear stress. The value of P is
taken to be an average of vessel inlet and outlet pressures. The steady-state passive
curve was characterized by an empirical equation,

( Dmax − D0 )(
D p = D0 +

[1 + (

P
)
Pp

(4.4)

P
)]
Pp

where Pp and D0 are empirical parameters. Similarly, the myogenic response was
characterized by an empirical equation,

Dm = Dmin +

( D0 − Dmin )
+
P m
[1 + ( ) ]
Pm

( Dmax − Dmin )(

P y
)
Pp

P
[1 + ( ) y ]
Py

(4.5)

where Dmax, Py Dmin, Pm, Py, m, and y were empirical parameters. The response to shearmediated dilation was normalized between 0 and 1 and governed by an empirical
equation:
Fmax + (
Fτ =

[1 + (

τ

τ

)s

Kτ

Kτ

(4.6)
s

) ]

where Fmax, Kτ , and s were empirical parameters. The value of Kτ represented the
fractional shear-mediated dilation and varied from 0 to 1. Calculated values of P and
were substituted from the simple network model into Eqs. 4.3-4.6 to obtain an
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instantaneous value of arteriolar diameter for the vessel of interest, Mv. Parameters Pp,
D0, Dmax, Py Dmin, Pm, Py, m, y, Fmax, Kτ, and s were assumed equal to those determined
for the intermediate-sized coronary arterioles (45-108 µm diameters) used to develop the
original Liao et al. model (92). The instantaneous diameter value was used to iteratively
calculate new pressures and shear stresses in the vessel of interest to obtain a value for
steady-state diameter.

METHODS
Mathematical Modeling Methods
Parallel and upstream occlusions. Two modeling experiments were performed to
determine how a vessel of interest (Mv) was affected by occlusion of an upstream (Min)
and parallel (Mp) vessel (Fig. 4-1). In the first modeling experiment, an upstream
arteriole (Min) was progressively occluded from 0 to 100%, and the resulting steady-state
pressures, shear stresses, and diameters of the vessel of interest were calculated. To
simulate the change in diameter with time, diameter was allowed to change no more than
1 m/sec (31). The resulting change in radius in the vessel of interest after 100%
occlusion of Min was plotted as a function of time. Although the upstream arteriole was
occluded, flow continued through collateral arteriole (Mc). In the second modeling
experiment, the parallel arteriole (Mp) was progressively occluded from 0 to 100%, and
the resulting steady-state pressures, normalized shear stresses, and diameters of the
vessel of interest were calculated. The resulting change in radius in the vessel of interest
after 100% occlusion of Mp was also plotted as a function of time.
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Contour plots. A contour plot was used to characterize the relationship between
radius, transmural pressure and normalized shear stress in the vessel of interest. The
steady-state changes in transmural pressure and normalized shear stress resulting from
parallel and upstream occlusions were then determined and plotted with the contour plot.

Experimental Methods
Pallid bat experimental model. Experimental procedures and animal care were
performed in compliance with the Texas A&M University Institutional Animal Care and
Use Committee and were similar to those reported previously (143). Experiments were
conducted on 8 Pallid bats of either sex, weighing between 15-35g. Each bat was trained
to be amenable to light restraint, ensuring minimal movement of the wing during the
course of the experiment. They were housed in a room with constant temperature year
round.
Bat restraint. Unanesthetized bats were placed in a custom box (143) and
experiments were conducted at a fixed lab temperature of approximately 26oC. The box
allowed for free extension of the left wing, which was lightly restrained over a Plexiglas
plate by cotton applicators, as described by Davis et al. (31). The box was placed under
the microscope for vessel observation and data acquisition.
Data collection and acquisition system. The microscope used for the study was a
fixed stage upright microscope (BX61WI, Olympus, Pennsylvania) with a waterimmersion objective. The microscope image was captured by a video camera (KR222 SVideo Camera, Panasonic, New Jersey) and relayed to a computer. Magnifications of
400X were used for data acquisition. Light intensity was maintained at a level low
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enough to avoid evoking vascular responses. The acquired image was recorded using
custom software (Lab View 7.1, National Instruments, Texas). An Optical Doppler
Velocimeter (Optical Doppler Velocimeter Model #4, A&M Health Systems, Texas)
was connected between the camera and the microscope, and obtained the center-line red
blood cell velocity. For diameter measurements, customized software (103) recorded the
real-time changes in arteriolar diameter at 30 frames per second.
Classification of microvessels. We studied several bifurcations of a branching
arteriolar tree in the wing between the fourth and fifth digits of the Pallid bat (Fig. 4-2).
Measurements were made on 1st-4th order arterioles adjacent to bifurcations. Data were
collected at bifurcations for ease of identification and for comparison across different
subjects. The arterioles were named similar to those in the mathematical model (Fig. 41); while arterioles in the model were denoted by the letter M, those in the bat wing were
denoted by the letter B.
Noninvasive acute microvascular occlusions. As illustrated in Fig 4-2, the first
arteriolar bifurcation (i.e. Bin, Bp and Bv) and then the subsequent bifurcations were
located, and real-time diameters and velocities were obtained for 3 minutes to establish
baseline values. Radii and velocities were used to calculate the pseudo shear rate (Eq. 4.
2), because viscosity was assumed to be constant. To selectively occlude Bin and Bp, 100
µl glass pipettes (Borosilicate pipettes, WPI, Florida) were pulled (PUL-100, WPI,
Florida) to form a sharp tip, and then blunted by heating with a Bunsen burner until the
tip was approximately 30-50 µm in diameter. Pipettes were mounted on
micromanipulators (MC-35A, Narishige, Japan) for precise control and positioning. On
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100x magnification, the pipette was carefully lowered over target arterioles until blood
flow was observed to cease.
Occlusion protocols. At each bifurcation, two experimental protocols were
performed while observing the vessel of interest Bv (Fig. 4-3A). In the first protocol,
only four of the total eight bats were used, to confirm consistency with previously
published results (99, 133). First, the control data were obtained, and then the parallel
arteriole Bp was occluded (Fig. 4-3B). The magnification was returned to 400X to obtain
the arteriolar diameter and red blood cell velocity of the blood flow at Bin, Bp and Bv.
Data were recorded after two minutes of stabilization. Once the pipette was in place, the
arterioles stayed occluded for the entire duration of the data acquisition. Data were
recorded for three minutes for seven arterioles. The procedure for second protocol was
similar to parallel occlusions; however, the position of occlusion was moved upstream to
Bin (Fig. 4-3C). To obtain real-time diameters and pseudo shear rate values, data were
recorded continuously for 100 seconds before and during occlusion. Data were also
recorded after two minutes of stabilization for twenty-five arterioles. Both procedures
were analogous to the modeling methods where Mv was the vessel of interest and Mp and
Min were occluded. No bat was used for more than one protocol on any given day.
Statistical analysis. The difference between baseline and occluded values of
pseudo shear rate and arteriolar diameter were compared using Student’s t-tests, and a pvalue of less than 0.05 was considered significant. Percentage changes in diameter and
pseudo shear rate for both parallel and upstream occlusion protocols were first calculated
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for 1st-4th order bifurcations and then averaged for all the bats. Data was represented as
mean + standard deviation.

RESULTS
Modeling Results
Figure 4-4A demonstrates the effect of 100% occlusion of the parallel arteriole
Mp on the vessel of interest, Mv. Figure 4-4B demonstrates the effect of 100% occlusion
of the upstream arteriole Min on the vessel of interest, Mv. Once steady-state diameter
was obtained, the parallel occlusion resulted in 8% dilation, and the upstream occlusion
resulted in 14% dilation.
Figure 4-5 demonstrates the changes in transmural pressure, normalized
endothelial shear stress and arteriolar diameter as parallel arteriole Mp is progressively
occluded. Both transmural pressure and normalized endothelial shear stress increased
(2% and 75%, respectively), while arteriolar diameter increased by 8%.
Figure 4-6 demonstrates the changes in transmural pressure, normalized
endothelial shear stress and arteriolar diameter as upstream arteriole Min is progressively
occluded. Both transmural pressure and normalized endothelial shear stress decreased
(47% and 97%, respectively), while arteriolar diameter increased by 14%.
Figure 4-7 illustrates a contour plot of arteriolar diameter of the vessel of interest
as a function of transmural pressure and normalized endothelial shear stress. One arrow
indicates that when a parallel arteriole was occluded, both transmural pressure and shear
stress increased simultaneously; the vessel of interest dilated. Similarly, the other arrow
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indicates that when an upstream arteriole was occluded, both transmural pressure and
shear stress decreased simultaneously; the vessel of interest also dilated.
Figure 4-8 demonstrates the changes in the steady-state resistance of the vessel of
interest, Mv plotted as the percentage occlusion of either the parallel arteriole, Mp or the
upstream arteriole, Min. In either type of occlusion, the resistance of Mv starts at a higher
value and decreases as the parallel or upstream arteriole is progressively occluded from
0% to 100%.

Experimental Results
Real-time changes in response to an in vivo upstream occlusion. Figure 4-9
illustrates the real-time diameter and pseudo shear rate of a representative vessel of
interest, Bv, plotted as a function of time after occlusion of the upstream arteriole, Bin.
When the upstream arteriole, Bin, was occluded, the pseudo shear rate in Bv (Fig. 4-9A)
decreased almost immediately (<2 seconds) and the arteriole dilated (Fig. 4-9B) in <15
seconds. Although blood flow downstream of the occlusion reduced, collateral flow
ensured it never dropped below 20% baseline values in any arteriole studied.
Hemodynamic changes in response to an occlusion: parallel and upstream
occlusion. Figure 4-10A represents the percentage change in diameter and pseudo shear
rate, when a parallel arteriole was occluded (i.e., Bp in Fig. 4-3B). The parallel occlusion
resulted in a significant increase in pseudo shear rate (122+103%) and significant
increase in arteriolar diameter (36+24%). An increase in diameter was observed in all
arterioles in all bats (n=4). Similarly, Fig. 4-10B illustrates the percentage change in
arteriolar diameter and pseudo shear rate when an upstream arteriole was occluded (i.e.,
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Bin in Fig. 4-3C). There was a significant decrease in the pseudo shear rate (70+21%)
and a significant concomitant increase in the arteriolar diameter (37+33%). An increase
in diameter was observed in all arterioles in all bats (n=8).

DISCUSSION
Theoretical and experimental results reveal that microvessels can functionally
“switch” from a predominantly pressure-mediated response to a shear-mediated response
to ameliorate compromised perfusion. This functional switch reconciles two competing
requirements for arterioles in a microvascular network when challenged with local
occlusions. An arteriole has to suppress the shear-mediated response in favor of the
pressure-mediated response to dilate appropriately when upstream arterioles are
occluded. However, the same arteriole has to suppress the pressure-mediated response in
favor of the shear-mediated response to dilate appropriately when parallel arterioles are
occluded. A simple mathematical model (Fig. 4-1), based on experimental data and
fundamental principles of physics, revealed that the nonlinear pressure-shear-radius
relationship (Fig. 4-7) makes this “shear-myogenic switch” possible.
For the vascular “shear-myogenic switch” to ameliorate compromised perfusion,
three rules governing network structure must hold. First, there must be appropriate
interconnections to permit collateral flow (e.g., Bc in Fig. 4-2). Studies of the
microvascular beds of skeletal muscle and skin, for instance have reported the presence
of arcades that act as functional collaterals (118). Although it is debated whether or not
these vessels chronically adapt to maintain a constant endothelial shear stress (73, 74) or
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circumferential wall stress (118), the shear-myogenic switch ensures appropriate
adaptation of collaterals in response to acute changes in mechanical stimuli. Second,
vessels must normally be appropriately balanced between pressure- and shear-mediated
responses, so that they can decrease resistance with either an upstream or parallel
occlusion (Fig. 4-8). Third, microvascular occlusions must result in large enough
changes in endothelial shear stress or transmural pressure to elicit vasodilation. For
instance, the resistance that makes up a collateral pathway (such as through Bc, Bp, and
Bv in Fig. 4-2) must have a greater impact on transmural pressure than on shear stress
when an upstream arteriole (such as Bin) is occluded. Historically, teleological
explanations for observed microvascular structure, such as Murray’s Energy Law (106,
107), have motivated the search for regulatory mechanisms (74). Although investigators
have identified several optimal design principles (106, 107, 121, 123), the shearmyogenic switch is a mechanism that implies a new optimality principle: arterial
networks are optimized to withstand acute failure.
Unlike complex mathematical models developed by Pries et al. (31, 119-122),
which include four distinct angioadaptive stimuli that effect the radii of hundreds of
vessels, our model was strikingly simple (Fig. 4-1). Transmural pressure and shear stress
were considered to be the only stimuli; neural and humoral effects were neglected, as
well as conducted stimuli. Our model was made even simpler than the coronary
microvascular model of Liao et al. (92) by neglecting metabolic factors that could
confound our results. Although the topology of our model was based on the branching
pattern in a small portion of the Pallid bat wing, its structure is basic enough to
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characterize portions of any microvascular network. Similarly, in the attempt to remove
all unnecessary complexity in hemodynamics, we assumed constant viscosity and
steady, laminar flow. Because the adaptation was based on the Liao et al. model, we
assumed their empirical parameters hold for similar-sized arterioles in the bat wing.
Although, this model was developed from in vitro data collected from coronary
arterioles, it was based on the active and passive pressure curves that are similar to those
in other microvascular beds (17). Our intent was not to maximize complexity within the
model to accurately simulate network behavior (31, 119-122), but instead to simplify it
in order to remove confounders and reveal the mechanism of the “shear-myogenic
switch”.
In order to observe changes to pressure and shear stress in response to
microvascular occlusion without common confounding phenomena, we recently
reintroduced the Pallid bat wing model. Transluminating the relatively thin, lightly
pigmented wing membrane allows non-invasive measurement of vessel diameter and red
blood cell velocity (31). The relatively large surface area-to-mass ratio makes the bat
wing structurally analogous to common animal models such as the rat mesentery,
hamster cheek pouch, and mouse ear (143, 144). Microvascular regulation in response to
interventions, such as increased transmural pressure, de-enervation, local application of
heat, increased flow, and topical application of NO-synthase inhibitors, is also similar
(143, 144). Most importantly, this animal model was historically used to characterize the
myogenic response (31, 34, 35, 69), which yielded behavior qualitatively similar to the
assumed vessel model (Eqs. 4.3-4.5). In contrast, conventional animal models can pose
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challenges to studying the interaction of pressure- and shear-mediated effects. First,
intravascular microscopy is usually invasive, and the resulting surgical trauma can cause
inflammation, or increase oxygen partial pressure can affect vascular tone (148). Second,
invasive studies require anesthesia, which may in itself cause vasodilation (129). Third,
many vasculature networks are three-dimensional, which can make mapping the network
topology a challenge. Fourth, many tissues have high metabolism rates (56), and
therefore are more likely to be affected by metabolites.
Although, metabolic factors are important regulators of blood flow (56), we
discounted the effect of metabolic response as the sole cause of the observed arteriolar
dilations. First, studies have reported that metabolic factors have a slow response time,
taking >30 seconds to yield 50% steady-state dilation (9, 22, 148). The vasodilatory
response in our experiments started in less than 2 sec and reached steady-state dilation in
<15 sec (Fig. 4-9B). Second, the effect of metabolites is predominant only in very small
arterioles downstream of the arterioles we studied (70), and their diffusion from the
venules to neighboring arterioles has a relatively small effect on arteriolar diameter (80).
Third, the batwing membrane has a very low resting metabolic rate (96), which limits
the rate of metabolite production. Fourth, the wing membrane contributes significantly to
cutaneous respiration (96). In fact, some species of bats eliminate up to 12% of total CO2
through their wings at rest (61). Fifth, collateral flow was sufficient to ensure that total
flow did not decrease more than 80% in response to an upstream occlusion. Taken
together, it is unlikely that a metabolic response is solely responsible for the dilation of
the vessels of interest in our study. Similarly, phenomena such as shear-mediated
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constriction (10, 48) and the conducted responses (19, 40, 41) are unlikely to explain our
observations, since they cannot account for dilation of both downstream and parallel
vessels. Such confounding phenomena were intentionally left out of the mathematical
model (Fig. 4-1) for the express purpose of proving the shear-myogenic switch alone
could be responsible for such dilations.
Studies of the conductance vessels of rabbits seem to indicate that the shearmediated response overwhelms the pressure-mediated response, resulting in arterial
dilation (54, 72, 116). In complete contrast, other studies conducted in isolated coronary
vessels (81), cerebral vessels (139) and skeletal vessels (135) seem to indicate that the
pressure-mediated response overwhelms shear-mediated responses. Although it is
entirely possible that the sensitivities to pressure and shear are very different in different
mammals, it has yet to be noted that some experiments are conducted at lower baseline
pressures (where the shear-mediated responses are lower) and while others are
conducted at higher pressures (where pressure-mediated responses are lower). An
alternative interpretation to these reported observations is that they are actually
exhibiting a manifestation of the “shear-myogenic switch”. If so, then repeating these
experiments at different baseline pressures may result in very different results. Johnson
and Intagliatta (69) and Kuo et al. (81) speculated that the dominance of a particular
response depended on the transmural pressure. Our simple mathematical model revealed
a basic mechanism for reconciling these contradictory responses–a nonlinear pressureshear-radius relationship (Fig. 4-7) that acts as a functional switch.
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CHAPTER V
RESEARCH-INTENSIVE COMMUNITIES

INTRODUCTION
Large public research-extensive universities such as Texas A&M University
have two primary missions—increase access to education (typically with didactic
classes) and perform research (typically in small laboratories) (138). To fulfill these
divergent missions, the National Science Foundation (NSF) in particular has been on the
forefront of governmental agencies encouraging the integration of research and
education. First, all research grants are now required to include “Broader Impacts” that
include components such as “advancing discovery and understanding while promoting
teaching, training, and learning” or “broadening the participation of underrepresented
groups” (25). Second, the NSF invests over $50 million for 4,500 students to attend
Research Experience for Undergraduates Sites, primarily to promote careers in research
(55). Despite the sustained efforts of federal funding institutions, the Boyer Commission
(14) criticized research-extensive universities for not providing “maximal opportunities
for intellectual and creative development” by “[learning] through inquiry rather than
transmission of knowledge”. This Commission suggested making inquiry-based learning
the standard, providing a mentor for every student, removing barriers to interdisciplinary
education, providing research opportunities for first-year students, enhancing oral and
written communication, and educating graduate students as apprentice teachers.
However, the Boyer Commission did not provide any means to achieve these self-
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described “controversial goals” other than “radical reconstruction” leading to
fundamental change in university culture.
Aside from didactic courses covering the theory of research, research training in
research-extensive universities is based on an apprenticeship model (23), where students
learn by working closely with experienced researchers. Studies of both students and
faculty have identified a number of requirements for successful one-on-one research
mentoring. First, students collaborate with the faculty to design their own projects. This
ensures student participation in all aspects of the project, providing a sense of
“ownership” as well as providing exposure higher-level scientific thought (93). Second,
students should have opportunities to explore their ingenuity and creativity, and thus
have some control over the direction of their activities (115). Third, mentors spend
significant time providing not only scientific expertise, but emotional and social support
(108). Fourth, students receive technical training and access to state-of-the-art facilities
and equipment (59). Taken together, ideal one-on-one mentoring is both time- and
resource-intensive.
Successfully sustaining a research program in a research-extensive university has
twin requirements: continuity in funding and continuity in expertise (14). A research
proposal often needs more than just a novel and important scientific idea, but also
preliminary data to successfully secure competitive grant funding (63). Once a grant is
successfully obtained, the primary investigator has the difficult task of completing the
specific aims within a few years. Given the need to submit continuing proposals as much
as a year before the proposed award date, this further compresses the time available to
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produce a record of publication and gather preliminary data. This unforgiving timeline
requires the labor of technicians, postdoctoral scholars, and graduate students with the
specific skills necessary to accomplish the grant’s specific aims. On one hand, failure to
maintain a pool of skilled labor can endanger continued funding. On the other, failure to
secure continued funding can result in loss of skilled labor. A break in either continuity
of funding or of expertise thus leads to a vicious cycle and premature termination of a
research program. Not only is restarting a research program after a funding hiatus
hampered by a lack of resources, senior faculty are often required to increase their
university service or teaching load; junior faculty may fail to get tenure (98). With such
high stakes, it is not surprising that faculty expressed concerns that working with
undergraduates lowers their research productivity, is “risky”, requires a “huge time
investment” and involves “a lot of hand-holding” (55).
Undergraduate students need to earn a respectable GPA, learn to work and think
independently, and choose a career path before graduation. Graduate students, on the
other hand, need to publish in the scientific literature, prepare for a career involving
collaboration and project management, and complete dissertation research in a
reasonable span of time. For promotion and tenure, faculty must recruit skilled labor,
maximize research productivity, ensure funding continuity, and perform the minimum
required teaching. These conflicting goals manifest as notable failures of the one-on-one
research apprenticeship model. First, given the competition for limited research
positions, senior undergraduates with high GPAs are often given preference (105). Such
selection can have disparate impact on underrepresented minorities (67) and miss a
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critical window in the first two years to motivate students to pursue research careers (21,
131) and enhance retention in science majors (104, 108). The few students who do
secure positions often assist graduate students by performing low-level scientific tasks or
“intellectual bottlewashing” (105). Even vaunted REU Sites change the intention of only
3% of its participants to apply to graduate schools (132), possibly reflecting the tendency
to “select the winners” (55). Without a pool of skilled undergraduates to choose from,
faculty resort to indirect indices such as GPA and GRE scores (24) to evaluate research
potential of graduate school applicants. More importantly, faculty must allocate precious
time to train new graduate students. The cost of this delayed development can only be
recovered by keeping trained graduate students for as long as possible. Given the need to
ensure funding continuity, graduate students are given few opportunities to form
collaborations and manage a research program (51). Finally, since faculty perceive they
are not rewarded for teaching (14), faculty have few incentives to provide training
opportunities for undergraduates, thus leading to a vicious cycle.
In its final analysis, the Boyer Commission did not mince words: “Research
universities have often failed, and continue to fail their undergraduate populations;
thousands of students graduate without seeing the world-famous professors or tasting
genuine research” (14). The challenges to expand undergraduate research opportunities
in public research-extensive universities are easily identified. First, there are simply too
few faculty to provide one-on-one mentoring to every undergraduate in a large public
university. Second, the requirements of one-on-one research mentoring are incompatible
with the requirements of sustaining an active research program. As a result, the needs of
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the institution, lab directors, graduate students and undergraduates are not being met
because they do not share the same goals. Given the difficulty in evaluating educational
outcomes for research programs (94, 95), the present work focuses primarily on the
development and implementation of a “Research-Intensive Community” model at Texas
A&M University. In particular, we will identify how this model successfully integrates
research and education by radically increasing the number of undergraduate
opportunities and aligning the divergent goals of stakeholders at multiple levels.

METHODS
Model Development
The setting. In the summer of 2003, Dr. Quick (Assistant Professor of
Biomedical Engineering, Physiology and Pharmacology), with the support from the
Michael E. DeBakey Institute (Directed by Dr. Laine), reintroduced the Pallid bat
(Antrozous pallidus) as a model for microvascular research. The anatomy of the Pallid
bat wing makes it possible to study blood vessels non-invasively via intravital
microscopy, thus eliminating the need for terminal experiments (143, 144). Since these
animals can be repeatedly studied without harm, they can support a large number of
experiments. The original purpose for investing a sizable portion of startup funds in
establishing a chronic colony was to test mathematical models of acute and chronic
vascular network adaptation (123). Although live animal research has potential for
increasing interest in physiology (60), institutional and economic imperatives (2, 130)
makes it particularly rare for undergraduate research training.
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Inception of a Research-Intensive Community at Texas A&M University. By fall
of 2003, despite extensive investment in state-of-the-art microscopy equipment, graduate
students skilled in intravital microscopy could not be recruited. Out of a sense of
urgency, Dr. Quick (i.e., the lab director) invited 20 undergraduate and graduate students
with at least 3.0 GPAs to work in his lab in summer 2004. Due to insufficient
management experience, the lab director looked to his own undergraduate training in
engineering and created four teams. However, unlike conventional undergraduate
engineering teams (44), students invited to the lab were in different stages of training
and were studying fields as diverse as biomedical sciences, veterinary medicine, and
biomedical engineering. Therefore, each team was made explicitly interdisciplinary and
included graduate students. Because it was difficult to create four distinct, well-defined,
low-risk projects de novo, each team was charged to develop its own project based on
personal interest. Even with the participation of Dr. Stewart (Assistant Research
Professor of Physiology and Pharmacology), the ability to provide direct mentoring was
limited. Implicitly given freedom to explore, the teams quickly asserted themselves by
redefining problems when equipment or lack of expertise became a barrier to progress.
Although the teams were not assigned leaders, as the summer progressed the teams
became increasingly independent, with more experienced graduate students mentoring
undergraduates. Furthermore, because all teams were located in same lab space, they
began to spontaneously interact to address common conceptual and experimental
challenges. A self organizing, cooperative, multilevel community thus arose with
distributed decision making, and Dr. Gatson (Assistant Professor of Sociology) was
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invited to observe the developing group and advise the lab director on further
development of the emerging model.
Fall 2004. To mimic team structures that arose organically, eight teams were
organized, each with one graduate student “team leader” mentoring three undergraduate
students. Undergraduates were no longer excluded on the basis of GPA, since it became
clear to the lab director that some students with lower GPAs outperformed students with
higher GPAs, and students with the highest GPAs did not perform as well as expected.
Because teams conducted experiments at different times that accommodated their class
schedules, a prototype web-based tool was refined to efficiently facilitate
communication between teams, track team activities, and document their actions.
Research processes such as reviewing the literature, presenting scientific ideas, and
writing conference abstracts, however, required individual attention and a considerable
investment of faculty time.
Spring 2005. A majority of students who participated in the fall returned to seed
10 new teams, and the lab director became a “program director”. Weekly workshops
were incorporated to enrich inter-team interaction, and to allow the program director to
disseminate information common to all projects. The practice of weekly “Journal Club”
was introduced to ensure that teams became familiar with scientific articles pertaining to
their projects. The program director perceived that the performance of veteran first- and
second-year undergraduates was better than fourth-year undergraduates who were new
to the community. Furthermore, a large number of students graduated at the end of the
semester. It thus became clear that there was a benefit to recruiting first- and second-year
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students who had the potential to retain corporate knowledge of laboratory practices for
multiple semesters.
Fall 2005. With the participation of new graduate students seeking management
experience, 12 teams were created. To prepare new leaders to efficiently manage their
teams, and to share discovered best-practices amongst veteran leaders, a “Graduate
Leadership Forum” was created. Some veteran graduate students, who recognized the
potential to expand the scope of their research, requested a second or even third team to
manage. Some veteran undergraduate students (with more experience than some new
graduate students) also became team leaders.
Spring 2006. With the participation of faculty from other departments who
wanted to be part of the rapidly evolving research community, 20 teams were formed.
Subsequently, a “Faculty Leadership Forum” was initiated to discuss programmatic
issues such as management of research teams and writing grants.

The resulting

components of the Research-Intensive Community program are illustrated in Fig. 5-1.

Model Analysis
To characterize program efficiency, faculty-to-student ratios were calculated
from published reports of representative undergraduate research programs at peer
research-extensive universities (138) and compared to the ratios collected over the last
three years for the Research-Intensive Community program at Texas A&M University.
Furthermore, a survey was taken of the team leaders (n=10) to compare the time spent
mentoring a single team to the time spent mentoring multiple teams. To provide
evidence of research productivity of our program, the total number of peer-reviewed

51

abstracts accepted to physiology or bioengineering conferences from fall 2004 to fall
2006 was compiled.
To characterize program growth, the number of undergraduate, graduate, and
faculty participants per semester was tabulated. Team leaders were surveyed to
determine whether they were willing to recommit to leading teams another semester.
To characterize the goals of the participants within the Research-Intensive
Community, semi-structured interviews with team leaders (n=10) and undergraduate
students (n=10) were conducted in fall 2007. Consistent with educational psychology
(6), individuals express self interest and collective interest as distal goals, which in turn
inform the development of proximal sub-goals. The identified sub-goals were thus
grouped by individual or collective interests, as well as community education or research
practices.

RESULTS
Institutionalized undergraduate research programs at three universities identified
as peer institutions (138) (UCLA, University of Wisconsin and University of Michigan)
had a faculty-to-student ratio of 1:1.8+1.3 per semester. In contrast, the ResearchIntensive Community program at Texas A&M University had a faculty-to-student ratio
that varied between 1:15 to 1:25. Team leaders estimated that mentoring a team of three
students required 13+5 hours/week; mentoring an additional team did not increase this
time.
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Figure 5-2A demonstrates the growth of undergraduate participation from
summer 2004 to spring 2006. Table 1 illustrates the numbers for undergraduate students,
graduate students and faculty participating in the Research-Intensive Community each
semester. 90% of team leaders expressed a desire to return to the program as a mentor a
second semester. Figure 5-2B graphically represents the numbers of students mentored
by individual faculty (shown by circles). Faculty new to the community could mentor far
fewer than the optimal number of students by leveraging the infrastructure of the
established Research-Intensive Community.
Interviews of the undergraduate students indicated that their goals (Table 5-2)
were primarily characterized by individual self-interests. The Research-Intensive
Community program helped them gain an authentic research experience, enhance
academic credentials, make career-related decisions, establish relationships with
research professionals, and increase familiarity with particular subjects while developing
a capacity for critical problem-solving.
Interviews of the graduate students (Table 5-3) revealed that participation in the
Research-Intensive Community program played a significant role in publishing
conference abstracts and manuscripts, developing leadership skills to manage diverse
teams, and conducting novel research to broaden experience and improve their
curriculum vitae. Unlike undergraduates, graduate students also expressed collective
interests as a result of their participation in the Research-Intensive Community program.
Identified collective interests included mentoring undergraduates to acquire research
skills, helping the program director with acquiring tenure and funding, exploring
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unanswered questions in science, as well as conducting research to improve the lives of
others.
Through his participation in the Research-Intensive Community program, the
program director provided graduate students with research and management training.
Furthermore, he was able to identify and recruit new graduate students from a pool of
particularly skilled undergraduates based on a known history of research performance.
The

Research-Intensive

Community

model

generated

113

conference-related

publications from fall 2004 to fall 2006 with undergraduate students as first authors or
co-authors.

DISCUSSION
In their ethnographic study of communities of practice, Lave and Wenger (90)
characterize learning curricula as those that allow individuals to “improvise” ways of
relating the core knowledge of a community to their own goals for participation. Two
social conditions are required for inquiry activities to be characterized as authentic
learning activities. First, all members occupy empowered positions. In the ResearchIntensive Community at Texas A&M University, veterans and neophytes negotiate the
roles, norms, and meanings of doing research. Participants select projects, determine the
manner of their participation, and even disinvest from projects that no longer satisfy
their goals. Second, members achieve self-efficacy through the communicative practices
of the community. In the Research-Intensive Community program, online tools, weekly
workshops, journal clubs, and forums emerged as sites for improvisation, where the
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competency of each members' performance could be judged by others. Beyond
demonstrating research productivity, the Research-Intensive Community model captures
the essential characteristics for authentic activities within a learning community.
The Research-Intensive Community model exhibits a number of characteristics
that make it a complex adaptive system; it consists of diverse interconnected agents that
interact and respond to their local environments (1, 91), not unlike vascular networks
studied by the program director (123). The fundamental organizational unit of the
research-intensive community is the team, consisting of a broadly diverse group of three
undergraduates led by a team leader. As with any complex adaptive system, control is
highly decentralized (91). Charged with formulating projects, designing novel
experimental techniques, and solving problems that arise in the course of the project,
teams exercised a high degree of autonomy. Like other complex adaptive systems that
tend to evolve, the Research-Intensive Community program at Texas A&M University
exhibited emergent properties arising from the cooperation and interaction of
participants. Teams began coordinating their activities through specialized online tools,
weekly workshops, journal clubs and other team meetings, and forums. In fact, it is the
fundamental nature of the model as a complex adaptive system that allowed it to evolve
since its inception in the summer of 2004, changing and learning from experience gained
from competing best practices that were developed by each team. In general, complex
adaptive systems tend to be resilient, fill new niches, and reproduce (39). The ResearchIntensive Community model as implemented at Texas A&M University has exhibited
each of these qualities, giving us good reason to believe that the program is transferable
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to other universities. Of course, all complex adaptive systems require an input of energy
for emergent properties to manifest (20). In the case of the Research-Intensive
Community, many of the new programmatic elements and management tools were
designed specifically to reduce the administrative input of the lab director and team
leaders. The additional time required to administer the Research-Intensive Community
program was offset by course credit for graduate students and teaching credit for the lab
director.
The development of the large-scale Research Intensive Community program at
Texas A&M University required new tools designed specifically to 1) maximize
efficiency of program management, 2) enhance communication and community
formation, and 3) synergize research and educational activities. Our particular solution
was to develop an online portal called “eBat”. This portal allows participants to post
comments online, and has advantages beyond email and traditional electronic bulletin
boards (111). Members can create and maintain a central online presence with archived
spontaneous and deliberative communications. This freedom allows participants to 1)
develop a sense of ownership of a communal space, 2) participate in one or more
interlocking discussions, and 3) contribute, even if they are not physically present in the
lab. Space is dedicated for informal daily reports of experimental findings, difficulties
and questions; formal weekly updates; and any “discoveries,” whether or not verified as
a novel finding by detailed literature review. Ideas that are recognized as novel and
scientifically important enough to warrant development of peer-reviewed publication are
transferred to the “Manuscript Builder”. This particular tool allows uploading of
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abstracts, outlines, rough drafts, final drafts, and page proofs of manuscripts in
development. Not only can new community members learn how published manuscripts
evolve, they are provided guidance for constructively criticizing manuscripts in
preparation. With integrated forms for applying to the program, reporting problems, and
evaluating performance of undergraduate students, the online portal reduces time spent
on administrative activities. Taken together, these tools are manifestations of governing
principles of openness (e.g., making “thinking visible” (23, 49, 110) for neophytes and
education researchers), authenticity (e.g., avoiding educational activities that do not
enhance research productivity) and synergy (i.e., ensuring activities serve both research
and education).
The Council of Undergraduate Research (CUR) is an example of a non-profit
organization that complements the NSF’s attempts to establish, formalize and expand
undergraduate research opportunities. According to CUR (57), institutionalizing a
research program involves creating 1) a sustainable undergraduate research program
based on best practices 2) a community of faculty and administrators that share a mutual
interest in undergraduate research, and 3) a culture that supports undergraduate research.
Several well-funded universities such as Caltech and MIT have successfully
institutionalized undergraduate research programs (105), primarily by leveraging
existing research opportunities. The low faculty-to-student ratios at most large public
universities (105), however, can limit opportunities for one-on-one research mentoring.
The Research-Intensive Community program at Texas A&M University, however,
provides a novel means to radically increase the number of undergraduates that can be
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supported by a single faculty member, and is inherently scalable (Fig 5-2B). In addition,
it has three critical aspects which do not require formal institutionalization. First,
because it is distributed, yet has internal mechanisms to share ideas recognized to have
value, a sustainable organization based on best practices emerges. Second, because
education activities have the potential to produce fundable research, it can form a
community of faculty and administrators that share a mutual interest in undergraduate
research. Third, because the model aligns the goals of undergraduates with graduate
students and faculty, it yields an environment that supports undergraduate research—
without requiring a radical change in university culture (14). The Research-Intensive
Community model thus may provide the means to fulfill the promise of public researchextensive universities as first conceived by the Morrill Act—providing educational
opportunities for all (67).
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CHAPTER VI
CONCLUSIONS

Generating acute edema in both control and chronic animals resulted in increased
stiffness of the left ventricular chamber. Chronically edematous hearts had higher left
ventricular chamber compliance when compared to non-edematous control hearts.
Compared to control animals, the percentage of type III collagen in the left ventricles of
chronically edematous hearts was significantly higher, and type I collagen was
significantly lower.
Theoretical and experimental results reveal that microvessels can functionally
“switch” from a predominantly pressure-mediated response to a shear-mediated response
to ameliorate compromised perfusion. This functional switch reconciles two competing
requirements for arterioles in a microvascular network when challenged with local
occlusions. An arteriole has to suppress the shear-mediated response in favor of the
pressure-mediated response to dilate appropriately when upstream arterioles are
occluded. However, the same arteriole has to suppress the pressure-mediated response in
favor of the shear-mediated response to dilate appropriately when parallel arterioles are
occluded. A simple mathematical model based on experimental data and fundamental
principles of physics, revealed that the nonlinear pressure-shear-radius relationship
makes this “shear-myogenic switch” possible.
The fundamental unit of the RIC model is a team consisting of a graduate student
and three undergraduates from different fields. Undergraduate workshops, graduate and
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faculty leadership forums and computer-mediated communication provide novel tools to
optimize programmatic efficiency, enhance cooperation within and amongst teams, and
sustain a multilevel, interdisciplinary community of scholars dedicated to collective
research-related interests. While the model radically increases the number of
undergraduate students supported by a single faculty member, the inherent resilience and
scalability of this complex adaptive system enables it to expand without formal
institutionalization.
Taken together, the heart, microvasculature as well as Research-Intensive
Communities can be characterized as complex adaptive systems.
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APPENDIX

Table 3-1:

Distribution of subjects in experimental groups

No Pulmonary Artery
Banding
Protocol 1
Left Ventricular
End-Diastolic
Interstitial Fluid
Pressure (PINT)
Volume (EVF)
relationship
Protocol 2
Left Ventricular
Chamber
Compliance

Pulmonary Artery Banding

Group 1a
Baseline: 48 historic controls
and 2 new controls for
validation;
(n = 50)

Group 1b
Control animals: Left
ventricle made chronically
edematous
(n = 3)

Control animals: Left ventricle
made acutely edematous by
coronary sinus pressure
elevation
(n = 8)
Group 2a
Control animals: Left ventricle
made acutely edematous by
coronary sinus pressure
elevation
(n = 5)

Chronically edematous: Left
ventricle made acutely
edematous by coronary sinus
pressure elevation
(n = 5)
Group 2b
Chronically edematous: Left
ventricle made acutely
edematous by coronary sinus
pressure elevation
(n = 3)

Normalized Left Ventricular End-Diastolic
Interstitial Fluid Pressure (mmHg)
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Figure 3-1:

Normalized Left Ventricular End-Diastolic Interstitial Fluid Pressure
plotted as a function of Myocardial Extravascular Fluid (EVF) [(wet
weight-dry weight)/dry weight], indicating the degree of myocardial
edema. The normalized value was calculated as the recorded myocardial
left ventricular interstitial fluid pressure at end-diastole (PINT) minus left
ventricular end-diastolic chamber pressure. Open circles – controls made
acutely edematous by coronary sinus pressure elevation. Solid squares –
animals with chronic myocardial edema subjected to acute coronary sinus
pressure elevation. Solid and dashed lines connect data points but are not
regressions. (#) indicates statistically significant difference from group1a
baseline animals. (†) indicates statistically significant difference from
group1a control animals. Data plotted as mean + SEM.
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Figure 3-2:

Left Ventricular Chamber Compliance plotted as a function of
Myocardial Extravascular Fluid (EVF) [(wet weight-dry weight)/dry
weight], indicating the degree of myocardial edema. Open circles –
controls made acutely edematous. Solid squares – animals with chronic
myocardial edema subjected to additional acute myocardial edema. Solid
and dashed lines are regressions of control and chronic myocardial edema
data respectively.
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Figure 3-3:

Left Ventricular Chamber Compliance plotted as a function of
Normalized Left Ventricular End-Diastolic Interstitial Fluid Pressure. The
normalized value was calculated as the recorded myocardial left
ventricular interstitial fluid pressure at end-diastole (PINT) minus left
ventricular end-diastolic chamber pressure. Left ventricular chamber
compliance values were obtained by substituting myocardial
extravascular fluid values from Fig. 3-1 into regression equations from
Fig. 3-2. Error bars for left ventricular chamber compliance were also
computed from regression equations. We placed boundary limits on the
lower values of EVF to avoid negative or non-physiological values of left
ventricular chamber compliance (*). Solid and dashed lines connect data
points but are not regressions. Open circles – controls made acutely
edematous. Solid squares – animals with chronic myocardial edema
subjected to additional acute myocardial edema. Data plotted as mean +
SEM.
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Figure 4-1: Schematic of a portion of a microvascular network expressed in terms of an
electrical equivalent used for mathematical modeling. Pin and Pout are the
input and output pressures, respectively; P1, P2, and P3 were the
intermediate pressures. Pc was the input pressure for the collateral. Min is
the upstream arteriole, Mp is the parallel arteriole, Mc is the collateral
arteriole, Mout is the lumped downstream network, and Mv is the vessel of
interest (denoted by the circle). Mv has a variable resistance.
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Figure 4-2: Enhanced image of a Pallid bat wing acquired using a flat bed scanner
illustrating several arterial bifurcations. Bin is the upstream arteriole, Bp is
the parallel arteriole, Bc is the collateral arteriole, Bout is the entrance to the
downstream network and Bv is the vessel of interest (circle). The arrows
represent the direction of blood flow.
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Figure 4-3: (A) Schematic of the bat wing with (B) occlusion of parallel arteriole Bp
and (C) occlusion of upstream arteriole Bin. The arrows represent the
direction of blood flow, the circle represents the vessel of interest (Bv) and
the solid line represents the site of occlusion.
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Figure 4-4: Model results representing the transient changes in diameter of vessel of
interest (MV) with complete occlusion (100%) of (A) parallel arteriole Mp
and (B) upstream arteriole Min plotted as a function of time. Arrows
indicate arteriolar occlusion.

(C)

Normalized Shear Stress

(B)

Arteriolar Diameter ( m)

(A)

Transmural Pressure (cmH2O)

78

100
99
98
97
96
95

0

20
40
60
80
% Resistance of Parallel Vessel

100

0

20
40
60
80
% Resistance of Parallel Vessel

100

1
0.8
0.6
0.4
0.2
0

66
65
64
63
62
61
60

0

20
40
60
80
100
% Resistance of Parallel Vessel

Figure 4-5: Model results representing the changes in steady state values of (A)
normalized endothelial shear stress, (B) transmural pressure and (C)
diameter of vessel of interest MV plotted as a function of progressively
increasing resistance of parallel arteriole Mp from 0% to 100%.
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Figure 4-6: Model results representing the changes in steady state values of (A)
normalized endothelial shear stress, (B) transmural pressure and (C)
diameter of vessel of interest MV plotted as a function of progressively
increasing resistance of upstream arteriole Min from 0% to 100%.
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Figure 4-7: Contour plot representing changes in arteriolar diameter (D) is plotted as a
function of transmural pressure and normalized shear stress in the
mathematical model portrayed in Fig. 4-1. Solid circle represents the initial
steady-state value of vessel of interest MV. Arrows represent adaptation of
vessel to new steady state values after parallel and upstream occlusion
protocols.
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Figure 4-8: Model results illustrating the decrease in resistance of vessel of interest Mv
when a parallel arteriole Mp or upstream arteriole Min is progressively
occluded.
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Figure 4-9:

Real-time pseudo shear rate and arteriolar diameter when an upstream
arteriole (Bin) is occluded as shown in Fig. 4-8. Data recorded for 100
seconds before and during occlusion. Arrows indicate arteriolar
occlusion. The automated diameter tracker was reset at the time of
occlusion.
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Figure 4-10: (A) Percentage change of pseudo shear rate and arteriolar diameter
plotted + SD (n=4 bats and 7 vessels) when a parallel arteriole Bp was
occluded for 2 minutes, as illustrated in Fig. 4-3B. (B) Percentage change
of arteriolar diameter and pseudo shear rate plotted + SD (n=8 bats and
26 vessels) when an upstream arteriole Bin was occluded for 2 minutes, as
illustrated in Fig. 4-3C.
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Figure 5-1:

Components of the Research-Intensive Community model developed at
Texas A&M University. A) Research teams consisting of three
undergraduate students mentored by a “team leader”, B) Undergraduate
workshops managed by lab director, C) Graduate Leadership Forum and
D) computer-mediated communication.
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Figure 5-2:

3

A) Number of undergraduate students participating in the ResearchIntensive Community each semester from summer 2004 to spring 2006.
B) Graphical representation of interlocking affinity groups in fall 2006.
Each affinity group (circles) consisted of one or more teams mentored by
a faculty member that shared particularly close project goals. Numbers
represents undergraduates in each group.
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Table 5-1:

The numbers for undergraduate students, graduate students, and faculty
participating in the Research-Intensive Community per semester. Because
some undergraduate students continued for more than one semester, the
numbers do not represent a total number of students in the program.

Summer 04

Fall 04

Spring 05

Fall 05

Spring 06

Undergraduates

10

25

31

36

60

Graduate students

10

4

6

6

11

Faculty

2

1

2

2

5
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Table 5-2:

Educational
Practice

Research
Practice

Goals of undergraduate students as part of the Research-Intensive
Community.

Self-Interest
Develop research experience and
substantive products for resume
Discover if a research career might be a
personally satisfying choice
Experience alternative approaches to
research apprenticeship
Increase familiarity with a basic science
subject area
Increase personal capacity for
productive output in preparation for
graduate school
Learn more about research careers to
inform immediate academic decisions
Seek academic guidance for pursuing a
research career
Apply formal knowledge to research
problems
Become acquainted with the research
aspect of the medical profession
Become acquainted with the research
process
Gain experience in a professional work
environment
Gain knowledge about how to publish
research
Increase personal capacity for critical
problem solving
Network and establish relationships
with research professional
Satisfy personal curiosity about the
social experience of a conference
Satisfy personal curiosity about how
bodily systems work
Uncover whether research could be
applied to health issues

Collective Interest
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Table 5-3:

Educational
Practice

Research
Practice

Goals of team leaders as part of the Research-Intensive Community

Self-Interest
Conduct unique research to broaden
experience and improve curriculum
vita
Becoming a skilled and
knowledgeable researcher in multidisciplinary setting
Collecting data and writing
manuscripts for graduation
Course credit for program of study
Desire to be informed about health
issues
Develop leadership skills to manage
multi-disciplinary research teams
Learn what is required to maintain a
faculty position within a research
institution
Seeking more affective, sensate
learning experiences than traditional
academic coursework
Personal pursuit of discovering
knowledge about the unknown
Publishing manuscripts and
conference abstracts
Seeking to satisfy intellectual curiosity

Collective Interest
Helping UG co-author conference
abstracts and improve their resumes
Helping UG co-author conference
abstracts and improve their resumes
Helping UG gain skills to participate
in research communities
(socialization)
Mentoring UG through the research
process

Answering questions and defending
knowledge claims to a scientific
community
Conduct research that will improve
the lives of others
Help principal investigator with
tenure and funding
Helping UG develop their research
interests and projects
Increase productivity and improve
profile of research group
Leading UG teams to get laboratory
work done for projects

89

VITA

Name:

Ketaki Vimalchandra Desai

Address:

MS 4466, Room# 300A
Dept. of Physiology and Pharmacology
College of Veterinary Medicine
Texas A&M University, College Station, TX 77843-4466

Email Address:

ketaki.desai@gmail.com

Education:

B.S., Mechanical Engineering, Pune University
Pune, India, 2002
Ph.D., Biomedical Sciences, Texas A&M University
College Station, TX, 2008

Training:

Graduate Research Assistant, Cardiovascular Systems Dynamics
Laboratory, Texas A&M University, 2003-2007
Graduate Teaching Assistant, Department of Physiology and
Pharmacology, Texas A&M University, 2005-2007
Graduate Assistant Non-Teaching, Engineering Academics
Programs Office, Texas A&M University, 2002-2003

