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NOTA DE ABERTURA / EDITORIAL

COMUNICACAO CRUZADA/INTERLINKED INFORMATION

Conhecer as inter-conexdes entre
0s sistemas que asseguram a repara-
¢ao da célula endotelial vascular (co-
agulacao/fibrindlise) e dos tecidos
danificados ou destruidos (resposta
inflamatoria) por agentes infecciosos
contribui para a interpretagdo das
propriedades reologicas do fluxo san-
guineo. Estas estdo intimamente as-
sociadas ao meio envolvente como,
por exemplo, a qualidade e tipo es-
trutural do pavimento endotelial.
Sendo a célula endotelial uma inter-
face produtora de factores vasoacti-
vos, pré e anti-inflamatoérios, pro e
anti-coagulantes, ¢ de esperar que
ocorra informacao cruzada entre os
sistemas reparadores/danificadores.
Os factores intervenientes da coagu-
lagdo interferem com a actividade das
etapas da resposta inflamatoria, e os
agentes desta activam a coagulagdo e
influenciam a constru¢do dos deposi-
tos de fibrina.

Aquando da ruptura da placa de
ateroma, as cé¢lulas inflamatorias ex-
pdem o factor tecidual, dando inicio
a via extrinseca da coagulacdo, em
que a activagdo das plaquetas pela
trombina, traduzida pela alteracao de
forma e exposicao de glicoproteinas
activadas (por ex. GPIIbllla, GPIb-
-V), ocasiona a formagao de trombos
(brancos) plaquetarios. As glicopro-
teinas GPIb interagem com as inte-
grinas aMp2 (Mac-1) dos leucdcitos
e com o factor de vonWillebrand do
sub-endotélio, enquanto as GPIIb Illa

ligam o fibrinogénio, o qual reforca
a agregacao plaquetaria e estabiliza o
trombo branco, no sector arterial,
pela sua conversdo em fibrina pela
trombina. O fibrinogénio e a fibrina
estimulam (i) nos monocitos a liber-
tacdo do factor de necrose tumoral
alfa e a IL-1P e, ainda, de quimoci-
nas, tais como IL-8, e, (ii) nos fibro-
blastos e células endoteliais, a prote-
ina quimiotaxica para os monocitos.
O fibrinogénio ¢ um marcador de fase
aguda da inflamag@o um agente que
estabiliza o rolhdo de plaquetas e um
indutor da agregagdo eritrocitaria.
E assim um ligante entre coagulagéo,
inflamacao e hemorreologia.

As plaquetas no estado activado
induzem a libertacdo de citocinas e
quimiocinas, que levam a estimula-
¢do das integrinas nos monocitos € ao
seu recrutamento para a placa de ate-
roma.

Ao interagir com a trombomodu-
lina exposta na célula endotelial, a
trombina activa a proteina C que,
com o seu ligante natural, a proteina
S, bloqueia a activacao dos factores
V e VIII. A trombina, sendo reconhe-
cida pelo seu receptor (F2R) na célu-
la endotelial e nas plaquetas, induz a
libertagao da IL-6, que se comporta
com factor transformador da inflama-
cdo aguda em cronica com agrava-
mento da estase nos capilares. A pa-
ragem do fluxo sanguineo na
microcirculagdo diminui o forneci-
mento de oxigénio e de metabolitos
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aos tecidos ¢ favorece a formagao de
agregados eritrocitarios.

A trombina, ao activar os monoci-
tos a libertarem IL-8, proporciona o
acentuar da resposta inflamatoria.

Os receptores do activador das
proteases (PAR), expostos nas célu-
las mononucleares e endoteliais, po-
dem ser estimulados pelos factores
da coagulagdo e induzirem a liberta-
c¢do de citocinas e apoptose nas célu-
las inflamatorias, com consequente
libertacdo de microvesiculas. Estas
sdo potenciais indutoras de trombo-
génese e de reaccdes inflamatorias
por exporem, nomeadamente, factor
tecidual e fosfolipidos, os quais, pos-
suindo carga negativa, criam uma
superficie propicia a activagao do
factor XII.

O FXIla estimula o factor XI, dan-
do inicio a via intrinseca, ou sistema
de contacto, e atrai a calicreina plas-
matica. Esta, ao actuar no cininogé-
nio de elevado peso molecular, origi-
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na a bradicinina, que ¢ um potente
péptido pro-inflamatdrio.

De entre as quatro isoformas de
PAR, o PAR2 liga o complexo factor
tecidual FVIla, com consequente so-
bre — regulagdao dos macrofagos, que
libertam citocinas quimiotaxicas para
os neutrofilos. A administragao de
FVIla a individuos saudaveis origi-
nou aumento da concentracao de IL-
-6 e IL-8 na circulacdo sanguinea.

Os factores do sistema fibrinoliti-
co modulam a inflamagao, ja que a
deficiente remocao de fibrina, intra ¢
extravascular, refor¢a a fibrose ¢
mantém a inflamagao cronica. A liga-
¢ao estabelecida entre o activador do
plasminogénio tipo urocinase (u-PA)
e 0s seus receptores na superficie dos
neutréfilos medeia a transmigragao
destes para o espago intersticial vas-
cular. A auséncia de u-PA e dos seus
receptores conduz a permanéncia da
fibrina com consequéncias inflama-
torias e hemorreologicas.

Carlota Saldanha
Presidente da SPHM
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HEMORREOLOGIA E MODELOS MATEMATICOS / HEMORHEOLOGY AND

MATHEMATICAL MODELS

Adélia Sequeira’

ABSTRACT

This paper is devoted to a critical
review of blood rheology and consti-
tutive models for blood based on phe-
nomenological considerations. The
relationship between the multiphase
properties and the mechanical char-
acteristics of blood, including shear
thinning viscosity, yield stress, tixot-
ropy and viscoelasticity is consi-
dered. The significance of the non-
-Newtonian behavior of blood in the
circulation is also addressed.

Key-words: Blood rheology, mathe-
matical models, shear thinning, yield
stress, tixotropy, viscoelasticity.

INTRODUCTION

Hemorheology is the science of
deformation and flow of blood and its
formed elements. This field involves
the investigation of both the macro-
scopic behavior of blood using rheo-
metric experiments as well as its mi-
croscopic properties in vitro and in

! Departamento de Matematica e CEMAT
Instituto Superior Técnico, Lisboa, Portugal
adelia.sequeira@math.ist.utl.pt

vivo. It also involves studies of the
interactions among blood cellular ele-
ments and between these components
and the endothelial cells that line
blood vessels.

The blood circulation in the car-
diovascular system depends not only
on the driving force of the heart and
the architecture and mechanical
properties of the vascular system, but
also on the mechanical properties of
blood itself. Whole blood is a con-
centrated suspension of formed cel-
lular elements including red blood
cells (RBCs) or erythrocytes, white
blood cells (WBCs) or leukocytes
and platelets or thrombocy-tes. The
non-Newtonian behavior of blood is
largely due to three characteristics of
the erythrocytes: their ability to form
aggrega-tes (three-dimensional mi-
crostructures) when at rest or at low
shear rates, their deformability, and
their tendency to align in the flow
direction at high shear rates. A transi-
tion in microstructure is found be-
tween these two regimes'?. The
shape of the erythrocytes can change
(deform) both due to in plane stretch-
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ing of its membrane as well as from
bending?.

As will be elaborated below, blood
displays a shear thinning viscosity,
viscoelasticity, thixotropy and pos-
sibly a yield stress. An understanding
of the coupling between the blood
composition and its physical proper-
ties is essential for developing suita-
ble constitutive models to describe
blood behavior.

Advances in the field of hemorheo-
logy are based on the evidence that
they might be the primary cause of
many cardiovascular diseases. In
fact, hemorheological aberra-tions
can easily be considered as a result
(or an indicator) of insufficient circu-
latory function. Basically, patholo-
gies with hematological origin like
leukemia, hemolytic anemia, thalas-
semia or pathologies associated with
the risk factors of thrombosis and
atherosclerosis like myocardial in-
farction, hypertension, strokes or
diabetes are mainly related to distur-
bances of local homeostasis. There-
fore, the mathematical and numerical
study of powerful, yet simple, consti-
tutive models that can capture the
rheological response of blood over a
range of flow conditions is ultimately
recognized as an important tool for
clinical diagnosis and therapeutic
planning (see e.g.*%).

To better interpret and analyze the
experimental data on blood it is help-
ful to turn to the literature on the
rheology of particle suspensions. For
rigid particles, a vast amount of pub-
lished literature exists (see e.g.%).
However, the study of suspensions
of multiple, interacting and highly
deformable particles such as blood,
has received less attention and pre-
sents a challenge for both theoretical

and computational fluid dynamicists,
(e.g.”).

The aim of this paper is to present
a brief overview of the rheological
properties of blood, including its
non-Newtonian characteristics, and
review some of the macroscopic
mathematical models that have been
proposed in the literature to model
these features.

PHYSICAL MECHANISMS
BEHIND THE MECHANICAL
PROPERTIES OF BLOOD

In this section we briefly discuss
the physical mechanisms of erythro-
cytes that have the strongest influ-
ence on the non-Newtonian behavior
of whole flowing blood at low shear
rates.

In the presence of fibrinogen and
globulins (two plasma proteins),
erythrocytes have the ability to form
a primary aggregate structure of rod
shaped stacks of individual cells
called rouleaux. At very low shear
rates, the rouleaux align themselves
in an end-to-side and side-to-side
fashion and form a secondary struc-
ture consisting of branched three-
-dimensional (3-D) aggrega-tes®. The
biochemical process of rouleaux for-
mation is still unclear. It has been
experimentally observed that these
stacks will not form if the erythro-
cytes have been hardened or in the
absence of fibrinogen and globulins.

For blood at rest, the 3-D structure
formed by the RBCs looks solid-like,
appearing to resist flow until a finite
level of force is applied. The applied
stress needed to initiate flow, e.g. in
simple shear, is often referred to as
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the yield stress and, under normal
conditions, is primarily a function of
the hematocrit and the fibrinogen
concentration of the plasma’. Addi-
tional factors such as the red cell
shape, deformability and tendency to
aggregate also influence the value of
the yield stress parameter. As dis-
cussed below, the existence of a yield
stress for fluids in general and treat-
ment of this yield stress as a material
parameter is a controversial issue
(see, e.g.,!0M),

When blood begins to flow, the
solid-like structure breaks into three-
-dimensional networks of various
sizes which appear to move as indi-
vidual units and reach an equilibrium
size for a fixed shear rate. Increases
in shear rate lead to a reduction in
equilibrium size and lower effective
viscosity. In the studies of Schmid-
-Schonbein® at shear rates between
5.8 and 46 s each doubling of the
shear rate resulted in a decrease in
average aggregate size of approxi-
mately 50% (see also'? for further
discussion).

Once the chains are broken down
to 4-10 cells, they are resistant to fur-
ther shearing and, at high shear rates
they roll, rotate and tumble as units
along with individual cells, and the
structure visibly recoils elastically.
A critical shearrate y__is defined as
a constant shear rate at which, effec-
tively there are no more aggregates
(larger than 15 um). In whole blood
from healthy humans, different values
are reported for this critical shear rate,
largely in the range of 5-100 s!. Din-
tenfass [4] attributed this variation in
reported values to the degree of ag-
gregation of the original sample
which, as discussed later, is consistent
with the thixotropic nature of blood".

In diseased states, the critical shear
rate can increase substantially. For
example, in blood samples from pa-
tients with acute myocardial infarc-
tions, the critical shear rate for disper-
sion was found to be greater than
approximately 250 s™! and the average
aggregate size was larger than in the
controls for all shear rates®!“.

The process of disaggregation un-
der increasing shear is reversible.
When the shear rate is quasi-statically
stepped down to lower values, the
individual cells form shorter chains,
then longer rouleaux and eventually
a 3-D microstructure'®. The finite
time necessary for equilibrium of the
structure to be reached (both during
aggregation and disaggregation) is
responsible for the thixotropic beha-
vior of blood at low shear rates (see
e.g."”). The associated time constants
are a function of shear rate. The equi-
libria are found to be reached more
rapidly at higher shear rates and more
gradually with lower shear rates
(e.g.%). For example, in a cone and
plate viscometer, for shear rates be-
tween 0.01 and 1.0 s the equilibrium
distributions were found to be reached
after time intervals of 20 to 200 sec-
onds.

Accelerating flow has a marked
effect on the structure of the aggre-
gate. Under acceleration between
fixed shear rates, significant elonga-
tion of rouleaux occurs which is not
seen when the flow is held at a fixed
shear rate. The elongation is particu-
larly evident in rouleaux that bridge
larger secondary structures and is
found to arise from realignment of
the individual cells (sliding of the
cells from a parallel stack to a
sheared stack) and deformation of
individual cells (ellipsoidal defor-
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mation and eventually prolate defor-
mation). As a result of these mecha-
nisms, the aggregate length can
increase up to three fold®. Under a
sinusoidal variation of shear, elastic
behaviour of the aggregates is ob-
served (e.g.>!'%). While typical data
for whole blood viscosity are ob-
tained from quasi-static shear ex-
periments, small amplitude oscilla-
tory shear experiments are used to
measure both viscous and elastic
properties in the regime of small de-
formations from the rest history.

In a Couette rheometer, when
blood is subjected to a constant shear
rate slightly above y__, the cells can
be seen to rotate. With increasing
shear rate, they rotate less and for
shear rates above 230 s! they cease
to rotate and remain aligned with the
flow direction®.

For shear rates above 400 s™! the
tumbling of the individual cells is
completely absent, they lose their
biconcave shape, become fully
elongated and are transformed into
flat outstretched ellipsoids with
major axes parallel to the flow di-
rection. At this stage the collision
of red cells only occurs when a
more rapidly moving cell touches a
slower one but there are no further
interactions between the cells.
Close observation suggests that the
changing cells contours are consis-
tent with a tank-treading motion of
the cells membranes about their in-
terior, similar to a fluid drop defor-
mation®!”. The high deformability
of erythrocytes is due to the absence
of a nucleus, to the elastic and vis-
cous properties of its membrane
and also to geometric factors such
as the shape, volume and membrane
surface area.

MECHANICAL PROPERTIES
OF BLOOD

Measurements of the mechanical
properties of whole blood are techni-
cally challenging, particularly at low
to medium shear rates where dena-
tured protein films, sedimenta-tion
and phase separation can lead to er-
roneous results. At high shear rates,
inertial effects can be problematic. As
a result, measuring the mechanical
properties of blood over a wide range
of shear rates (e.g. 0.01 =500 s), can
require the use of more than one rheo-
meter. The three most commonly used
rheometers for blood are the concen-
tric cylinder rheometer (Couette rhe-
ometer), the cone and plate rheometer,
and the capillary rheometer. These
devices can be used in steady and os-
cillatory modes to measure the vis-
cosity and linear viscoelastic proper-
ties of blood, respectively. An
overview of typical blood rheometers
and a discussion of some of the cha-
llenges which are particular to blood
rheometry can be found in'>3,

Viscosity of blood

The most well studied non-
-Newtonian characteristic of blood is
its diminishing viscosity with in-
creasing shear rate, called shear thin-
ning behavior.

As discussed earlier, the mechani-
cal properties of blood are dominated
by the 3-D microstructure formed by
the RBCs and general distribution of
RBCs in the flowing plasma. At lower
shear rates, the behavior is controlled
by the effect of the 3-D RBC forma-
tions on the flow and the ability of
these formations to deform and store

Boletim da SPHM Vol. 25 (3) Julho, Agosto, Setembro 2010



ARTIGO DE REVISAO / REVIEW ARTICLE

Modelos mateméaticos em Hemorreologia

energy. At moderate to high shear
rates, these cells are dispersed in the
plasma and the properties of the blood
are then influenced by their tendency
to align and form layers in the flow,
as well as their deformation. The im-
portance of RBCs aggregation on
blood viscosity at low shear rates was
clearly demonstrated by Chien'® who
compared the viscosity of RBCs sus-
pended in heparinized plasma and
albumin-Ringer solution (Alb). The
normal RBCs aggregation found in
plasma does not occur in Alb. Though
the viscosity of plasma and Alb were
both the same, the viscosity of the
RBCs’ solution was greatly increased
at low shear rates by RBCs aggrega-
tion (less than approximately 5 s™)
but unaffected at larger shear rates.

The effect of RBCs deformability
on viscosity of suspensions of these
cells was also clearly shown in'®,
Chien compared the viscosity of nor-
mal RBC in Alb and that of hardened
RBC in Alb (presumably at zero shear
rate). The ability of normal RBC to
deform (change shape and stretch)
significantly decreased the viscosity
over all shear rates tested. Fig. 1 dis-
plays the shear thinning behavior of
whole blood as experimentally ob-
served by Chien'®. Each of these data
points represents an equilibrium val-
ue obtained at a fixed shear rate.

In addition to shear rate, the ag-
gregate size is a function of cell
shape, plasma composition and he-
matocrit. This is reflected in the de-
pendence of viscosity on these same
variables. We do not address quan-
titative results for these variables
here, but refer the reader to refe-
rences such as*'°. Moreover, the
viscosity of whole blood is strongly
dependent on temperature.

10°E
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Fig. 1 — Variation of the relative viscosity as a function of the shear rate for normal RBC in heparini-
zed plasma (NP), normal RBC in albumin-Ringer solution (NA) and hardened RBCs in albumin-Ringer
solution (HA) at a temperature of 370C, hematocrit Ht=45% using a Couette viscometer (reproduced

from Chien [18], with permission)

Merrill et al.?® found the depen-
dence of blood viscosity on tempera-
ture to be similar to that of water for
temperatures ranging from 10 to 40°C
and shear rates from 1 to 100 s™'. The
variation of plasma viscosity with tem-
perature is also known to approximate-
ly follow that of water?!. For these
reasons, blood viscosity is often re-
ported relative to the viscosity of plas-
ma or water at the same temperature.

Viscoelasticity and thixotropy of
blood

Viscoelastic fluids are viscous flui-
ds which have the ability to store and
release energy. The viscoelasticity of
blood at normal hematocrits is pri-
marily attributed to reversible defor-
mation of the RBCs 3D microstruc-
tures®. Elastic energy is due to the
properties of the RBC membrane and
the bridging mechanisms within the
3D structure. It can also be stored in
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the deformation of individual RBC,
though this is not believed to play an
appreciable role unless the RBC con-
centration is significantly elevated
above normal physiological levels®.
However, these properties are of rela-
tively small magnitude and to date
they have generally only been mea-
sured in the context of linear vis-
coelasticity. By shear rates of the
order of 10 s the elastic nature of
blood is negligible as evidenced by a
merging of the oscillatory and steady
flow viscosities.

The reader is referred to®* for a
review of the dependence of blood
viscoelasticity on factors such as
temperature, hematocrit and RBC
properties.

While the linear viscoelastic func-
tions are relatively straightforward to
obtain in the rheometers referred above,
it should be emphasized that blood
flow in the circulatory system is rarely
in the regime applicable for linear vis-
coelasticity theory. The linear elastic
material constants are indicative of as-
pects of the microstructure and there-
fore can be used as a method of quan-
tifying blood properties. However,
ultimately, there is a need to consider
the finite viscoelastic behavior of blood,
if viscoelastic constitutive equations
are going to be used to model blood
behavior in the circulatory system.

The formation of the three-
-dimensional microstructure and the
alignment of the RBCs are not instan-
taneous, which gives blood its thixo-
tropic behavior. Essentially we refer
to thixotropy as the dependence of
the material properties on the time
over which shear has been applied.
This dependence is due to the finite
time required for the 3-D structure of
blood to form and breakdown?.

Yield stress of blood

The behavior of a number of fluids
at low shear stress, including blood,
has led researchers to believe in the
existence of a critical value of stress
below which the fluid will not flow.
This critical stress level, called the
yield value or yield, is typically trea-
ted as a material property (constant)
of the fluid. An extensive description
of methods for measuring yield stress
is given in*. Briefly, there are two
categories of methods: indirect metho-
ds and direct methods. In indirect
methods, the shear stress versus shear
rate curve is back extrapolated to
zero, possibly using a specific consti-
tutive model or simple linear approxi-
mation. Sometimes the yield stress is
set to the lowest measured shear
stress®®. In direct methods, an attempt
is made to directly measure the shear
stress at which the fluid begins to
flow.

Reported values for the yield
stress of blood vary greatly ranging
from 0.002 to 0.40 dynes/cm?, see
e.g.*. This variation has been attribu-
ted to artifacts arising from interac-
tions between the RBCs and surfaces
of the rheometer?! as well as the ex-
perimental method used to measure
the yield stress.

The large range seen for blood is
consistent with results for other fluids
where this spread is attributed to the
experimental methodology, the crite-
rion used to define the yield stress,
and the length of time over which the
experiment is run®. A true material
constant should be independent of
these factors and these results have
called into serious question the treat-
ment of the yield stress as a material
parameter. Dintenfass* appears to be

10
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the first to question the appropriate-
ness of such a material constant for
blood. He suggested that rather than
treating the yield stress as a constant,
it should be considered as a function
of time. This time dependence is con-
sistent with the link between yield
stress and thixotropy proposed years
later by other researchers®’.

CONSTITUTIVE MODELS
FOR BLOOD

As discussed earlier, the presence
of the formed elements in blood leads
to some significant and fascinating
changes in its rheological properties.
In this section, we discuss constitu-
tive models introduced to capture one
or more of these properties.

We assume that all macroscopic
length and time scales are sufficient-
ly large compared to length and time
scales at the level of the individual
erythrocyte so that the continuum hy-
pothesis holds. Thus the models pre-
sented here are not appropriate in the
capillary network. For an overview
of hemorheology in the microcircula-
tion we refer the reader to the review
articles of Popel and Johnson? and
Pries and Secomb®.

Since both the shear thinning and
viscoelastic properties diminish rapi-
dly as the 3D microstructure of RBCs
breaks down, it is important to con-
sider in which flow regimes and clin-
ical situations the non-Newtonian
properties of blood will be important.
RBCs would need to be subjected to
shear rates below 1 s™! per period suf-
ficient for these structures to form
and alter the flow. Schmid— Schon-
bein and co-workers*® found the half-
-time for aggregate formation to be

3-5 s for normal blood and 0.5-1.5 s
for pathological blood samples. In
their experiments, the time for aggre-
gation was measured after samples
were exposed to an abrupt drop in
shear rate from 460 s to approxi-
mately zero.

The blood circulation time for hu-
mans is on the order of minutes, so
for normal blood, the RBC structure
will be broken down in the majority
of the arterial system and only exist
in regions of the circulation where
there are stable recirculation zones
with shear rates significantly below
1 s (see!? for more details).

Possible locations where the non-
-Newtonian behavior will be signifi-
cant include segments of the venous
system and stable vortices down-
stream of some stenosis and in the
sacs of some aneurysms. For various
pathologies, the 3D microstructure
formed by the RBC is substantially
stronger than for normal blood. For
these patients, it is possible the 3D
microstructure will exist in more
widespread regions of the circulatory
system. Increased RBC aggregation
has been observed for patients with
infections, trauma, burns, diabetes
mellitus, AIDS and other diseases?®!.
The quantification of the mechanical
response of blood (shear thinning,
viscoelasticity) can also be important
for patient diagnosis?.

As afirst step towards the macros-
copic modeling of blood flow we
consider the equations given by

ou

pat

+p(u.V)u =-Vp+V.r (1)
Vau=0

in a domain Q C R? representing the
lumen of the vessel. These equations
express the conservation of linear
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momentum and mass (or incompress-
ibility condition) for isothermal flows
and are completed with appropriate
initial and boundary conditions. Here
u(x,t) and p(x,t) denote the blood ve-
locity and pressure in Q, with >0, p
is the blood density and 7 is the extra-
-stress tensor accounting for differ-
ences in behavior from a purely in-
viscid, incompressible fluid. To close
system (1) we require a constitutive
equation relating the state of stress to
the kinematic variables such as rate
of deformation of fluid elements. The
aim of this section is to review some
of the macroscopic models suitable
for blood flow under certain flow
conditions.

Generalized Newtonian and yield
stress models

The simplest constitutive model
for incompressible viscous fluids is
based on the assumption that the ex-
tra stress tensor is proportional to the
symmetric part of the velocity gra-
dient,

7=2uD (2)

where p is the (constant) viscosity
and D = (Vu + Vu") / 2 is the rate of
deformation tensor. The substitution
of (2) in the linear momentum equa-
tion (1) leads to the well-known
Navier-Stokes equations for an in-
compressible viscous fluid. As al-
ready discussed this set of equations
is commonly used with some justifi-
cation to describe blood flow in the
heart and healthy arteries. However,
under certain experimental or physio-
logical conditions, particularly at low
shear rates, blood exhibits relevant
non-Newtonian characteristics and

more complex constitutive models
need to be used.

The most general constitutive
model of the form 7z = 7 (Vu) which
satisfies invariance requirements*?
can be written as

v =g (1,111 )D+¢.(II 11l )D* (3)

where 11 b and /1 | are the second and
third principal invariants of D

m,= %((trD)2 —tr(D%)),  IIl, = detD

And tD = 0 for isochoric mo-
tions. Incompressible fluids of the
form (3) are called Reiner-Rivlin
fluids. They include Newtonian flu-
ids as a particular case, correspond-
ing to ¢, constant and ¢, = 0.

The behavior of real fluids impose
some restrictions on the material
functions ¢, and ¢,. In fact, there is
no evidence of real fluids with non-
-zero values of ¢, and the dependence
on the value of /I] ) is often neglec-
ted*. As a result, attention is usually
restricted to a special class of Reiner-
-Rivlin fluids called generalized
Newtonian fluids, for which

t=2u(y)D (4)

where 7 is the shear rate (a measure
of the rate of deformation) defined

by

7 =+20r(D?) = J-411,  (5)

and u(y) is a shear dependent visco-
sity function (for isochoric motions
11, is not a positive quantity).

One of the simplest generalized
Newtonian fluids is the power-law,
for which the viscosity function is
given by
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u(p) =Kj™" (6)

where the positive constants n and K
are termed the power-law index and
consistency, respectively. This model
includes, as a particular case, the con-
stant viscosity fluid (Newtonian)
when n=1. For n<lI it leads to a
monotonic decreasing function of the
shear rate (shear thinning fluid) and
for n>1 the viscosity increases with
shear rate (shear thickening fluid).
The shear thinning power-law model
is often used for blood, due to the
analytical solutions easily obtained
for its governing equations, but it pre-
dicts an unbounded viscosity at zero
shear rate and zero viscosity when
(y) — oo, which is unphysical.

One of the most successful viscos-
ity laws for blood is an extension of
the power-law model due to Walburn
and Schneck®. In addition to the
shear rate, they considered the depen-
dence of the viscosity on the hemat-
ocrit (Ht) and total protein minus
albumin (7PMA) content through the
parameter K and n in (6). Using a
nonlinear regression analysis they
found that shear rate and hematocrit
were the two most important factors
in decreasing order of importance.
Based on these two factors, they for-
mulated the following expressions of
K and n,

K=C, exp(C,Ht),n=1—C,Ht (7)

Fig. 2 shows a comparison of vis-
cosity functions y(7) for the power-
-law model (6) using material con-
stants provided by Kim et al.>* (Kim)
and Liepsch and Moravec® (LM) for
human blood. Representative viscosi-
ty curves for the Walburn-Schneck
model (WS)* with factors depending

n
(Pas")
0.015

0.0125

0.01

0.0075

0.005

Ht=45%, T=23°C (LM)
Ht=45%, T=37°C (WS)

Ht=40%, T =37°C (WS)
Ht=40.5%, T=37°C (Kim)

50 100

Fig. 2 — Comparison of viscosity functions ,u( y ) for the power-law model (6) using material constants

provided obtained by curve fit to experiments.

on hematocrit (7) are also shown. The
viscosity functions obtained from*
and** for Ht = 40% are quite close. In
contrast, those in** and*® for Hr=45%
are substantially different, likely due
to the lower temperatures used in*
compared to those in®.

Viscosity functions with bounded
and non-zero limiting values of vis-
cosity can be written in the general
form

w()=u, + (uy— w1 )F)
or, in non-dimensional form as

M) =1, _ F)
Hy— My
Here y, and o are the asymptotic
viscosity values at zero and infinite
shear rates and F(y) is a shear depen-
dent function, satisfying the follow-
ing natural limit conditions

lim F(7)=1 and lim F(;7)=0
70* yo®

Different choices of the function
F(y) correspond to different models

150

200
Y (s
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Table 1 — Material constants for various generalized Newtonian models for blood

Model Non-Newtonian Material constants
viscosity for blood
Power Law w(3) = K4yn1 n=061,K =012
w(7)—p, _sinh™ (A7) 10 = 0.056Pas, oo = 0.00345Pas
Powell-Eyring Ly — 1, Y A =5.383s
Hy)—p, 1 1o = 0.056Pas, fine = 0.00345Pas

Cross

Modified Cross

Carreau

Carreau-Yasuda

Ho— i, 1+(A7)"

uy) - m, _ 1
ty=p,  (A+(AP)")

M)~ 1, =1+ (/17)2)(”71)/2
Ho— My

H(G)— K, =+ (ﬂ}})a)(mpa
Hy = Mo

A=1.007s,m = 1.028

po = 0.056Pas, ptoe = 0.00345Pas
A =3.736s,m = 2.406,0 = 0.254

1to = 0.056Pas, ploo = 0.00345Pas
A =3.313s,n = 0.3568

1o = 0.056Pas, ftac = 0.00345Pas
A=19025,n=022,a=1.25

for blood flow, with material cons-
tants quite sensitive and depending
on a number of factors including he-
matocrit, temperature, plasma viscosi-
ty, age of RBCs, exercise level, gen-

der or disease state.

Table 1 summarizes some of the
most common generalized Newtonian
models that have been considered in
the literature for the shear dependent
viscosity of whole human blood. Va-
lues for the material constants given
in this table were obtained by Cho and
Kensey?® for a compilation of human
and canine blood (H? ranging from
33-45%), using a nonlinear least

squares analysis.

Yield stress models can be useful
to model blood flow in low shear rate
regions. Yield stress materials require
afinite shear stress 7, (the yield stress)
to start flowing. A relatively simple,
and physically relevant yield criterion
is given by m =1, where /], is
the second invariant of the extra
stress tensor t. The most common
yield stress model for blood is the
Casson’s model®” which, in simple

shear has the form

JI,|<7,=>D=0
D ! [1—\/1_)'}1

o 4o,

rzz[\/ﬁu/%JzD

J |27, =

The Newtonian constitutive
equation is a special case of the
Casson equation with 7, set to zero,
in which case x4, is the Newtonian
viscosity. Through this model
blood behaves rigidly until the
yield criterion is satisfied, after
which it displays a shear thinning
behavior.

Other yield stress models like
Bingham or Herschel-Bulkley mod-
els are also used for blood (see
e.g.!>1%) as well as the constitutive
model developed by Quemada®® us-
ing a semi-phenomenological ap-
proach, with the apparent viscosity
given by

-2
. 1 ky+k 77,
ﬂ(}’):ﬂF[l__of(l’J

2 1+yr/y.

where 1., ¢ and y_are the viscosity
of the suspending fluid, the volume
concentration of the dispersed
phase and a critical shear rate,
respectively.

As discussed earlier, the existence
of'ayield stress and its use as a mate-
rial parameter is a controversial is-
sue, since measurements of the yield
stress are expected to be quite sensi-
tive to the microstructure of the
blood prior to yielding, which is in
turn expected to be sensitive to both
the shear rate history as well as
time?’.

14
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Viscoelastic and thixotropic models

None of the models in the pre-
vious section accounts for either the
viscoelasticity or the thixotropy of
blood. A number of nonlinear vis-
coelastic constitutive models for
blood are now available but because
of their complexity we will avoid
presenting the mathematical details
here, providing instead a summary of
the relevant literature.

One of the simplest rate type mo-
dels accounting for the viscoelastic-
ity of blood is the Maxwell model

or
== =2uD (8
THh =20 ®)

where 4, is the relaxation time and
0(.)/ ot stands for the so-called con-
vected derivative, a generalization of
the material time derivative, chosen
so that dz/d¢ is objective under a su-
perposed rigid body motion and the
resulting second-order tensor is sym-
metric's.

A more general class of rate type
models, called Oldroyd type models,
are defined by

r+ﬂ1%—2,u(D+/12(;—]t)j ©)

where the material coefficient 4, de-
notes the retardation time and is such
that 0 <A, <A,. The Oldroyd type flu-
ids can be considered as Maxwell flu-
ids with additional viscosity. These
models contain the previous two mo-
dels (2) and (8) as particular cases.
Thurston®’ was among the earliest
to recognize the viscoelastic nature of
blood and that the viscoelastic behav-
ior is less prominent with increasing
shear rate. He proposed a generalized
Maxwell model that was applicable
to one dimensional flow simulations

and observed later that, beyond a
critical shear rate, the nonlinear be-
havior is related to the microstruc-
tural changes that occur in blood*.
Thurston’s work was suggested to be
more applicable to venous or low
shear unhealthy blood flow than to
arterial flows. Recently, a generalized
Maxwell model related to the micro-
structure of blood, inspired on the
behavior of transient networks in
polymers, and exhibiting shear thin-
ning, viscoelastici-ty and thixotropy,
has been derived by Owens*!.

Other viscoelastic constitutive
models of differential type, suitable
for describing blood rheology have
been proposed in the recent literature.
The empirical three constant generali-
zed Oldroyd-B model studied in*?
belongs to this class. It has been ob-
tained by fitting experimental data in
one dimensional flows and generali-
zing such curve fits to three dimen-
sions. This model captures the shear
thinning behavior of blood over a
large range of shear rates but it has
its limitations, given that the relaxa-
tion times do not depend on the shear
rate, which does not agree with ex-
perimental observations. The model
developed by Anand and Rajagopal®
in the general thermodynamic frame-
work stated in** includes relaxation
times depending on the shear rate and
gives good agreement with experi-
mental data in steady Poiseuille and
oscillatory flows.

CONCLUSIONS

In this short review the material
properties of human blood and in par-
ticular its shear viscosity, elasticity
and thixotropy have been discussed
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in terms of the complex evolving mi-
crostructure, and especially of the
deforming and migrating red blood
cells in their different states of ag-
gregation. We conclude that the most
promising rheological models are
those developed from an underlying
microstructure similar to that of
blood. Some existing gaps can be
identified as significant challenges
for the development of new rheologi-
cal models to be used in large-scale
numerical simula-tions.

1. Although attention has been de-
voted to the measurement of some of
the basic macroscopic rheological
properties of blood, especially in flow
regimes where non-Newtonian ef-
fects are most likely to be observed,
there is urgent need for further ex-
perimental data to validate the cur-
rent rheological models and provide
a rational basis for the further devel-
opment of microstructural models.

2. The transition from the non-
-Newtonian to the Newtonian viscos-
ity character of blood should be bet-
ter investigated, since a variation on
the critical value of the shear rate ap-
pears in literature to address this is-
sue. The availability of reliable mea-
surements of quantities such as the
velocity, wall shear stress and pres-
sure in well characterized physiologi-
cal flows (in vivo) is essential in CFD
studies of blood flow in the cardio-
vascular system.

3. A suitable account of the mathe-
matical structure of the systems of
equations derived from the constitu-
tive models for blood must be con-
sidered. These systems, closed with
appropriate initial and boundary con-
ditions, are highly nonlinear and the
development of well adapted stable,
accurate and affordable numerical

methods is of the greatest importance.
Parallel algorithms and fast large-
-scale computing platforms, opening
up new possibilities in simulation and
visualization, become crucial when
using non-Newtonian solvers for
blood.
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blood. Int. J. Cardiovascular Medicine and Sci-
ence, 4:59-68, 2004.
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namic framework for rate-type fluid models.
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INTRAVASCULAR DANGER SIGNALS GUIDE NEUTROPHILS TO SITES OF
STERILE INFLAMMATION

B McDonald', K Pittman', GB Menezes'*, SA Hirotda?, I Slaba', CCM Waterhouse'>, P L Beck**, DA Muruve'*, P Kubes't

Neutrophils are recruited from the
blood to sites of sterile inflammation,
where they contribute to wound hea-
ling but may also cause tissue dam-
age. By using spinning disk confocal
intravital microscopy, we examined
the kinetics and molecular mecha-
nisms of neutrophil recruitment to
sites of focal hepatic necrosis in vivo.
Adenosine triphosphate released
from necrotic cells activated the
Nlrp3 inflammasome to generate an
inflammatory microenvironment that
alerted circulating neutrophils to ad-

here within liver sinusoids. Subse-
quently, generation of an intravascu-
lar chemokine gradient directed
neutrophil migration through healthy
tissue toward foci of damage. Lastly,
formyl-peptide signals released from
necrotic cells guided neutrophils
through nonperfused sinusoids into
the injury. Thus, dynamic in vivo ima-
ging revealed a multistep hierarchy
of directional cues that guide neutro-
phil localization to sites of sterile in-
flammation [Science 2010;330: 362-
-360].

Ver video: http://videolab.sciencemag.org/54477078001/635318282001/1

! Immunology Research Group, University of Calgary, Alberta T2N 4N1,Canada.
2 Gastrointestinal Research Group, Snyder Institute of Infection, Immunity and Inflammation, University of Calgary, Alberta T2N 4N 1, Canada
3 Department of Pediatrics, Division of Pediatric Gastroenterology, University of Calgary, Alberta T2N 4N1,Canada

4 Department of Medicine, University of Calgary, Alberta T2N 4N1,Canada
* Present address: Departamento de Morfologia, Instituto de Ciéncias Biologicas, Universidade Federal de Minas Gerais, Brazil
+ To whom correspondence should be addressed. E-mail: pkubes@ucalgary.ca
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HEMODILUTION THERAPY USING AUTOMATED ERYTHROCYTAPHERESIS IN
CENTRAL RETINAL VEIN OCCLUSION: RESULTS OF A MULTICENTER
RANDOMIZED CONTROLLED STUDY!

A Glacet-Bernard, M Atassi, C Fardeau, JP Romanet, M Tonini, J Conrath, P Denis, M Mauget-Faysse, G Coscas,

G Soubrane, E Souied

BACKGROUND: Central retinal
vein occlusion (CRVO) leads to poor
visual outcome in most eyes. Abnor-
mal hemorheology was suspected to
play a major role in its pathogenesis.
CRVO treatment is still a matter of
debate but several studies have poin-
ted out the efficacy of isovolumic
hemodilution. The aim of this study
was to assess the feasibility and ef-
ficacy of hemodilution using auto-
mated erythrocytapheresis in recent-
-onset CRVO.

METHODS: In this prospective
randomized controlled multicenter
study, 61 consecutive CRVO patients
were enrolled when they met the fol-
lowing criteria: CRVO lasting for
3 weeks or less, visual acuity ranging
from 20/200 to 20/32, age between 18
and 85 years, no diabetes, no uncon-
trolled systemic hypertension, no anti-
platelet or anticoagulant therapy, he-
matocrit higher than 38%, and signed
informed consent. Patients were ran-
domly assigned to the hemodilution
group (n=31) or to the control group
(n=30). Hemodilution therapy con-
sisted of one session of erythrocyta-
pheresis on outpatient basis, followed
by additional session(s) for 6 weeks if
needed. Target hematocrit was 35%.
Follow-up was 12 months.

RESULTS: No statistical diffe-
rences in age, associated risk factors,

! Department of Ophthalmology, University Paris XII, Intercommunal and Henri-Mondor Hospitals, Créteil, France

agnes.glacet@chicreteil .fr

or CRVO characteristics were ob-
served at baseline between both
groups. Mean visual acuity was
equivalent to 20/80 in the hemodilu-
tion group and to 20/63 in the control
group (non-significant difference).
In the treated group, mean number
of hemodilution sessions was 3.3
(range, 1 to 6), and no major side-
-effects occurred. At the 12-month
follow-up visit, 64.5% of the he-
modilution group had visual acuity
of 20/40 or better compared to 40%
of the control group (p=.048). Vi-
sual change was a gain of 1.7 ET-
DRS line in the hemodilution group
versus a loss of 2.3 lines in the con-
trol group (p=.007). There was less
conversion into an ischemic form in
the hemodilution group (11%) than
in the control group (50%, p=.004).
Mean final retinal thickness was
289 um in the hemodilution group
versus 401 pm in the control group
(p=.068).

CONCLUSIONS: This multi-
center controlled randomized study
demonstrated that automated erythro-
cytapheresis is a safe and effective
tool for performing hemodilution and
confirmed that hemodilution therapy
can improve the final prognosis of
CRVO when applied in the early phase
of the disease [Graefes Arch Clin
Exp Ophthalmol. 2010, Oct 17].
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AGREEMENT BETWEEN ERYTHROCYTE SEDIMENTATION RATE AND
C-REACTIVE PROTEIN IN HOSPITAL PRACTICE!

1 Colombet, J Pouchot, V Kronz, X Hanras, L Capron, P Durieux, B Wyplosz

BACKGROUND: Erythrocyte
sedimentation rate (ESR) and C-re-
active protein (CRP) are frequently
prescribed jointly. The usefulness of
this practice is uncertain.

METHODS: All patients with
ESR and CRP measured at the same
time in an academic tertiary hospital
during a 1-year period were includ-
ed. Concomitant measures of serum
creatinine, hematocrit, and anti-Xa
activity were recorded to study non-
inflammatory cause of increased
ESR. Level of agreement between
ESR and CRP was assessed with
kappa coefficient, and their accuracy
was determined in a medical chart
review of 99 randomly selected pa-
tients with disagreement between
both markers.

RESULTS: Among 5777 patients,
35% and 58% had an elevated CRP
and ESR, respectively. ESR and CRP
were in agreement in 67% of patients
(both elevated in 30%, both normal
in 37%). A disagreement was ob-

! Hospital Informatics and Public Health, Hopital Européen Georges Pompidou, France

served in 33% (elevated ESR/normal
CRP in 28%, normal ESR/elevated
CRP in 5%). The kappa coefficient
showed poor agreement (k=0.38) be-
tween both markers. Review of med-
ical chart showed that 25 patients
with elevated CRP and normal ESR
had an active inflammatory disease
(false-negative ESR). Conversely, 74
patients had elevated ESR and nor-
mal CRP-32% had resolving inflam-
matory disorders, 28% disclosed a
variable interfering with the ESR
measure (false-positive ESR), 32%
had unexplained discrepancies, and
8% had an active inflammatory dis-
ease (false-negative CRP).

CONCLUSION: In hospital
practice, joint measurement of ESR
and CRP is unwarranted. Because of
slow variation and frequent con-
founding, ESR is frequently mislead-
ing in unselected patients. When an
inflammatory disorder is suspected,
priority should be given to CRP. [Am
J Med. 2010; 123(9):863.e7-13]

PMID: 20800157
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REUNIOES CIENTIFICAS REALIZADAS

XXI INTERNATIONAL FIBRINOGEN WORKSHOP

Realizou-se em Roterddo, entre 22 e 25 de Agosto deste ano o XXIth In-
ternational Fibrinogen Workshop (www.fibrinogen.nl).

| 4
IFRS 2010 [RASEC

XXI* International

Rotterdam/Amsterdam, The Netherlands, www.fibrinogen.org

A SPHM esteve representada pela sua Presidente com um trabalho intitu-
lado “Fibrinogen Binding to Erythrocyte Membrane: CD47 a Possible Mo-
lecular Target” da autoria de S. De Oliveira, V. Vitorino de Almeida, A.Cala-
do, H. S. Rosario, C. Saldanha. Este trabalho (realizado na Unidade de
Biologia Microvascular e Inflamacao, Instituto de Medicina Molecular, Ins-
tituto de Bioquimica, Faculdade de Medicina, Universidade de Lisboa) inse-
re-se no projecto, em que a Presidente € a investigadora responsavel, sendo
patrocinado pela Fundagao para a Ciéncia e Tecnologia (FCT). A participacao
no referido evento foi suportada pela FCT e pela empresa farmacéutica Bayer
Portugal.

Boletim da SPHM Vol. 25 (3) Julho, Agosto, Setembro 2010

21



NOTICIAS / NEWS AND INFORMATIONS

9TH WORLD CONGRESS ON MICROCIRCULATION

9th World Congress
for Microcirculation

In conjunction with the

19t EuroChap,

European Chapter Meeting

: / of the International Union of Angiology

‘&.& Malsnn dela Bhimie

FBI‘iS,Franca . a*

Decorreu de 25 a 28 de Setembro, na Maison de la Chimie, em Paris, o
9th World Congress on Microcirculation presidido por Eric Vicaut, membro
da Sociedade Francesa de Microcirculagdo e da European Society for Micro-
circulation, (ESM). O patrocinio cientifico destas sociedades foi acrescido
com o da Australia New Zeeland Microcirculation Society e o da Asian Union
for Microcirculation.
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O prémio Malpighi foi atribuido a Klaus Ley (Fig. 1) que proferiu a pri-
meira licao plenaria intitulada “Leukocyte Rolling”.

Fig. 1 — Axel Pries secretario da ESM entrega o prémio na presenca de Eric Vicaut

A SPHM participou no “Symposium Microcirculation and Blood Cell Mi-
crorheology in Physiological and Pathological State”s” com duas comuni-
cagoes: “Erythrocyte Membrane Binding Fibrinogen” e “Non-Neuronal
Cholinergic System in Human Erythrocytes”. Apresentaram estes trabalhos,
respectivamente, Carlota Saldanha e Pedro Almeida.

Foram ainda expostos dois posters, intitulados “Interaction Study at Mo-
lecular Level of the Hemorheological Parameters Fibrinogen and Erythrocyte”
e "Fibrinogen-dependent Signaling in Microvascular Erythrocyte Function
Implications on Nitric Oxide Efflux”, apresentados, respectivamente, por
Carlota Saldanha e Pedro Almeida. O programa do evento encontra-se em
pdf no site do congresso (http://www.worldmicrocirc.org/).

PROXIMAS REUNIOES MUNDIAIS SOBRE MICROCIRCULACAO

2011 — 8th Asian Congress for Microcirculation
(October 26-28, Bangkok, Thailand, http://www.worldmicrocirc.org/)

2015 — 10th World Congress for Microcirculation
(Beijing, China).
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RESUMOS APRESENTADOS A CONGRESSO

ERYTHROCYTE MEMBRANE BINDING FIBRINOGEN!

C. Saldanha, V. Vitorino de Almeida, H. S. Rosario, J .Pedro Lopes Almeida, S. de Oliveira,

High fibrinogen plasma concen-
tration is considered an independent
risk factor for cardiovascular disea-
ses. A positive association between
plasma levels of fibrinogen and eryth-
rocyte aggregation tendency has been
verified in cardiovascular and meta-
bolic diseases as well as in inflamma-
tory situations.

Studies conducted in vitro show
that soluble and immobilized forms
of fibrinogen favour, by a non-specific
mechanism, red blood cells (RBCS)
aggregates formation.

The aim of the present communi-
cation is to present the effects of fi-
brinogen on RBCs hemorheological
properties, nitric oxide mobilization
and the identity of the molecular
binding target.

When at different shear stress the
erythrocyte deformability (ED) was
measured, fibrinogen decreases RBCs
ability to deform at high shear stress
in dependence of erythrocyte mem-

brane band 3 phosphorylation degree.
Otherwise fibrinogen promotes the ED
in presence of N-ethylmaleimide.

As RBCs are scavenger for nitric
oxide that promoting its efflux at mi-
crocirculatory network we have, in
vitro, verified that fibrinogen abrogate
its efflux promoting nitrite, nitrate
and S-nitrosoglutatione formation.

The presence of the integrin-
-associated protein (IAP) or CD47
was identified by us, in vitro, as the
RBCs membrane molecular target
which binds fibrinogen in blood sam-
ples taken from healthy humans.
When RBCs are separated, in vitro,
by age, according its life span in
blood, we verified a greater binding
between fibrinogen and younger
RBCs in relation to the interaction
with the oldest.

The RBCs signal transduction
mechanism mediate by fibrinogen
has in course which could brings us
novel therapeutically targets.

"' Comunicagio apresentada em 9th WORLD CONGRESS ON MICROCIRCULATION. Estudo realizado na Unidade de Biologia Microvascular e Inflamagdo,
Instituto de Medicina Molecular, Instituto de Bioquimica, Faculdade de Medicina, Universidade de Lisboa, 1649-028 Lisboa Portugal
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INTERACTION STUDY AT MOLECULAR LEVEL OF THE HEMORHEOLOGICAL PARAME-

TERS FIBRINOGEN AND ERYTHROCYTE!

C. Saldanha, V. Vitorino de Almeida, H. S. Rosario, S. de Oliveira

The bridging model explains the
RBC aggregation mediated by ad-
sorbed macromolecules on adjacent
RBC surfaces beyond the electro-
static repulsion forces, membrane
strain and mechanical shearing.

Besides a huge data about the ef-
fect of fibrinogen on erythrocyte ag-
gregation tendency no binding site
has been identified as responsible by
the erythrocyte membrane fibrinogen
interaction.

The aim of this study was to study
the interaction between the erythro-
cytes membrane with different ages,
and plasma fibrinogen in presence
and absence of anti-CD47.

Human erythrocytes from healthy
donors were separated in a percoll
discontinuous gradient. Whole popu-
lation, old, and young RBC were la-
beled with: human fibrinogen (Al-
exa488 or 647) and anti-CD47 (PE).
Flow cytometry analyses were made
ata BD FACS Calibur analyser. RBC
fluorescence images were taken in a
confocal microscope Zeiss LSM
510Meta and were analyzed in com-
puter program ImageJ.

Our results show the existence of
a specific low binding mechanism
between RBC membrane and fibrino-
gen, being higher in younger than in
older RBC. We have observed that
the presence of the CD47 antibody
diminish the interaction of fibrinogen
with the membranes of whole popu-
lation, young and old RBC. These
interactions of was visualized by con-
focal microscopy.

With this study, for the first time,
different level of interaction between
RBC, with different ages, and fibrino-
gen has been verified. Younger RBC
establishes a higher interaction with
fibrinogen than the older ones, even
when erythrocyte aggregation indexes
are higher in the later. Furthermore, we
have observed a decrease in the fibrino-
gen interaction with all the three stud-
ied populations in the presence of anti-
-CDA47 .This data suggests that CD47
could be a possible target for fibrino-
gen, or at least it may have a role in the
interaction of these acute phase protein
with red cell membrane.(Supported by
Fundagdo para a Ciéncia e Tecnolo-
gia: PTDC/SAU-OSM/73449/2006).

! Poster apresentado em 9th WORLD CONGRESS ON MICROCIRCULATION. Estudo realizado na Unidade de Biologia Microvascular e Inflamagéo, Insti-
tuto de Medicina Molecular, Instituto de Bioquimica, Faculdade de Medicina, Universidade de Lisboa, 1649-028 Lisboa Portugal
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NON-NEURONAL CHOLINERGIC SYSTEM IN HUMAN ERYTHROCYTES: BIOLOGICALROLE
AND CLINICAL RELEVANCE!

J. P. Lopes de Almeida, C. Saldanha

Acetylcholine is well-known in
the medical setting as one of the most
exemplary neurotransmitters. Its
ubiquity in nature otherwise suggests
a theoretically diverse spectrum of
action and an extremely early appea-
rance in the evolutionary process. In
humans, acetylcholine and its synthe-
sizing enzyme, choline acetyltrans-
ferase, have been found in various
non-neural tissues such as the epithe-
lium, mesothelium and endothelium,
the muscle, immune cells and blood
cells. The widespread expression of
non-neuronal acetylcholine is accom-
panied by the ubiquitous presence of
acetylcholinesterase and nicotinic/
muscarinic receptors. Structural and
functional dissimilarities are evident
between the non-neuronal and neu-
ronal cholinergic systems. An in-
creasing body of evidence throughout
the last few years has placed acetyl-

choline as a major cellular signalling
molecule in many pathways. Further-
more, numerous erythrocyte physiol-
ogical events in microcirculation are
strongly regulated by acetylcholine.
It is then time to revise the role of
acetylcholine in humans. Its biologi-
cal and pathobiological roles must be
evaluated in more detail to eventu-
ally achieve novel therapeutical tar-
gets. Recent evidence from our Unit
has noted significant findings about
the non-neuronal acetylcholine in red
blood cells, with special regard to (i)
the red cell rheology, (i1) plasma ions
concentrations (iii) nitric oxide (NO)
intracellular translocation and me-
tabolism, and (iv) band 3 protein
phosphorylation. Significant correla-
tions among nitrosylated molecules,
redox thiol status, NO efflux and
hemorheological profile have been
explored in human erythrocytes.

' Comunicagdo apresentada no 9™ WORLD CONGRESS ON MICROCIRCULATION. Estudo realizado na Unidade de Biologia Microvascular e Inflamag@o,
Instituto de Medicina Molecular, Instituto de Bioquimica, Faculdade de Medicina, Universidade de Lisboa, 1649-028 Lisboa, Portugal
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FIBRINOGEN-DEPENDENT SIGNALLING IN MICROVASCULAR ERYTHROCYTE FUNCTION

— IMPLICATIONS ON NITRIC OXIDE EFFLUX!

Lopes de Almeida JP, Saldanha C

Experimental evidence has shown
that plasma fibrinogen plays a key
role as a major cardiovascular risk
factor, acting directly to trigger
erythrocyte aggregation in occlusive
vascular disease. However, due to
the complex and hitherto unclear in-
teraction between fibrinogen and the
erythrocyte membrane, no study has
yet evaluated the effects of fibrino-
gen, under and above physiological
range values, on the erythrocyte ni-
tric oxide (NO) mobilization. Taking
into consideration the potential NO-
-derived molecules, we have raised
the hypothesis that fibrinogen, under
physiological conditions, may act to
influence blood flow via erythrocyte
NO modulation. In this in-vitro
study, whole blood samples were
harvested from healthy subjects and
erythrocyte suspensions were incu-
bated in the absence (control ali-
quots) and presence of different fi-
brinogen concentrations and the
levels of NO, nitrite, nitrate and

S-nitroglutathione (GSNO) were de-
termined. Our results show, after
comparing with control aliquot, that
the presence of fibrinogen modulate
the NO mobilization in erythrocyte
by: (1) decreasing the erythrocyte
NO efflux levels (p<0.001); (2) in-
creasing the levels of intraerythro-
cytic NO oxidative metabolites
namely nitrite (p<0.0001) and ni-
trate (»<0.0001); (3) enhancing the
formation of GSNO (p<0.001). In
conclusion, this study gains new in-
sights into an unknown mechanism
by which fibrinogen modulates the
erythrocyte capacity to supply nitric
oxide, which effects on inflamma-
tion profiles (generally associated
with blood hyperviscosity and hy-
peraggregation) still need to be elu-
cidated. Also, increased erythrocyte
GSNO levels may be associated with
platelet NO metabolism, its activa-
tion status and hypotension, which
may be extremely relevant in the
clinical setting as biomarkers.

! Poster apresentado em 9™ WORLD CONGRESS ON MICROCIRCULATION. Estudo realizado na Unidade de Biologia Microvascular e Inflamagéo, Insti-
tuto de Medicina Molecular, Instituto de Bioquimica, Faculdade de Medicina, Universidade de Lisboa, 1649-028 Lisboa Portugal
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FIBRINOGEN BINDING TO ERYTHROCYTE MEMBRANE: CD47 A POSSIBLE MOLECULAR

TARGET!

S. de Oliveira, V. Vitorino de Almeida, A .Calado, H. S. Rosario, C. Saldanha

During the last decades, several
studies have shown that high levels
of plasma fibrinogen induce erythro-
cyte hyperaggregation, suggesting a
possible interaction between this
protein and red blood cells, (RBCs).
Importantly an increased of the
thromboembolic risk, in several car-
diovascular disorders, is usually as-
sociated to both of these hemorheo-
logical parameters. There is a theory
saying that the fibrinogen interacts
with the surface of RBCs due to spe-
cific and non-specific mechanisms
could be the main trigger to RBC
hyperaggregation under inflamma-
tory conditions. We hypothesize that
human RBCs are able to specific
bind soluble fibrinogen, and a mem-
brane molecular target should be re-
sponsible for this phenomenon, al-
though no one until now has pointed
out one.

In this work we have applied two
different techniques: fluorescent con-
focal microscopy and flow cytometry.

RBCs were isolated and separated in
different age fractions from whole
blood collected from healthy donors.
The data collected in both techniques
support the idea that soluble fibrino-
gen binds to human RBC membrane
interacting with it in an age-dependent
manner. The youngest RBCs have
shown to have higher interaction with
soluble fibrinogen than the oldest.
Importantly in this work we also
point out to a specific molecular tar-
get for soluble fibrinogen at RBC
membrane, the integrin-associated
protein (IAP) or CD47.

Our work describes for the first
time a specific and age-dependent
interaction of soluble fibrinogen with
human RBC membrane and we point
out CD47 (human RBC isoform) as
a possible molecular target for this
acute phase protein. This interaction
may well be responsible for a spe-
cific mechanism that under inflam-
matory conditions triggers erythro-
cyte hyperaggregation.

! Comunicagdo apresentada em XXI INTERNATIONAL FIBRINOGEN WORKSHOP. Estudo realizado na Unidade de Biologia Microvascular e Inflamagao,
Instituto de Medicina Molecular, Instituto de Bioquimica, Faculdade de Medicina, Universidade de Lisboa)
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REGRAS DE PUBLICACAO / INSTRUCTIONS TO AUTHORS

CONVITE

A Sociedade Portuguesa de Hemorreologia e Microcircu-
lacdo (SPHM) aceita para publicacao no seu BOLETIM artigos
de curta extensdo. O Boletim ¢ editado quatro vezes por ano
em formato de papel ¢ electronico (www.hemorreologia.com),
sendo ), sendo distribuido gratuitamente aos socios, individu-
alidades e instituicoes cientificas e culturais.

INSTRUCOES
1. Todos os textos enviados para publicagdo estdo sujeitos a
apreciagdo editorial e aprovag@o. A decisdo ¢ baseada no

mérito cientifico e cultural dos trabalhos.

2. Sao aceites somente os trabalhos preparados em versao op-
tica (PDF ou Microsoft Word).

3. Os textos devem ser redigidos em Portugués ou Inglés.

4. Os manuscritos com o pedido de publica¢dao devem ser en-
viados por e-mail ao Editor (carlotasaldanha@fm.ul.pt).

Comunicag¢des Originais (artigos curtos) — Os textos serdo
considerado para publicagdo rapida, com a seguinte estru-
tura: Sumario (50-70 palavras), Introducao, Material e M¢é-
todos, Resultados, Discussdao e Conclusdes. O(s) autor(es)
sdo estimulados a englobar em conjunto os resultados, dis-
cussdo e conclusdes.

(Extensdo maxima do texto: 5 a 6 padginas a um espaco
(letra de corpo 11), incluindo figuras tabelas e quadros(e
respectivas legendas),agradecimentos e até 30 referéncias
bibliograficas).

— Artigos de Revisdo — O BOLETIM tera a maior satisfacao

em acolher curtas revisdes sobre assuntos de particular in-
teresse, no ambito da Hemorreologia, Microcirculagdo ou
assuntos de ambito médico ou de outras areas cientificas
afins, que sejam submetidos directamente para publicagido
ou mediante convite especial do Editor.
(Extensdao maxima do texto:8 a 10 paginas ( letra de cor-
po 11) incluindo figuras, tabelas, quadros, fotos (e respec-
tivas legendas), agradecimentos e até 60 referéncias bi-
bliograficas).

INVITATION

The Portuguese Society on Hemorheology and Microcir-
culation (Sociedade Portuguesa de Hemorreologia ¢ Micro-
circulagdo, SPHM) is pleased to welcome short papers for
publication in its BOLETIM. This publication, in paper and
online (www.hemorreologia.com), is distributed four times a
year free of charge to the members of the Society.

INSTRUCTIONS

1. All submitted manuscripts are subjected to editorial review
and approval. The decision to publish is dependent on the
scientific and cultural merit of the papers.

N

. Only contributions prepared and submitted as optic version
(PDF or Microsoft Word), will be accepted.

3. Texts must be written in Portuguese or in English.

i

. All scientific contributions, including manuscript submis-
sion and further correspondence should be addressed by
email to the Editor (carlotasaldanha@fm.ul.pt)

Original Communications — Manuscripts may be considered
for rapid processing as short communications. All manus-
cripts should be arranged in the following sections: Abstract
(50-70 words), Introduction, Material and Methods, Results,
Discussion, Acknowledgements and References. The
author(s) may combine some of the sections normally in-
cluded in a full paper, namely the results, discussion and
conclusions.

(Maximum communication length — 5-6 single spaced typed
pages, including figures, tables, legends, acknowledgments
and up to 30 references).

— Short Reviews — The BOLETIM will publish reviews on
subjects of particular interest in its field, either following a
special invitation or a submission by the author, and in the
latter case only after approval by an Editorial Board mem-
ber. Further information can be obtained from the editor.
(Maximum review length — 8-10 full pages, including figu-
res, tables, photos, legends, acknowledgments and up to 60
references)
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