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ABSTRACT

The goal of elucidating the biophysical and physiological basis of pressure—flow relations in the mi-
crocirculation has been a recurring theme since the first observations of capillary blood flow in living
tissues. At the birth of the Microcirculatory Society, seminal observations on the heterogencous distri-
bution of blood cells in the microvasculature and the rheological properties of blood in small bore tubes
raised many questions on the viscous properties of blood flow in the microcirculation that captured
the attention of the Society’s membership. It is now recognized that blood viscosity in small bore tubes
may fall dramatically as shear rates are increased, and increase dramatically with elevations in hema-
tocrit. These 1elatlonshlps are strongly affected by blood cell deformability and concentration, red cell
aggregation, and white cell interactions with the red cells and endothelium. Incr easing str(‘nath of red
cell aggregation may result in sequestration of clumps of red cells with either reductlonb or increases
in microvascular hematocrit dependent upon network topography. During red cell aggregation, resis-
tance to flow may thus decrease with hematocrit reduction or increase due to redistribution of red cells.
Blood cell adhesion to the microvessel wall may initiate flow reductions, as, for example, in the case
of red cell adhesion to the endothelium in sickle cell disease, or ]eukowte adhemon in inflammation.
The endothelial glycocalyx has been shown to result from a balance of the biosynthesis of new glycans,
and the enzymatic or shear-dependent alterations in its composition. Flow-dependent reductions in
the endothelial surface layer may thus affect the resistance to flow and/or the adhesion of red cells
and/or leukocytes to the endothelium. Thus, future studies aimed at the molecular rheology of the

endothelial surface layer may provide new 1nslwhts into determinants of the resistance to ﬂow
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INTRODUCTION

At the birth of the Microcirculatory Society in 1954,
relatively little was known of the rheologlcal behavmr
of blood in the microcirculation. The seminal stud-
ies of Poiseuille (54), Landis (39), Fahraeus (20),
Vejlens (68), and Krogh (38) provided a umceptual
framework for understanding the basis for the resis-
tance to flow. Although best known for his experi-
mental studies of the flow of fluids through tubes,
Poiseuille’s earlier observations on the separation of
cells and plasma in arterioles and venules led to the
discovery of “plasma skimming” and the need for
a greater understanding of the mechanics of blood
flow (67). The pioneering intravital studies of Landis,
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wall shear stress

using a forerunner of the modern servo-null tech-
nique to measure capillary pressure, attempted to ex-
plore the applicability of Poiseuille’s law to describe
microvascular resistance. Fahraeus’ discovery of re-
ductions in tube hematocrit as blood flows through
small bore tubes, and subsequent studies on the at-
tendant reduction in blood viscosity (21), defined the
approach to elucidating the rheological basis of mi-
crovascular blood flow. The comprehensive experi-
mental studies on leukocyte behavior in the microvas-
culature by Vejlens delineated many features of their
distribution and sequestration in the microcirculation
that affect blood flow. The pioneering observations
by Krogh delineated many facets of flow distribution
throuOh networks of caplllaues and sequestration of
red (,e”b under normal and pathological conditions.

However, it would take the subsequent five decades
to develop a comprehensive understanding of the role
for the intrinsic properties of blood and microvascu-
lar topography as determinants of the resistance to
flow. Due to the advent of new quantitative methods
for intravital microscopy, it is now well understood
that in addition to blood cell concentration, red cell
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deformability and aggregation and white blood cell
deformability and adhesion to the endothelium are
the principal intrinsic factors that affect resistance
to flow. The extent to which they affect resistance is
determined by topographical branching patterns and
microvessel diameters. During the last five decades,
numerous contributions by members of the Micro-
circulatory Society have explored the details of these
interactions in health and disease. A brief overview
of some of these studies that have set the stage for
future studies of interactions between blood rheol-
ogy and microvascular function is presented in the
following.

THE IN VITRO FRAMEWORK

Acquisition of the viscosity of blood by bulk viscom-
etry has emphasized the importance of shear rate.
hematocri it, and red cell aggregation and defor mabll-
ity as it pertains to flow in large blood vessels (11).
With the use of tube, Couette and cone- p]dte vis-
cometers, under the assumption that blood is a ho-
mogeneous fluid with an intrinsic viscosity, in vitro
studies have revealed that blood viscosity falls about
75% as shear rates (y) rise from on the order of 0.1
t0 1000 sec™!. A comparison of this “shear thinning”
of blood in the presence and absence of aggregating
agents suggests that about 75% of the decrease is a re-
sult of the disruption of red cell aggregates, and 25%
is due to red cell deformation in response to increased
shear stresses. At a given shear rate, blood viscos-
ity rises exponentially with increasing red blood cell
(RBC) concentration (hematocrit) to a degree depen-
dent on prevailing y. The viscosity of the suspending
medium (plasma) has been shown to be invariant
with y (Newtonian) and is dependent mainly on pro-
tein content and temperature.

Within the circulation, in large diameter vessels rep-
resentative of the macromruulatlon (i.e., >100 pm),
blood may be treated as a homogeneous continuum
with intrinsic properties characterized by an “appar-
ent viscosity.” The term apparent viscosity is used
since viscosity of a homogeneous fluid (e.g., water,
molasses) is a material property that may be depen-
dent on shear rate and temperature and is invariant
with the size of the vessel through which it flows. In
vivo, ever diminishing length scales and the particu-
late nature of blood affect this relationship as blood
courses its way through successive divisions of the
circulatory tree. The term “effective viscosity” (n)
is often used to represent the value of viscosity that
satisfies Poiseuille’s law, since it does not exphcnl\

reflect the shear dependency of viscosity along the
tube radius.

According to Poiseuille’s law, flow () and pressure
drop (AP) are related by

D-’t
128 nl (1)

Q_

where D is luminal diameter and / is vessel length.
Hence, given measurements of () and AP, one may
calculate 1 for a microvessel of specified length and
diameter. The dominance of noncontinuum effects in
the smallest microvessels (approaching red cell di-
ameter) results in an effective blood viscosity that is
strongly dependent on microvessel diameter and a
departure from this relationship.

PRESSURE AND FLOW RELATIONS IN THE
MICROVASCULAR NETWORK

Direct measurements of pressures and flows in ex-
teriorized tissues have provided a wealth of data
on microvascular hemodynamics throughout succes-
sive microvascular divisions (77). Relalmg these data
to the architecture of the microvascular network
has presented a challenging problem. The disparate
topography of arterioles, capillaries, and venules
among numerous tissues (e.g., mesentery, omentum,
intestine, striated muscle) has plompted a search
for methods to discern commonalities in structure
and function among various tissues. As typified in
Figure 1 for the mesenteric circulation (cat) (75), the
distribution of intravascular pressures (determined
by the servo-null method (33; 73)) and red cell ve-
locity (two-slit method (71)) is presented using vessel
lumen width (assumed equal to internal diameter) as
an index of position within the hierarchy of microves-
sels. The increasingly precipitous decline in arterial
pressure with diminishing diameters reflects a steady
rise in resistance to flow for the entire throughput of
the network. It is evident that the resistance to flow
within each major architectural division (arterioles,
precapillaries, capillaries, etc.) attains a maximum
in the precapillary vessels; in contrast to the expecta-
tion that the maximum resistance (R) occurs in the
smallest vessels, based upon Poiseuille’s law, where
R = AP/Q = (128/7)(ne/D?). The steady decline
in red cell velocity in the arteriolar network, and its
subsequent rise in venular segments, represent con-
servation of the total throughput of the network as
the number of vessels varies through sequential seg-
ments. These trends have been shown to be indicative
of the unique branching patterns of many tissues, as
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Figure 1. Arteriovenous distribution of intravascular

pressure and red cell velocity from arterioles to venules
in mesentery (cat) obtained in the laboratory of Benjamin
W. Zweifach (75) (with permission). Microvessel diameter
(abscissa) is taken as an index of position within the net-
work. Pressure falls in accord with the resistance to flow
through successive divisions, which is dependent on net-
work topography and the viscous properties of blood.

described by the late Benjamin W. Zweifach, who in a
long and dl‘allﬂﬂulbht‘d career pioneered many studies
of ht‘lTlOdVTld]Tl]Lb in the microvasculature, nurtured
the d(‘V(‘lopm(‘nt of the methodology to per form such
studies, and stimulated and inspired many of his stu-
dents to continue in his footsteps.

Whereas such spatial distributions of hemodynamic
parameters loosely correlate with form and func-
tion of the microvascular network., their ability to
reveal insights into the relationship between the
total throughput of the network and demands of
the parenchymal tissue is somewhat limited. Other
schemes to relate hemodynamics to function have re-
volved around ccntllpctdl and centrifugal order of
branching schemes (72), the application of Strahler’s
and Horton’s laws that describe the topography of
river patterns (23), a combination of the two schemes
(16), expressing hemodynamics in terms of gener-
ations of branching (40), fractal representation of
topography and flows (20), or spatial patterns of
bundles of microvessels (66). Dynamic studies of the
dispersion of indicators throughout the microvascu-
lar network (50) have highlighted the difficulty in
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delineating the order of perfusion of divisions of a
given network. The appearance of indicators (labeled
plasma or red cells) within the venular network often
precedes that in nearby arterioles, thus suggesting a
multiplicity of pathways from inlet to ouﬂet in most
networks. It is evident that the microvascular net-
work cannot be simply expressed as an ensemble of
purely serial and parallel elements (24). The multi-
plicity of pathways to the true capillaries may result
in a functional capillary density that is flow depen-
dent. It has been shown that flow reductions within
an individual capillary may have a minimal effect on
arteriolar flow (51). Computer simulations of flow
through skeletal muscle reveal an invariance of resis-
tance to flow through the network until greater than

30% of all capﬂ]anes are occluded (32).

WALL SHEAR STRESS

Hydrodynamic shear stresses acting on the endothe-
lium are now recognized as important determinants
of mechanotransduction and the release of vasoactive
substances (6). Recent studies have demonstrated
that the coupling of blood rheological properties
and vasoregulatory behavior may dramatically affect
capillary perfusion. In studies of blood substitutes, it
has been shown that an elevated viscosity elicits a
vasodilatory response due to increased shear stresses
that enhances flow within capillaries (10).

In vitro studies with glass tubes by Barbee and
Cokelet (3) paved the way for a realistic dpp[‘dlbdl
of shear rates and stresses ﬂnmmhout the microvas-
cular tree. Using glass tubes as small as 29 pum, these
studies demonstrated that shear stress in tubes of mi-
crovessel dimensions could be described in terms of
shear rates (regardless of tube size) provided that
the tube hematocrit was correctly specified. Thus,
given the correct tube hematocrit, the relationship
between blood viscosity and shear rates in microves-
sels could be uniquely specified for tubes represen-
tative of arterioles and venules. In vivo estimates of
effective Viscosity from upstream to downstream
pressure drop (AP) and flow in small arterioles
were in general agreement with these studies (40).
Whereas the in vivo measurement of upstream to
downstream pressure drops in single unbranched mi-
crovessels is technically challenging. the value of the
information may far exceed the inherent errors and
uncertainties. Values of wall shear stress (twar1,) have
been obtained by direct measurement of AP and ves-
sel length [ and diameter D (44). Assuming a ves-
sel of uniform diameter and circular cross section,
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application of the principle of static equilibrium dic-
tates that Twar, = APD/4l. Thus, with these as-
sumptions, Twar 1, was found to average 47 dyn/ cm?
in arterioles and 29 dyn/cm? in venules of the mesen-
tery (cat) in the normal flow state (44).

The foundation laid down by in vitro rheologi-
cal studies facilitated estimation of shear rates and
stresses throughout the microvasculature based on
direct measurements of red cell velocity and mi-
crovessel geometry in tissues such as mesentery (76),
cremaster muscle (31), and spinotrapezius muscle
(77), as illustrated in Figure 2. These distributions
of shear rates y were calculated from measurements
of red cell velocity (/rpc. two-slit method) using em-
pirical correlations between volumetric flow and Vric
obtained in glass tubes (2). Using an effective value of
blood viscosity obtained in mesentery, shear stresses
TWALL Were estimated from the Newtonian relation-
ship Twarr, = 1y, assuming a value of n = 3.5 cP
(44). These data reveal 5hedr stresses in arterioles
ranging from 25-60 dyn/cm?, which fall dramati-
cally to 10-30 dyn/em? in postcapillary venules, in
the normal flow state (43).

RESISTANCE

The resistance R to flow arises from the effective vis-
cosity n of blood and vascular hindrance =, such that
R = nz. Using Poiseuille’s law as a model, the re-
sistance per unit length (R/L) of microvessel at a
given 1 should be inversely proportional to D*. Di-
rect measurements of upstream to downstream pres—
sure drop in single unbranched microvessels using
the dual servo- null technique (46) and flow (two—
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Figure 2. Arteriovenous distribution of wall shear rate
(y, based on measured Vrpe and diameter), and wall shear
stress, Twal,l., calculated from the product of yn assuming
that n = 3.5 ¢P for 3 representative microvascular net-
works (from (43), with permission).

slit technique (2,47,71)) permitted calculation of R/L
(from R = AP/ and vessel length) to reveal a four-
decade increase in R/L (44) as blood traverses the
arteriolar network in mesentery (cat). Remarkably, a
power law regression against D revealed an exponent
of 4.0 on the arteriolar side and 3.9 on the venous
side of the capillary network. Thus, in the normal
flow state, the fourth-power dependencv on diame-
ter is the dommant determinant of resistance to flow.
Although the conditions for which Poiseuille’s law ap-
plies (uniform fluid with constant viscosity) are not
readily applicable to the microcirculation, the broad
range of diameters encountered as blood traverses the
netwmk from arteriole to capillary results in a domi-
nance of the fourth power of diameter. This behavior
is of great importance since small changes in vascular
dlameter may result in a fourfold greater change in
resistance within individual mlcrovessel% thus affect-
ing the distribution of flow within the m1cr0vascular
network.

APPARENT VISCOSITY

Using Poiseuille’s law as a constitutive equation for
blood flow in microvessels. the apparent viscosity 7
of blood may be computed from measured pressure
drops and flows. The measurement of upstream to
downstream pressure drops poses many challenges.
Cumulative errors in the calculation of n may amount
to 46% (460). The major determinants of in vivo ap-
parent viscosity are shear rates and tube hematocrit.
At the low level of microvascular hematocrits found
in most tissues in the normal flow state, the apparent
viscosity varies linearly with microvessel hematocrit
(Hhicro) (45). These studies have revealed average
arteriolar values of about 3.6 cP and average venular
values of about 5.2 cP in the mesentery of the cat.
The greater viscosity in venules was attributed to the
relatively lower shear rates, leukocyte adhesion to the
walls of venules that may obstruct the lumen and give
a falsely elevated viscosity, and greater departures
from a circular cross section. As flow rates are de-
creased, such as in shock, hemorrhage. and other cir-
culatory disorders, flow within individual microves-
sels falls Il()llhIleaIlV with pressure drop, suggesting
increases in the apparent viscosity of blood (44). De-

termination of the variation of effective viscosity with
shear rate and diameter by indirect analysis, using
computations of pressures and flows throughout the
mesentery (rat) to match measured red cell fluxes and
boundary pressures, have resulted in a self-consistent
appraisal of effective viscosity that falls between
in vitro tube studies and direct in situ measurements



(57), although considerable errors may be present
due to inaccuracies in accounting for the true geom-
etry of the vessel cross section in the measurements

(14).

MICROVASCULAR HEMATOCRIT

The pioneering studies of Fahraeus (20) on blood
flow in small-bore glass tubes revealed that two
hematocrits are necessary to describe blood within
the microcirculation: The tube, or microvessel hema-
tocrit (Hyicro). represents the red cell fraction resi-
dent in the tube at any instant of time, and the dis-
charge hematocrit (Hpiscn) is the red cell fraction of
the effluent of a tube, collected in a hypothetical mix-
ing cup. The disparity between tube and discharge
hematocrit arises with reductions in tube diameter
because the mean velocity of red cells increases rela-
tive to mean plasma velocity, hence fewer cells must
be resident within the tube to ensure that the dis-
charge hematocrit equals the feed hematocrit. Tube
hematocrit falls as diameter is decreased until a min-
imum diameter is reached, below which deformation
of RBCs lead to their sequestration (1). Poiseuille
(67) observed the skimming of plasma from side
branches in small blood vessels. These two processes
lead to a decrease in microvessel hematocrit as blood
courses its way from arterioles to capillaries and a
subsequent rise in po%r(’aplllarv venules. Studies by
Barbee and Cokelet (4) and others on the effect of
tube diameter and Fenton, Carr, and Cokelet (22)
on plasma skimming at bifurcations have provided
a basis for understanding in vivo observations.
In vivo measurements of Hyjcro in networks such
as the cheek pouch (61). cremaster muscle (36) and
mesentery (45) have suggested that these effects are
dependent on network topography and local flow
rates. It is thought that the heterogeneity in red cell
velocity and microvessel hematocrit within any given
microvascular division may contribute to about 20%
of the total reduction in capillary hematocrit (55).

[t has been suggested that Ficro is relatively uni-
form across the lumen (radial direction) of an ar-
teriole or venule, compared with the heterogeneity
associated with successive branchings. However, the
presence of a thin annulus of plasma surrounding
the core of RBCs within a microvessel facilitates an
uneven distribution of RBCs at arteriolar branchings
(12). The proportion of RBCs from the core and cell-
free plasma layer that is captured by an arteriolar
branch at a bifurcation is dependent upon the rel-
ative magnitudes of total volumetric flow from par-

Microvascular rheology and hemodynamics
HH Lipowsky 9

ent to daughter branch at a bifurcation. At the final
ramifications of the arteriolar network, red cell en-
try into capillaries is dependent on the presence of a
sufficient pressure gradient that can sustain red cell
deformations at the capillary entrance, hence the cap-
illary branch with the fastest stream (greatest pres-
sure gradient) captures the majority of red cells. If
one averages daughter to parent branch ratios of red
cell flux and their respective bulk flow ratios over
many bifurcations, these effects appear to be greatly
attenuated and RBC flux and bulk flow rates follow
1:1 within a small deviation (37). However, for an
individual bifurcation, the relationships between cell
flux and flow are strongly nonlinear (sigmoidal) (62).
The forces that govern phase separation (cells from
plasma) of blood have been described in terms of
the hydrodynamic forces (25,62.74). Radial forces
arise from the summated effects of shear stress and
the pressure distribution on individual cells that di-
rect cells into the daughter branch with the greater
flow rate. Similar dynamics have been revealed for
the case of WBCs negotiating bifurcations in the
network (41).

Low values of Fhicro relative to systemic hemat-
ocrit (Hsys) suggest that oxygen transport to tissue
may be compromised by diminished oxygen-carrying
capacity. Direct intubation of microvessels with mi-
cropipettes to aspirate the red cell flux has suggested
that the discharge hematocrit (FHpisci) agrees well
with Fsys (17) for microvessels ranging in diameter
from 6 to 98 um. Calculations of an average tissue
hematocrit, based upon the relative transit times of
plasma and red cells measured within the microvas-
cular network have revealed a close agreement with

Hsys (52).

BLOOD CELL DEFORMABILITY

With diminishing vessel diameter, the particulate na-
ture of blood dominates the resistance to flow. In vitro
simulation of capillary flows using polycarbonate
sieves with 5 pm pores (Nudepore filters) was pi-
oneered by Gregersen et al. (27) and emphasized the
dominant contribution of red cell deformability to
perfusion of capillaries. Through such experimen-
tal simulations it is now recognized that the initial
deformation that red blood cells (RBCs) and white
blood cells (WBCs) incur upon entry to a capillary
contributes significantly to the pressure drop across
individual (aplllarles (42 62,64). Thus, the contri-
bution of the intrinsic properties of blood to hemo-
dynamic resistance changes markedly throughout the
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succession of vessels from arterioles to capillaries as
diameter varies between divisions.

Blood cell deformability affects the entrance of blood
cells into capillaries. RBCs with reduced deforma-
bility in pathological disorders (e.g., sickle cell dis-
case) may be sequestered at the capillary entrance.
Snffenmg of the red cell membrane or elevations
in hemoglobin viscosity may impede RBC transit
through capillaries (28,34.52). The normally stiffer
WBCs traverse the capillary network through larger
thoroughfare channels (19) and WBCs may become
trapped at the capillary entrance or incur a prolonged
transit time following their stiffening with activation
during inflammation (5, 29).

BLOOD CELL AGGREGATION

The effect of red cell aggregation (RCA) on the in vivo
resistance to flow has been fraught with controversy.
In vitro studies of RCA in vertically positioned, small-
bore glass tubes (13,59.60) revealed that apparent
viscosity decreases with increasing degrees of RCA.
However, in vivo measurements in the low flow state
suggest a dramatic rise in apparent viscosity with
reductions in y based on resistance measurements
within individual venules (44) or isolated regions of
skeletal muscle (9). Studies of aggregate formation
in postcapillary venules in response to high molecu-
lar weight dextrans (500 kDa) reveal a blunting of
the Velocnv profile that may result in greater energy
dlSSlpdllOIl and hence increased resistance (7). btud—
ies of the radial dispersion of RBCs during dextran-
induced aggregation suggest that the succession of
branches in the venous Cuculatlon attenuates axial
migration of RBCs (8), thus inhibiting the develop-
ment of an annular plasma layer as occurs in the
relatively longer unbranched tubes in vitro.

It is apparent that the effects of RCA vary between
regional networks as well as within a discrete ensem-
ble of microvessels perfused by the same source. To
illustrate, shown in Figure 3 is the variation of re-
sistance between a paired arteriole and venule that
serve the single inflow/outflow modular network of
microvessels peculiar to the rabbit omentum. Arte-
riovenous resistance (Ryy) was computed from the
ratio of arteriolar—venular pressure drop (dual servo-
null method, (46)) to the volumetric flow measured
in the feeding arteriole (two-slit method, (47)). With
infusion of successively greater levels of high molec-
ular weight dextran (500 kDa; D x 500) Ryy first
rises slightly, as plasma viscosity increases, and then
falls pwupltousl\/ as [D x 500] exceeds 1 g%. These

1.4 1
1.2 1
1.0 ¢
0.8 1
0.6 1

0.4 -

A-V Resistance

0.2 1

0.0

[Dx500] gm%

Figure 3. Arteriole to venule resistance obtained in a sin-
gle inlet/outlet module of the rabbit omentum (inset) for
various plasma concentrations of high molecular weight
dextran (500 kDa, D x 500). The resistance was com-
puted from B = AP/(), where () was obtained from Vgpc
in the feeding arteriole. With increasing [D x 500] R ini-
tially rises as plasma viscosity becomes elevated and then
falls dramatically as red cell aggregation causes a marked
reduction in systemic hemalocul as RBCs are sequestered
in other organs. Arteriolar microvessel hematocrit fell from
26 to 13% as Hgysg fell from 33 t0 20% as [D x 500] rose to
2.6 g%. These trends suggest that the response to extreme
red cell aggregation may be quite variable among different
networks, with some showing severe increases in red cell
entrapment, and others showing severe hemodilution.

trends arise because of red cell sequestration in other
organs with increasing RCA that leads to a dramatic
decrease in Hsyg and Hyicro in the arteriole. In this
particular case, arteriolar Hycro fell from 25.6 to
13.1% as Hgys fell from 32.5 to 20.0% in response
to [D x 500] increasing from 0 to 2.6 g%.

In vitro and theoretical studies have provided a bio-
physical foundation for understanding the relation-
ship between shearing forces and the strength of
red cell aggregation. Skalak et al. (65) have shown

that as strength of aggregation increases, RBCs form
rouleaux and then clumps. With greater degrees of
cross-bridging by mdcromo]eul]es to form aggre-
gates, apposing red cell membranes bind more tlghtlv
and aggregates undergo a transition from rouleaux to
clumps, as illustrated in Figure 4A, B. In vivo stud-
ies have demonstrated that rouleaux are much more
easily disrupted at bifurcations, whereas clumps may
become lodged at the entrance to capillaries (53),
as illustrated in Figure 4C, where rouleaux, induced
by 0.7 g% fibrinogen, pile up at a bifurcation in
the low ﬂow state. Increaamg the str ength of aggre-
gation with 3 g% D x 500 resulted in clumps of
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Figure 4. As the strength of red cell aggregation increases, aggregates undergo a transition from rouleaux (A) to clumps
(B) (from (65), with permission). The weaker rouleaux that tend to pile up at branch points in the arteriolar network
(C) in the low flow state are easily disrupted compared to the stronger clumps (D) that become lodged at the entrance
to capillaries and resist disruption upon recovery from a low flow state (from (53), with permission).

RBCs that frequently became lodged at the capillary
entrance and resisted disruption by hydrodynamic
forces.

BLOOD CELL-ENDOTHELIUM INTERACTIONS

The adhesive interactions of RBCs and WBCs with
the endothelium in, for example, sickle cell disease
and inflammation, respectively, have prompted rhe-
ological studies of the effect of blood cell adhesion on
flow resistance, the molecular basis for adhesion and
the effect of hydrodynamic forces on the dynamics of
adhesion. In experimental models of inflammation, it
has been shown that as few as 12 WBCs adhering per
100 pm of venule length may double the resistance to
flow in posteapillary venules (30). Significant retar-
dation of flow may occur when sickle red cells adhere
to the microvessel wall and obstruct the lumen (34).
These events may initiate a further decline in flow

leading to the sequence of red cell deoxygenation,
hemoglobin polymerization and further cell seques-
tration (35).

It has been demonstrated that the endothelial cell gly-
cocalyx may influence both red cell flux through cap-
illaries, as well as leukocyte contact with the endothe-
lium. By perfusing capillaries with heparinase to
enzymatically degrade heparam sulfate glycosamino-
glycans (GAGs) on the endothelial cell surface.
Desjardins and Duling (18) have shown that capillary
hematocrit may increase almost threefold due to an
increase in the effective lumen diameter. Subsequent
studies by Vink and Duling (69, 70) demonstrated
that red cells and macromolecules have a limited ac-
cess to the endothelial membrane. As illustrated in
Figure 5A under bright field microscopy and Fig-
ure 5B under fluorescence microscopy, RBCs, and
FITC-dextran reveal a capillary width that is 0.8-
1 pm less than the anatomical width, thus suggesting
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(A) (B)

Figure 5. Vink and Duling have demonstrated that red cells and macromolecules have limited access to the endothelial
cell membrane due to the presence of a 0.4 to 0.5-mm-thick endothelial surface layer. As shown above under bright field
(A) and fluorescence (B) microscopy, the width of either a red cell column (A) or fluorescent dextran (B) is significantly
less than the anatomical width of the capillary lumen (from (69) with permission). Direct staining of sugars in the
glycocalyx with fluorescent lectins (D) reveals the presence of this surface layer within the lumen of po%lraplllarv
Venuleb shown in (C) under brightfield microscopy. Shedding of components of the glycocalyx have been observed in
response to the chemoattractant LP and ischemia (from (49), with permission). Th]s event may increase accessibility
of adhesion molecules (ICAM-1) to WBCs (48).

the presence of an endothelial surface layer 0.4— that has been observed to extend from 0.5 to over
0.5 pmin thickness (69). These studies are consistent 1 pum in fixed endothelium (56). Computer simula-
with the presence of a thick endothelial layer com-  tions of capillary blood flow suggest that the presence
prising a broad range of proteoglycans and GAGs, of a thick endothelial surface layer in capillaries may



significantly affect red cell flux, and that its deforma-
tion with fluid shear stresses may enhance the ability
of red cells to traverse nonuniform capillaries (63).

Enzymatic degradation of the glycocalyx by infu-
sion of heparinase in mesenteric arterioles has re-
sulted in a decrease in regional resistance up to 21%
(58). It has been demonstrated that removal of hep-
aran sulfate GAGs by perfusion of mesenteric post-
capillary venules with heparinase results in increased
WBC-EC adhesion (48). Similar findings have been
noted in cremaster muscle in response to infusion of
oxidized LDL (15). Superfusion of mesenteric tis-
sue with the peptide fMLP (f-met-leu-phe) results
in a rapid increase in the adhesion of inert micro-
spheres labeled with antibody for ICAM-1(48), thus
suggesting that elements of the endothelial surface
layer were being shed to result in greater exposure of
ICAM-1 that was buried in the glycocalyx. In support
of this hypothesis, studies were conducted to quantify
the adhesion of fluorescent microspheres coated with
lectins or FITC-conjugated lectins, specific for glu-
cosaminoglycans or galactosaminoglycans (49). II-
lustrated in Figure 5C (bright-field) and 5D (fluo-
rescence) is the accumulation of FITC labeled lectin
specific for galactosaminoglycans (49). These studies
revealed a time- dependent reduction in lectin label
following superfusion with fMLP. A similar reduction
was observed during reperfusion following a 60-min
period of normoxic ischemia. These responses were
suggestive of glycan shedding and could be inhibited
by G-protein mhlbltlon with pertussis toxin. Hence it
appears that the thickness of the endothelial surface
layer may reflect, at any time, a balance of continued
biosynthesis of glycans and their shear-dependent
removal.

CONCLUSIONS

Rheological studies of blood flow in the microcircula-
tion by members of the Microcirculatory Society have
provided a wealth of information on factors that af-
fect control and regulation of the terminal vascular
network and the delivery of oxygen to tissue. Some
of these observations include (1) the overwhelm-
ing dominance of D* as a determinant of resistance
to flow within individual microvessels, (2) that mi-
crovessel hematocrit is a principal determinant of ef-
fective viscosity and oxygen transport to tissue and is
strongly dependent on network topography, (3) that
mechanical properties of RBCs and WBCs may influ-
ence perfusion and the convective transport of oxy-
gen to tissue, (4) that adhesive interactions between
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blood cells and the endothelium are important deter-
minants of the resistance to flow and recovery from
an ischemic flow state, and (5) that the molecular
interactions of blood cells with one another (red cell
aggregation) and with the endothelial glycocalyx may
govern the function of inflammatory cells and reper-
fusion following ischemia. It should be readily appar-
ent that studies of the rheological behavior of blood
flow within the microvasculature necessitate an un-
derstanding of the interaction between flow distri-
bution throughout the network and blood viscous
behavior within individual microvessels. This goal
appears to be a challenging task, but one with poten-
tially great benefits tow ald unravehnfI the mysteries
of the microcirculation.
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