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ABSTRACT

Objective: To quantitatively evaluate the role of fibrinogen (I'b) as a determinant of leukocyte (WBC)
margination in postc aplﬂaw venules in light of its ability to induce red blood cell (RBC) aggregation
with reductions in shear rate (y) and increase adhesiveness of WBCs to endothelium (EC).

Methods: Red cell aggregation (RCA), WBC margination (flux at the EC), rolling velocity, and adhe-
sion to the EC were measured in rat mesenteric postcapillary venules upon rcdumw y, prior to and
following systemic infusion of Ib. Proximal Occluqmn of feeding microvessels w 1lh a blunted probe
fduhtdted reductions in 7 from 600 to 50 s=!. An index of aggregation (G) was derived from light-
scattering properties of RBCs, where G was proportional to the number of RBCs per aggregate. WBC
margination was measured as the percentage of total luminal WBC flux that rolled on the EC, F7§ ..

Results: For normal levels of I'b (0.07 g%), reductions in y resulted in a 4-fold rise in F'{;, and no
change in G as y was reduced to 50 s~!. Infusion of I'b to achieve a plasma concentration to 0.7 ¢%
caused a modest 20% increase in G and a 2.5-fold increase in /73 at ¥ =50 s~ WBC-EC adhesion
appeared to increase significantly, but much less than with infusion of high molecular weight dextran
(Dx). With Dx, ¢ increased 3-fold, with reductions in y, but F3. Hl(It‘dSt‘d only half the amount
incurred with Fb at low shear. The greater margination in the presence of Fb results from RBC rouleaux
that promote radial migration of WBCs. In contrast, clumps of RBCs resulting from high molecular
weight Dx entrain WBCs within plasma gaps along the vessel centerline.

Conclusions: In the presence of Fb. margination of WBCs increases dramatically at low shear due to
rouleaux formation, which enhances radial migration of WBCs. This effect is much greater than with Dx
because disruption of the much weaker Fb induced rouleaux precludes reductions in Hhicro, whereas
clumping aggregates induced by Dx form plasma gaps. Thus, modest levels of RCA caused by increased
Fb may greatly enhance margination and with an enhancement of adhesiveness synergistic dll) promote

firm WBC-EC adhesion in ﬂle low flow state.
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INTRODUCTION

Fibrinogen, well known for its role in thrombosis
and hemostasis, is recognized as an important lig-
and between blood cellular elements. It is the princi-

pal bridge between adherent platelets with specificity
for the gp [Ib/1lla receptor on the platelet membrane
(7). In concert with the large serum globulins, it is
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responsible for erythrocyte aggregation attendant to
reductions in shear rate (5), and has also been found
to support white blood cell (WBC) adhesion to the
endothelium (EC) by serving as a ligand between
ICAM-1 (CD54) on ECs and V[ac 1 (CD11b/CD18)
on leukocytes (16,17). Thus, because of its major
contribution to red cell aggregation (RCA) and WBC-
EC adhesion it may play an important role as a deter-
minant of the sequence of WBC margination, rolling,
and firm adhesion that precede WBC diapedesis in
the inflammatory process.

As blood exits the true capillary network, the ra-
dial migration of WBCs toward the postcapillary EC
(margination) revolves around the dynamic interac-
tions between RBCs and WBCs that result in a phase
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separation of RBCs and WBCs (30). Individual red
cells and aggregates of red cells tend to displace the
WBC toward the venular wall, thus promoting the
initial contact between WBC and EC that leads to
sustained rolling and subsequent firm adhesion. Us-
ing techniques to induce RCA with the polysaccha-
ride dextran, in vitro studies (11,24) have demon-
strated enhanced margination in response to RCA in
small-bore glass tubes. The observation of enhanced
margination arising from amplified RCA has long
been observed in vivo by intravital microscopy (33).
However, the lack of suitable techniques to quan-
titatively assess the extent of RCA has hindered an
evaluation of its role in affecting WBC-EC contact.
To overcome these limitations, recent studies have
employed optical techniques to derive quantitative
correlates between RCA and margination in response
to high molecular weight dextrans (27). By measure-
ment of the light scattering of red cell aggregates at
multiple w. avelenﬂ‘rh% a measure of the Pffecnve size
of the light scattering paltlcles was used to define an
index 0[ aggregation that could be readily obtained
in postcapillary venules of the mesenteric microcir-
culation. Inducing a threefold increase in RCA at low
shear rates with hlgh molecular weight dextran re-
sulted in an almost twofold increase in the rolling
flux of WBCs at the venular wall, and disaggrega-
tion with low molecular weight dextran resulted in
a two-thirds reduction in rolling flux. Concomitant
increases in firm WBC-EC adhesion positively cor-
related with RCA, presumably due to the enhanced
probability of WBC-EC contact arising from sus-
tained rolling caused by RCA.

Elevated levels of fibrinogen have long been identi-
fied as a risk factor for the onset of cardiovascular
disease (9), and have been associated with numerous
disorders, such as inflammation (3.,31), hyperten-
sion (18), coronary heart disease, and atherosclerosis
(19). The risk of cardiovascular disease has been pos-
itively correlated with elevated fibrinogen levels in a
range of 0.13-0.70 g% (15). Hence. an assessment of
the eﬁectlveness of fibrinogen induced RCA in mod-
ulating WBC margination may provide new insights
into the pathogenesis of these disorders. Within this
framework, an exploration is presented here of the
underlying hypothesis that elevated fibrinogen lev-
els may promote WBC-EC interaction through en-
hanced margination arising from its effect on RCA,
and increased WBC rolling due to enhanced adhesive
interactions. To this end, systemic fibrinogen levels
were increased by infusion via the jugular vein, and
the extent of RCA in mesenteric venules was mea-

sured over a physiologically relevant range of wall
shear rates by gently occluding proximal arterioles
with a blunt probe. Quantitative measures of the de-
gree of aggregation were obtained by spectrophoto-
metric measurement of the light scattering properties
of red cells within the wenules. These ddld were con-
trasted to levels of RCA attained in vivo with high
molecular weight dextrans to interpret these usults
in light of lev el@ of RCA typically studied by in vitro
Vlscometly.

METHODS

Male Sprague-Dawley rats (367 £ 51 g) were anes-
thetized with sodium pentobarbital (35 mg/kg, ip).
Following tracheostomy, a jugular vein and carotid
artery were cannulated with polyethylene tubing
for infusions of supplemental anesthetic or ﬁbrmo—
gen and for monitoring systemic arterial pressure
or removing blood samples, respectively. The in-
testinal mesentery was exteriorized and suffused
with warmed (37 £ 1°C) HEPES-buffered Ringer’s
(4.20 mM HEPES, 0.126 M NaCl, 22.85 mM
NaHCO3, 3.43 mM KC] 10.5 mL 2.75% w/v CaCls)
with 1% 275 bloom Gelatin (Fisher), pH 7.4. An
intravital microscope, with transillumination from a
150-W xenon lamp, 13x/0.22 NA objective and 10x
eyepiece, was used to view vessels in a selected seg-
ment of the mesentery. A single postcapillary venule
(53 £ 11 SD pum diameter) far (>1000 pwm) from in-
lets or outlets was selected for observation. A blunted
micropipette, held in a micromanipulator, was used
to gently compress a proximal arteriole to reduce wall
shear rates (y)

RBC velocities (Frpc) were measured along the vessel
center line by the 2-slit photometric technique (34),
and mean velocities (Jyzan) were obtained from the
empirical relationship Fgrpc/1.6 (2). Luminal diam-
eters (D) were measured by the video image shearing
method (IPM, model 908) (12). Wall y was calcu-
lated as for a Newtonian fluid (i.e., y = 8 Vvpan/D).

Hematocrit, WBC counts, and differential WBC
counts were measured for blood samples removed
from the rat. High concentration (~4 ¢%) fibrinogen
stock solutions were prepared by slowly dissolving
1 g porcine fibrinogen (Sigma) in 10 mL Phosphate-
buffered saline (PBS) (Sigma) at 37°C, pH 7.4. This
solution was then centrifuged at 2500 rpm for 10 min
to remove any precipitates, and the remaining solu-
tion was dialysed overnight against PBS to remove
any impurities. The centrifugation was repeated
to remove any additional precipitates. The final



solution was stored in 1.8-mL aliquots at —20°C until
needed. The concentration of fibrinogen stock solu-
tions was measured using the thrombin clotting tech-
nique (29); absorption was measured at 280 nm on
a Shimadzu UV-160A spectrophotometer.

Fibrinogen solutions were tested for the presence
of endotoxin using the gel-clot Limulus assay
(Biowhitaker), and were found to range from 4 to
4000 EU/mL. To determine if the upper limit of
endotoxin has a significant effect, separate exper-
iments were conducted to measure changes in the
flux of WBCs that rolled along the ondothchum in
mesenteric postcapillary Venuleb following an equiv-
alent endotoxin challenge. Flux was measured as a
function of time following systemic administration of
7.3 ng/kg LPS from E. coli serotype 0127:B8 (Sigma-
Aldrich). Regression analysis of flux F vs. time £ re-
vealed no 51gn1f1( ant chdngc for 6 venules over a
60-min postinfusion period, with £'/Fprginrusion =
1.014 + 0.00533x ¢, B> = 0.0716, and p = .206
(t test of R). Thus, the short duration of these ex-
periments precluded adverse effects due to endotoxin
contamination. The dextran solutions used for com-
parison, had no detectable endotoxin (<0.25 EU/
ml.).

For study of the effects of RCA on WBC margina-
tion, hemodvndml( measurements were made before
and after a single isovolemic exchange of blood with
1.8 mL fibrinogen stock solution, warmed to 37°C.
Plasma fibrinogen levels were measured before and
after fibrinogen exchange by the thrombin clotting
technique (29), and found to increase 8-fold. RCA
measurements were made at a series of shear rates y
before and after the fibrinogen exchange, and flow at
each shear rate was recorded on video for approxi-
mately 3 min for off-line analysis. The video record-
ings were used to count the flux of WBCs rolling or
sticking to the wall and to calculate the average WBC
rolling VeIO( ity Nygc.

Microvessel hematocrit H,yicro and an index of ag-
gregation G were derived from optical density (OD)
measurements of postcapillary venules measured in
real time at 2 isobestic wavelengths, 520 and 546
nm. H.,, was calculated from the difference in op-
tical densities at these 2 wavelengths (22) and vessel
diameter (D) as Hyicro = KAOD/D, where AOD =
ODs46 — ODs5g9, and K is a constant of proportion-
ality. As shown previously (22), Hyicro corresponds
to the tube hematocrit, defined as the percentage of
packed cells that occupy the vessel at any instant of
time, in contrast to the discharge hematocrit, which
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represents that value obtained by collecting the efflu-
ent of the tube.

The index of aggregation G was calculated from the
magnitude of the scattering component (ODgcar) of
the total optical density (ODrorar,), assuming that
the latter equals the sum of ODgcar and an absorp-
tion component, ODABS‘, ie., ODrorar, = ODgcar +
ODgs. Derivation of G has been described previously
(27). In brief, ODgcar may be assumed equal at 2
closely spaced wavelengths and may be determined
from the measured ODypgs520 and ODypss46 by tak-
ing advantage of the fact that the ratio of molecular
extinction coefficients of hemoglobin at these wave-
lengths is approximately 2, to yield the relationship
that ODgcat = ODsps 500 — AOD The index of aggre-
gation may then be derived using Twersky’s 1heou
for the light scattering of large pdrtmks of a given
diameter and volume (32) to obtain the relatlonshlp

ODstsat = _]Og [1 — (1 — (]0)07%(‘] _ 10—00(7%)()]
(1)

where ag and o are parameters dependent on the
numerical aperture of the microscope objective. the
indices of refraction of the suspending medium and
red cells, and wavelength. X represents the contribu-
tion of hematocrit and optical pdthlendth (diameter)
and is defined as X = D(Hyiicro — HMI(,IR())' Values for
ap and go were obtained for a nonaggregating RBC
suspension in Ringer’s solution while flowing through
glass tubes at high shear rate (22). To compensate for
differences in index of refraction between the glass
tubes and in vivo microvessels, values of ag and ¢g
were adjusted to yield a value of G=1i in postcapil-
lary Vf‘Illllf‘S at shear rates above 350 s~ as detailed
prewously (27). Values of G correspondmg to mea-
surements of ODscat, Hwvicro, and D were obtained
from equation 1 by the iterative Newton—Raphson
method. Under idealized conditions of a suspension of
aggregates composed of spherical particles of a given
diameter, G represents the number of particles per ag-
gregate. Thus, for a completely dissagregated state,
G = 1 implies one red cell per aggregate, and as ag-
gregation proceeds, G takes on a value proportional
to the number of particles per aggregate.

WBC margination was quantified as the percentage
of total WBC volumetric flux that rolled along the
venular wall, F'yp as defined previously (10). This
parameter was calculated as the ratio of the flux of

WBCs rolling along the wall (fwpc, cells/s) to the
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potentially maximum convective WBC flux within
the lumen of a microvessel, fyiax. Luminal WBC flux
(/max) was calculated from the product of bulk vol-
umetric flow rate (Q = Pvpan D> /4) and systemic
leukocyte count [WBCgys], cells per unit volume (ob-
tained by Coulter counter), and the ratio of fwgc /fyax
was calculated as

Jwac
[WBCsys]Pvran (mD? /4)

(2)

Fwpe =

The variation of Fype among the ensemble of mi-
crovessels studied was minimized by normalizing
with respect to its value at high wall shear rates of
~450 571v ie., FT’VBC = FWBC/FWBC,;‘/=4505*1 .
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RESULTS

Systemic Effects of Fibrinogen Infusion

The effects of the fibrinogen (Fb) infusion protocol
on systemic hemodynamics were assessed in terms
of changes in systemic arterial pressure (P,.). In
comparison to administering dextran 500 (Dx500)
in Sprague-Dawley rats, where P, dropped by 50%
following infusion due to an anaphylactic reaction
(13). fibrinogen caused no such drop. Approximately
2 mL blood was removed via the carotid artery and
used to measure hematocrit, WBC counts, and
fibrinogen concentration. This withdrawal of blood
resulted in a significant drop in P, from 135 %
9 to 95 £ 26 mm Hg (SD). This volume of blood

was slowly replaced with fibrinogen stock solution

-
e

Figure 1. Sequential photographs during a 1-s period of time (A-D) of RBC aggregates flowing slowly through a
precapillary bifurcation following administration of fibrinogen. Fibrinogen results in formation of large rouleaux, in
contrast to clumps of RBCs formed by Dx500 as seen in Figure 2. Red cell velocities and vessel diameters are indicated
for each branch. As the rouleaux enter the branch they are easily deformed as they impact the wall at the bifurcation
point and tend to coil up (¢) resulting in larger aggregates that are eventually broken apart as flow enters the daughter

branches.



(~4 g%), following which P, recovered to 126 +
20 mm Hg (SD) within 5 min. The recovered P,
was not significantly different (paired ¢ test, p > .12)
to the preinfusion value. Following this isovolemic
exchange, the animal was allowed to stabilize for 15
min prior to making hemodynamic measurements
in venules.

To determine if fibrinogen resulted in WBC ac-
tivation, the nitro-blue tetrazolium test (25) was
performed on blood samples taken from the carotid
artery. No evidence of WBC activation was found
in either blood samples taken after fibrinogen was
infused and allowed to circulate for 1 h or with
in vitro samples of WBCs incubated with 0.8 g%
fibrinogen for 1 h.

Venular Hemodynamics in Response
to Fibrinogen Infusion

The aggregating effect of the infused fibrinogen is il-
lustrated in Figure 1 for a sequence of video frames
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digitized over a 1-s period at 4 discrete time intervals
during reductions in shear rate induced by a proximal
partial occlusion of the feeding arteriole. Fibrinogen
resulted in the formation of red cell rouleaux, in con-
trast to the clumping-type aggregation common with
Dx500 (Figure 2). The formation of rouleaux com-
pared to clumps is indicative of the lesser strength
of the adhesive bonds between aggregates with fib-
rinogen. Flow velocities and microvessel diameters
are shown for parent and daughter branches of the
bifurcations shown in Figures 1 and 2. In Figure 2,
a tether can be seen between two aggregating RBCs.
Tethers were often found after either fibrinogen or
Dx500 infusion. However, at 0.74 £+ 0.24 g% fib-
rinogen, much weaker tethers formed than for 3.0 g%
Dx500. The stronger tethers with Dx were indicated
by greater deformations of RBCs during the disrup-
tion of tethered aggregates, a longer time to disrupt
tethers, and a longer length of the tether at the mo-
ment of rupture. Microscopic in vitro observations of
RBCs suspended in various concentrations of Fb up

Figure 2. Sequential photographs in time (A-D) of rat RBCs flowing through a precapillary bifurcation after ag-
gregation was enhanced by iv infusion of Dx500. Clumping-type aggregates (a), which tend to bind the RBCs more
vigorously compared to the fibrinogen (Figure 1), can be seen that must be broken apart to permit RBCs to pass through
the capillaries. A tether formed between a stationary RBC (s) and an aggregate (a) that moves slowly away is seen in
A-C, and breaks in D, thus signifying the greater strength of aggregates formed with Dx.
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to 3 g% revealed increasing numbers of tethers at
higher I'b concentrations.

Shown in Figure 3 is the time course of microvessel
hematocrit ([[\“( ro, RBC velocity Vrpe), and shear
rate y in postcapillary venules before and after infu-
sion of fibrinogen. Circulating fibrinogen levels were
increased from 0.09 £ 0.08 (control) to 0.74 %
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Figure 3. Microvessel hematocrit (Hyicro), red cell ve-
locity, and shear rate, before (@) and after (o) a single in-
travenous infusion of fibrinogen (by isovolemic exchange)
to attain a systemic concentration of 0.72 g%. Hyicro did
not change bl"lllh(dllth (t test on slopes, p > .50) with
time either before or after the infusion of fibrinogen. Also
shown (dotted curve) are the data obtained aftel Dx500
infusion, which results in a significant drop in Hyicro (p
< .05). Shown are the means + SE of the number of mea-
surements indicated in parentheses for a total of 12 post-
capillary venules.

0.24 SD g%. For 1 h prior to and following the in-
fusion, all parameters remained invariant erh time
(¢ test on regression slope, p > .42). There was a
small (12%) drop in Hyicro following the fibrino-
gen infusion. Also shown in Figure 3 are data (dot-
ted lines) for 3.0 & 0.5 g/dL. Dx500 from a previous
study (27) as a comparison. When Dx500 was in-
fused, Hyicro decreased by 35%. For both Dx500
and fibrinogen, Frpc and y changed by a similar
amount.

A summary of hemodynamic parameters for all
venules studied is shown in Table 1. Followi ing fib-
rinogen infusion, venule diameters were 1.1nchanged
(paired ¢ test, p > .34). Prior to the microocclusion
to induce a low-flow state, Vrpc and y decreased sig-
nificantly (paired ¢ test, p < .011) with infusion of
fibrinogen, and systemic WBC count also dropped
elomflcantlv by 36% (paired ¢ test, p < .001). WBC
dlfferemlal counts showed a %lﬁnlfl(’allf (paired ¢ test,

p < .001) increase in neutrophlls from 241 £ 7.0

to 49.2 + 18.1% and decrease in lymphocytes from
73.9 + 7.6 to 50.2 £ 18.0% of total. This decline
in WBC count resulted in a 55% drop in the poten-
tially maximum WBC flux within the vessel (calcu-
lated with equation 2). In contrast, the marginating
WBC flux increased by 29%. Changes in Fgpe and
y with b were similar to those observed previously
with Dx500 (27). However, systemic and microvessel
hematocrits dropped more substantially with Dx500,
and systemic WBC count dropped substantially less.
With Dx500, the marginating flux did not change af-
ter infusion (27), suggesting a lesser increase in WBC
margination than observed with fibrinogen.

A comparison of WBC rolling velocity (Jwpe) and
shear rates is presented in Figure 4 for data grouped
at high shear rates (>350 s~1), and low shear rates
(<250 s7!) induced by the microocclusion protocol.
Following fibrinogen infusion, Fygq decreased sig-
nific dntlv by 16% at low and 38% at high y, whmh
was not as great as when Dx500 was used where a
decrease of 39 and 49% was observed respectively
(Figure 4A). To account for the diminished shearing
forces acting on the WBC with reductions in shear
rate, the ratio of Nyic to Yy was taken as a measure of
the strength of the adhesive interaction between WBC
and EC (Figure 4B). This parameter showed a drop
of 10% atlow y and 35% at high y, which was not as
great as observed with Dx500, where a drop of 32%
at low y and 46% at high y was observed. Follow-
ing fibrinogen infusion WBC adhesion (per 100 um
vessel length) increased by 70 and 102% at low and
high y, respectively, whereas Dx500 caused a greater
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Table 1. Hemodynamic parameters in response to infusion of fibrinogen
Venule RBC Wall Max Marginating Fraction of Normalized
diameter velocity  shear rate Hgyg Hyicro [WBCsys] luminal flux Flux luminal WBC margination
(pem) (mm s ') () (%) (%) (cells/mm?) (cells/min) (cells/min)  flux F'yywee (%) index Iy
Preinfusion 529 £ 11.0 45+2.0 424+160 483 +£206 359+53 9704 +2949 3861 £2796 232+ 134 0.98 £ 1.01 1.47 £ 1.38
Postinfusion 52.8 £11.2 35+ 1.6 342*+£160 45.0+£2.6 35373 0167 £28069 1728* £1207 30.0 £9.1 2,67 +£2.21 5.42* £5.73

Note. Shown are hemodynamic parameters and maximum lumen and average marginating WBC fluxes (mean £ SD), measured in 12 venules, and the fraction (Fwgc)
of the lumen flux as defined by equation 2. F{;. is the WBC flux, normalized to its preinfusion (Fb or Dx) value at high y.

*Significant difference between pre- and postinfusion values, p < .05.

increase of 94 and 311%, respectively (Figure 4C).
At low and high values of y, the normalized frac-
tional flux of marginating WBCs (F{;.) increased
significantly with increa scd Fb, but to a lesser extent

following Dx500 (Figure 4D).
When sulfated Dx500, known to inhibit WBC rolling

(20), was infused ~60 min after the fibrinogen sam-
ple, at a concentration of 0.03 g%. systemic WBC
counts were seen to rise again to their preinfusion
levels. This behavior suggests that the increase in the
number of rolling WBCs, was consistent with an in-
crease in the marginating pool and a concomitant
decrease in systemic WBC count.

Effects of Reductions in %, RCA,
and WBC Margination

With reductions in y, the extent to which RCA af-
fected the radial migration of WBCs was markedly
different for Fb and Dx, as illustrated in Figure 5
for an induced low-flow state (y < 50 s7'). The
rouleaux resulting from Fb served to exclude WBCs
from the axial core and maintain their rolling contact
with the EC (Figure 5A). In contrast, the clumps of
cells formed in the presence of Dx promoted the for-
mation of plasma gaps, within which WBCs became
entrained and sequestered along the vessel centerline

(Figure 5B).
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Figure 4.

(A) WBC rolling velocity (Mwpc), (B) Fwpe normalized with respect to prevailing shear

rates, y, (C) the

number of WBCs adhering to the endothelium per 100 pm venule length (WBCapiigrep ), and (D) the WBC marginating

. .. o o -1 *
flux, normalized with respect to flux at y = 450 s™ (£

= Fypo/Fwic.y=430); at low (3 < 200 s7!) and high (y >

350 s71) shear rates, before and after fibrinogen or Dx500 (27) infusion. The bars indicate means £ SE and the number
of measurements are given in parentheses. *Significantly different from control using Mann—Whitney rank sum test

(p <.001); TSIO‘]Hth]]T difference between Dx d‘[]d Fb.



Fibrinogen, leukocyte margination, and adhesion

302 MJ Pearson and HH Lipowsky

Figure 5.

Mlustration of the distribution of RBC aggre-
gates and WBCs in postcapillary venules during an induced

low flow state (7 < 50 s™!), with (A) fibrinogen (0.7 g%)
and (B) 500 kDa dextran (3 g%). The red cell rouleaux
formed by fibrinogen served to exclude WBCs from the
axial core and promote their radial migration toward the
endothelium. The clumps formed by dextran resulted in
numerous plasma gaps which entrained WBCs along the
venule centerline.

To illustrate the graded variation of RCA with re-
ductions in shear rate, in vivo measurements of the
aggregation index G with reductions in y are shown
in Figure 6. Prior to the Fb infusion its circulating
autologous level equaled 0.07 g% and G remained
unchanged with reductions in ¥ from 600 to 50 s~!
suggesting little or no RCA. Following fibrinogen in-
fusion, G was significantly increased by 20% as y
cell below 250 s~! (rank sum test, p < .04). Also
shown in Figure 6 are the prior results (27) using
Dx500 (dashed line), which demonstrate a much
larger (200%) increase in RCA for Dx500, compared
to Fb below 250 s~'. With Dx500, the level of RCA
was significantly greater than that following infusion
of Fb for shear rates less than or equal to 150 s~!

The corresponding normalized index of WBC
margination (F{.) is shown in Figure 7. Prior to
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Figure 6. Variation of the aggregation index () with re-
ductions in wall shear rate (y) for the indicated plasma
concentrations of fibrinogen (solid) or Dx500 (dashed)
(27). Control measurements of G for native plasma with
[Fb] = 0.07 2% (e) did not change significantly with re-
ductions in y induced by a blunted microprobe. Infusion
of either fibrinogen (o) or Dx500 (O) resulted in signif-
icant increases in G as y was reduced below 350 s~!.
*Significantly different from control using Mann—Whitney
rank sum test, p < .04. Significant difference between

Dx500 and Fb data (p < .05). Each point represents the
mean =+ SE.

fibrinogen infusion (Fb = 0.09 g%), F'§ 5, increased
as ¥ decreased from ~600 to 50 s~!. After fibrino-
gen infusion (Fb = 0.71 g%), F{. was elevated
compared to preinfusion levels at all y and increased
much more rapidly as y was reduced below 150 s7!
(p < .001, rank sum test). Below this shear rate, the
margination remained constant (p > .09, rank sum
test). Also shown is F{. after infusion of Dx500
(dashed line), where it appears that F'{;. does not
rise with reductions in y as rapidly as for fibrinogen,
and only increased from control below 350 s~ Thus

fibrinogen induced far more WBC margination than
Dx500 at all y.

DISCUSSION
The present study of the influence of RCA on WBC

margination addresses 2 fundamental determinants
of the resistance to blood flow in the microcircula-
tion: RCA. which acts through the increase in bulk
viscosity of the suspension with reductions in shear
rate (5), and WBC-EC adhesion, which may increase
flow resistance by obstruction of the venular lumen
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Figure 7. The margination of WBCs corresponding to
the aggregation measurements of Figure 5 is presented in
terms of the WBC rolling flux (#'wgc, cells/min), normal-
ized with respect to its value in each of the 12 venules at
high values of y = 450 s ie., A se = Fwese/Fwec y=450-

Fype increased exponentmﬂv with decreasing y prior to
fibrinogen infusion (e). Following fibrinogen infusion to
a(:hieve a plasma concentration ()f 0.71 g% (o) £y in-

creased 2-fold as y was reduced to 150 S717 at which point
a plateau was reached for further reductions. Also shown
(dashed line) are the Dx500 (27) data for comparison.
*Denotes a significant increase with Dx500, as assessed by
the Mann—Whitney rank sum test (p < .05). Significant
difference between Dx500 and Fb data. Each point repre-
sents the mean £ SE.

(21). With regard to the latter, it appears logical to
postulate that any rheological mechanism that pro-
longs the contact of WBCs with the venular EC may
enhance the probability of forming an adhesive con-
tact, as in the case of selectin mediated WBC rolling
on the endothelium (20). Previously, it was 5hown
that artificially inducing RCA with hwh molecular
weight dextran (DXOOO) enhances margination by
maintaining rolling contact of WBCs on the EC (27).

While RB(AS may 1nd1v1duallv initiate the first con-
tact of WBCs with the EC by the radial displacement
of WBCs toward the vessel wall (30), the presence of
red cell aggregates tends to inhibit the rapid remix-
ing of WBCs into the central core, thus prolonging
the margination process.

The role of RCA as a factor that enhances the resis-
tance to flow is fraught with controversy. Although
bulk viscosity increases with reductions in y, as btud—
ied by in vitro viscometry (5), the resistance to flow
in small-bore tubes does not necessarily exhibit the
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same correlation. In vitro studies with glass tubes
comparable in size to microvessels (28) have sug-
gested that the apparent viscosity of blood may de-
crease with onset of RCA, presumably because of ex-
clusion of aggregates from the tube entrance or their
radial migration toward the axial core of the tube. In
contrast, direct in vivo hemodynamic measurements
in normal (23) and low-flow states (4) reveal a dra-
matic rise in apparent viscosity and increased resis-
tance with reductions in shear rate. It has been sug-
gested that the behavior of aggregates at the entrance
to successive arteriolar bifurcations and venular con-
fluences may be a source of increased resistance to ex-
plain the basis for this disparity. It has also been pos-
tulated that the increased viscosity that arises from
RCA may be negated by the migration of red cell ag-
gregates to the central axial core of small vessels (14).
However, in vivo studies of the trajectories of red cell
aggregates in venous vessels reveal that this effect is
small and that a blunting of the velocity profile may
be the dominant effect (14)

Resistance to Blood Flow

A major difficulty in studying the effects of RCA
on the in vivo resistance to flow arises from the
method for inducing RCA. The introduction of dex-
tran (Dx) or other agents increases plasma viscosity
as well and prccludos attributing observed viscosity
increases to RCA. In a previous %Tudv (27), infusion
of Dx500 resulted in a 28% drop in Frpc that was
most likely caused by a 38% rise in bulk viscosity.
To estimate the contribution of increased plasma vis-
cosity to the flow reductions studied here, it was as-
sumed that the viscosity of whole blood in arterioles
was linearly related to Hycro by the relation, n =
aHyicro + 19, where a = 0.04 as determined in vivo
(21). Using values of 7o =1.2 mPa s for rat plasma
(35) and 0.96 mPa s for 0.74 g/100 mL fibrinogen
(20), a 9% increase in blood viscosity was calcu-
lated to result from infusion of Fb. This value corre-
sponds well with the 9% decrease observed for Frpc
(Figure 3), thus suggesting that the bulk viscosity
rise is the principd] cause of increased resistance and
flow reductions, in contrast to hindrance of aggregate
passage at branch pomts.

Fibrinogen vs. Dextran Aggregates

Within this framework, the 2-mediators of aggre-
gation, Ib (Figure 1) and Dx (Figure 2). induce
strikingly different degrees of RCA, with the for-
mer producing 1011leaux and the latter clumps at the
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concentrations used here. Although the mode of ag-
gregate formation may be SlIIllldI' for both agents,
and revolves around the forming of molecular cross-
bridges between adjacent cells (6), the clumping in-
duced by Dx suggests a stronger bond that is capable
of deformmu the RBC membrdne to promote greater
contact betwcen opposing cells. The hydrodynamic
consequences of rouleaux or clumps depend on the
ease with which each enter the branches of the arte-
riolar bifurcations, as shown in Figures 1 and 2. It is
evident from Figure 1 that weaker rouleaux are read-
ily disr'upted by their bending and distortion as they
impinge upon ‘the blfuertlon and easily enter the
distal capillaries. In contrast, the Dx-induced ¢ lumps
(Figure 2) may become more easily trapped, at the
capillary entrance, as evidenced by the appearance of
long, drawn-out tethers as aggregates are disrupted
(Figure 2C). Although the precise dynamics of ag-
gregate disruption for each case may be dependent
on the length of time it takes to dlsrupt a given ag-
gregate under similar pressure gradients, the greater
systemic red cell trapping and reductions in venular
Hyiicro induced by Dx (Figure 3) are consistent with
its apparentlv greater strength of aggregation. This
scenario is al%o supported bv the dynamic measure-
ments of the aggr egation index G (F (Figure 6), where a
20% increase in 0 in venules for Fb was found as y
was reduced to 50 s, in contrast to the correspond-
ing 300% increase with Dx.

Leukocyte Margination

The dramatic increase in marginating WBC flux
Fype observed in Figure 7 is consistent with 2
hemodynamic processes that may promote greater
margination with Fb compared to Dx. First, the
marked reduction in Hyjcro (Figure 3) and Hsys (27)
induced by Dx may lessen the ability of red cells to
displace WBCs toward the venular wall. Margination
in venules is largely independent of Hycro over a
broad range, but it can be enhanced at extremely
high Hicro (10) or may be absent at low Hyicro
(30). Second, the formation of clumps of RBCs with
Dx may result in large gaps of plasma between ag-
gregates that may serve to entrain WBCs and thus
lessen the initial margination at the capillary exit, as
illustrated in Figure 5.

It is also evident that with the introduction of Fb, a
significant rise in WBC flux (Figure 7) occurs with
no apparent increase in RCA (Figure 0) at high shear
rates. This result may indicate a sensitivity of the in-
dex of aggregation G that may not be sufficient to

detect small, yet influential, changes of RCA that af-
fect WBC margination. Thus, the sensitivity of WBC
radial migration to small changes in RCA may be
substantially greater when rouleaux are present, as
evidenced by the limited 20% rise in & with reduc-
tions in . The illustrative video scenes of the extreme
low-flow state (Figure 5) support this hypothesis.

Leukocyte-Endothelium Adhesion

The in vivo significance of Fb as a ligand for WBC-
EC adhesion has vyet to be fully cxplm ed. It has been
shown that WBCs have rec eptors for Fb binding to
the endothelium (1,16,17), and that fMLP- aetlvated
HL-60 cells infused into the rabbit mesentery in-
crease their adhesiveness to the EC following expo-
sure to Fb (31). The present expenments suggest that
the addition of Fb or Dx results in a Algmfleant de-
crease in WBC rolling velocity and a significant in-
crease in firm adhesion of WBCs and their marginat-
ing flux, at both high and low y (Figure 4). For the
WBC rolling velocity and firm adhesion, the effect
of Dx on these indicators of WBC-EC adhesive in-
teractions was significantly greater compared to Fb.
Although the level of firm adhesion was significantly
elevated it remained at a very low level (on the order
of 2 W’BC/l 00 pm), which is dramatically less than
levels routinely found in response to stimulated adhe-
sion. Hence. although the slight increase in adhesion
events and decrease in rolling velocity is consistent
with a small increase in adhesweness it is unlikely
that the dramatic increase in margination with Fb
compared to Dx or control is a dlreet result of greater
WBC-EC adhesion. This behavior most likely reflects
the prolonged contact of WBCs with EC induced by
the presence of RBC aggregates.

CONCLUSIONS

In summary, the elevation of circulating levels of
fibrinogen dramatic ally increased WBC margination
with reductions in shear rate. This trend arises from
a small, yet significant increase in RCA whose ef-
fect on margination, compared to Dx, is magnified
by maintenance of near normal levels of micr ovessol
hematoerit. Although high molecular weight dextran
may induce stronger and far greater levels of RCA,
its effect on margination is diminished due to con-
comitant reductions in FHacro. Elevation of Fb also
results in a small, yet significant increase in WBC-
EC adhesion and a Ieducnon in WBC rolling velocity
that may result from its role as a ligand for Mac-1



and ICAM-1. Hence, because of its effect on RCA,

increased fibrinogen has a synergistic effect on both
margination and WBC-EC adheqne contact, which
wmk together to promote firm adhesion of WB(A% to
the endothelium in the low-flow state.
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