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Abstract

Increased in vitro platelet aggregability and hypercoagulability
are generally held to be main determinants in the prethrombo-
tic state in nephrosis. In vivo, however, thrombotic events de-
pend on the dynamic interaction of flowing blood with the ves-
sel wall. The present study confirms that aggregability of plate-
lets of nephrotic patients is significantly increased by mere
stirring or by exogenous stimuli as adenosine diphosphate and
arachidonic acid. Moreover, the nephrotic patients have high
von Willebrand factor and decreased red blood cell deformabi-
lity, which normally increase platelet-vessel wall interaction.
However, perfusion studies under well-defined flow conditions,
in which anticoagulated nephrotic blood was exposed to deen-
dothelialized human umbilical artery segments and sprayed
collagen, showed normal platelet adhesion and only a modest
increase in the deposition of platelet aggregates. This suggests
that some factor counteracts platelet-vessel wall interaction
under flow conditions in the nephrotic syndrome. When tissue
factor associated with endothelial extracellular matrix (ECM)
was allowed to generate thrombin, perfusions with nephrotic
blood over this ECMresulted in a strong increase in fibrin
generation. The capacity of patient blood to form increased
amounts of fibrin appeared strongly correlated with the level of
hyperfibrinogenemia. Platelet adhesion as well as aggregation
in these experiments was even decreased below control values.
This suggests that fibrin coverage may block the direct contact
between blood platelets and matrix. Wetherefore also studied
the isolated effect of high fibrinogen on platelet-vessel wall
interaction by increasing fibrinogen concentrations in normal
blood. Modulation of fibrinogen concentrations in normal blood
could mimic all the observations in nephrotic blood: platelet
aggregation in suspension increased with increasing concentra-
tions of fibrinogen, while platelet adhesion and aggregate for-
mation under flow conditions decreased. In perfusions over tis-
sue factor-rich matrix, fibrin deposition increased. Therefore,
our observations indicate that nephrotic hyperaggregability in
suspension is not associated with increased platelet vessel
wall-interaction under flow conditions. The latter is probably
counteracted by high levels of fibrinogen. Our observations fur-
ther suggest that hyperfibrinogenemia may be a major throm-
botic risk factor in nephrosis by inducing more fibrin deposi-
tions. (J. Clin. Invest. 1994. 93:204-211.) Key words: fibrino-
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Introduction

The risk for acute thromboembolic complications in patients
with a nephrotic syndrome is unequaled in clinical practice and
generally attributed to combined abnormalities in platelet and
coagulation-dependent hemostasis ( 1, 2). Hypercoaguability
may also contribute to the development of atherosclerosis (3)
and glomerular injury (4), other well-known complications of
the nephrotic syndrome. Various laboratory abnormalities in
nephrosis may play a role in the prethrombotic state: hyperfi-
brinogenemia (5), increased levels of clotting factors (5, 6),
decreased levels of antithrombin III (7), decreased fibrinolytic
potential (5), and enhanced aggregability of platelets sus-
pended in plasma (8-1 1).

However, these laboratory abnormalities are hard to extrap-
olate to in vivo hemostasis. Studies with perfusion systems,
which allow the dynamic interaction of flowing blood with
(injured) vessel wall, have shown that the hemostatic mecha-
nisms are for a large part flow regulated ( 12). Higher blood
flow (shear rate) promotes the transport of platelets towards
the vessel wall by red blood cells and therefore platelet-depen-
dent hemostasis. Higher platelet count, hematocrit, and in-
creased red blood cell rigidity add to the efficiency of this plate-
let transport ( 13, 14). Shear rate also, modulates subsequent
platelet binding to adhesive molecules deposited or present at
the injured vessel wall, e.g., von Willebrand factor (vWF) ( 1 5).
Coagulation-dependent hemostasis is initiated by vessel wall-
associated tissue factor and involves thrombin-induced fibrin
deposition and platelet aggregation. Again, shear rate regulates
these processes ( 16).

Thus far, the influence of flow on hemostasis in the ne-
phrotic syndrome has not been taken into account. Therefore,
whole blood of nephrotic patients and normal control donors
was perfused over models of injured vessel wall in well-charac-
terized perfusion chambers. First, citrate-anticoagulated whole
blood was perfused over deendothelialized human umbilical
artery segments and over sprayed collagen (fibrillar type I).
Both surfaces induce platelet adhesion as well as platelet aggre-
gation; collagen as one of the constituents of the deeper vessel
wall, however, is a more potent stimulus of platelet aggregation
( 17). In this way we determined that increased vWFlevels and
red blood cell rigidity and the in vitro hyperaggregability in
nephrosis do not coincide with an increased platelet-vessel
wall interaction under physiologic flow conditions. Second,
low molecular weight heparin (LMWH) I was used as anticoag-
ulant in additional perfusions. Where LMWHinhibits coagula-

1. Abbreviations used in this paper: AT III, antithrombin III; ECM,
extracellular matrix; FPA, fibrinopeptide A; LMWH,low molecular
weight heparin; PRP, platelet-rich plasma.
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tion during in vitro handling of the blood, it does allow throm-
bin generation by tissue factor associated with extracellular
matrix of cultured human umbilical vein endothelial cells
(ECM). The prothrombin-thrombin transition during perfu-
sions can be monitored by measuring the release of peptide
fragment 1 + 2 from prothrombin in the perfusate. Hypercoag-
ulability in nephrosis was illustrated by increased fibrin genera-
tion (monitored by thrombin-dependent fibrinopeptide-A
[FPA] release from fibrinogen) and fibrin deposition on the
perfused matrix. Fibrinogen as platelet-binding and -interlink-
ing protein and as substrate of thrombin-induced fibrin forma-
tion is almost invariably increased in nephrotic patients ( 1, 2).
In perfusions with control blood in which fibrinogen was artifi-
cially raised we could further substantiate that nephrotic hyper-
fibrinogenemia may play a major regulatory role in hemostasis
and thrombogenesis.

Methods

Patients. Studies were performed in two groups of 10 nephrotic pa-
tients (characteristics in Table I) without important loss of renal func-
tion as estimated from creatinine clearance (92±14 ml/min in group 1
and 91±13 ml/min in group 2). Blood of patients in group 1 was used
in platelet aggregation studies, in red blood cell deformability measure-
ments, and in citrate perfusions to substantiate within the same patient
the effect of in vitro abnormalities on actual platelet-dependent hemo-
stasis. The blood of patients in group 2 was used for measurements of
clotting factors and for LMWHperfusions (vide infra) to relate coagula-
tion abnormalities to coagulation-dependent thrombus formation dur-
ing perfusions. Parallel to every experiment with patient blood, control
experiments were performed with blood collected from healthy
members from the medical staff. Daily variations in experimental con-
ditions (e.g., reactivity of perfusion surface) were in this way accounted
for. All patients and control subjects were without medication for at
least 2 wk before the study; they gave informed consent and the study
was approved by the University Hospital Ethical Committee for Stud-
ies in Humans.

Red blood cell deformability. Red blood cell deformability was
measured by a laser-diffractometer set-up, essentially as described in
detail previously ( 18, 19). In this method laser light is diffracted by a
red blood cell suspension. When shear stress (in the present study 30
N/iM2) is applied to the suspension and to the red blood cells, it will
cause elongation of the diffraction pattern. This elongation is a mea-
sure for the actual shear-induced red blood cell deformation. Higher
values indicate higher deformability of red blood cells. To study intrin-
sic red blood cell qualities, 15 q1 of EDTA (2 mM)-anticoagulated
whole blood was suspended in 2.25 ml of 7% polyvinylpyrrolidone

Table I. Patient Group Characteristics

Group I Group 2

Histological diagnosis (biopsy proved, n):
Membraneous glomerulopathy 5 6
Membranoproliferative glomerulonephritis 1 I
Mesangioproliferative glomerulonephritis 2 1
Focal glomerulosclerosis and hyalinosis 2 1
Minimal change glomerulopathy I

Male/female (n) 7/3 8/2
Age range (yr) 18-56 18-48
Proteinuria (g/24 h) 7.6±3.9 5.7±2.1
Plasma albumin (g/liter) 19±4 18±4

(PVP; 360,000 mol wt, Sigma Chemical Co., St. Louis, MO) in PBS
(1:10 vol/vol 0.1 Msodium phosphate buffer, pH 7.4, in 150 mMol
NaCl). To study interaction of the nephrotic red cell with plasma com-
ponents the PVPwas diluted in autologous plasma (50 mg/ml). PVP
presence resulting in a high viscosity of the medium was necessary to
obtain shear stress values that will cause deformation of red cells.

Platelet aggregation in suspension. Blood from patients and con-
trols was collected into 1:10 (vol/vol) 110 mMtrisodium citrate by
clean venepuncture. Platelet-rich plasma (PRP) was prepared ( 10-min
centrifugation at 150 g and 20'C) and the platelet count was corrected
to 200,000/,gl with autologous platelet poor plasma ( 10-min centrifuga-
tion at 3,000 g and 20'C). Within 2 h after blood collection, aggrega-
tion studies with this PRPwere performed at 370C in a PAP-4 aggrego-
meter (Bio/Data, Hatboro, PA) at 900 rpm. AA (Bio/Data) in final
concentrations of 1.5-, 0.75-, 0.375-, 0.250 mMand ADP (Dade,
Aquada, PA) in concentrations of 5-, 2.5-, 1.67-, 0.84 ,M were used as
stimuli. In addition, spontaneous platelet aggregation was determined
by the mere stirring of the PRP. To avoid interference by turbidity
differences due to high plasma lipids, we determined platelet aggrega-
tion not by the change in light transmission but by directly counting
single (not aggregated) platelets remaining in the PRPafter 3 min of
AA and ADP stimulation and after 15 min of mere stirring. Single
platelet counts were determined by a platelet analyzer (model 810,
Baker Instruments, Allentown, PA) with size apertures set between 3.2
and 16 rm3 as described by Verhoeven et al. (20) and expressed as
percentage of initial platelet count.

Perfusion studies with citrated blood. Blood from patients and con-
trols was collected into 1:10 (vol/vol) 110 mMtrisodium citrate. To
avoid that initial differences in hematocrit and platelet count between
patient and control blood would influence adhesion, perfusates were
standardized to a platelet count of 200,000 platelets/gl and a hemato-
crit of 0.40. Standardized perfusates were obtained by adding autolo-
gous PRP, platelet poor plasma (PPP), and red blood cells (RBC)
together in proper quantities. PRP, PPP, and RBCwere obtained by
centrifugation of whole blood.

Perfusions with steady flow were carried out in a modified annular
perfusion chamber (21 ) adapted from the original described by Baum-
gartner ( 12) or with the double rectangular perfusion chamber devel-
oped by Sakkariassen et al. (22). In the annular perfusion chamber
inverted deendothelialized artery segments isolated from human umbil-
ical cord were used as a model of injured vessel wall. Arteries were
mounted on two separate central rods, which fitted in serially con-
nected annular perfusion chambers. The rectangular perfusion
chamber contained two pairs of Thermanox coverslips (Lab-Tek Divi-
sion, Miles Laboratories, Naperville, IL) with sprayed fibrillar equine
collagen (18.5 ,ug/cm2; Collagen Reagent Horm, Hormon Chemie,
Munich, FRG) as model of injured vessel wall ( 17).

Perfusions were carried out as has been described previously ( 16).
In short: The perfusion chambers were rinsed with prewarmed (370C)
Hepes-buffered saline (HBS: Hepes 10 mM, NaCl 0.15 M, pH 7.4).
Perfusates (volume 14 ml) prewarmed for 15 min at 370C, were then
recirculated for 5 min at various shear rates (300/s, to approach lower
"venous" shear rates, or 1 ,300/s, as a shear rate typical for the "arte-
rial" vascular bed). After each perfusion run the arteries and coverslips
were removed and the system rinsed thoroughly with HBS. The cover-
slips and vessel wall segments were fixed with respectively 0.5% and
2.5% glutardialdehyde in PBS ( 1:10 vol/vol 0. 1 Msodiumphosphate
buffer, pH 7.4 in 150 mMNaCl), followed by osmium tetroxide (2%)
postfixation, ethanol dehydration, and subsequent embedding in epon
( 12). Thermanox coverslips were removed from the embedded colla-
gen surface by thermoshock.

Perfusion studies with LMWH-anticoagulated blood. Except for
the method of anticoagulation and the perfused surface, perfusions
were carried out as described above. Blood for perfusion experiments
was collected into 1 / 10 vol of LMWH(Fragmin, Kabi Vitrum, Stock-
holm, Sweden) 200 anti-Xa U/ml saline. The LMWHconcentration
was subsequently adjusted to a plasma concentration of 33 U/ml in
both patients and controls. Experiments (not shown) in which equal
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amount of LMWHwere added to patient or to control plasma (both
anticoagulated with 20 mMtrisodium citrate) showed comparable
anti-Xa activity in both plasmas. Perfusates were standardized for he-
matocrit and platelets as described in the citrate anticoagulated perfu-
sions.

As a perfusion surface we used matrix from human umbilical vein
endothelial cells (HUVECs). HUVECswere isolated from umbilical
cords according to the method originally described by Jaffe et al. (23)
with some minor modifications (24). HUVECsof the second passage
were identified by their typical characteristics and subcultured on
Thermanox coverslips that were previously coated and glutardialde-
hyde fixed with gelatin (24). Cell monolayers were grown to con-
fluence (50,000 cells/cm2) in 5-7 d. HUVECs' tissue factor deposition
in their ECM, was stimulated by addition of PMA(Sigma Chemical
Co.) to the culture medium (16). PMAwas dissolved in DMSOand
subsequently diluted 1:1,000 vol/vol in the culture medium: 20 ng
PMA/ ml. Addition of DMSOalone in the same concentration had no
influence on the cells. After 10 h, matrix of the stimulated HUVECwas
isolated by 0.1 MNH40H. Coverslips with isolated ECMwere washed
three times with PBS and used for perfusion studies. The perfused
coverslips were fixed, dehydrated, epon embedded, and "thermo-
shocked" as described above. For microphotographs of en face mor-
phology, coverslips were stained after perfusion and fixation, with
May-Grunwald/Giemsa.

Evaluation ofplatelet deposition and thrombusformation. Sections
of the epon-embedded collagen, 1 ,gm thick, perfused matrix, and ves-
sel wall segments were prepared and stained with methylene blue and
basic fuchsin for evaluation of platelet deposition and aggregation.
Platelet deposition and aggregation were evaluated by light microscopy
(Dialux 20 EB, Leitz GmbH, Wetzlar, FRG) at 1,000 magnification,
using a specially constructed eyepiece micrometer in the ocular. At
least 1,000 intersection points at IO-Mm intervals, evenly distributed
over the total of the perfused surfaces were evaluated for each section.
Platelet adherence was determined from the percentage of artery, ECM
of collagen surface directly covered by contact platelets, platelets
spread out on the surface and platelet aggregates (between 2 and 10 ,um
in height), according to the criteria described by Baumgartner et al.
(25). Aggregate formation was defined and expressed as the percentage
of spread platelets covered with aggregated platelets and was therefore a
measure of platelet-platelet interaction independent of total surface
coverage. Microscopically visible fibrin deposited on perfused ECM
and above 2 tm in height was expressed as percentage surface coverage.

Studies with reconstituted perfusates. Additional perfusions with
reconstituted blood were performed to exclude the possibility of an
adhesion defect in nephrotic platelets that would conceal adhesion pro-
moting qualities of nephrotic plasma. Plasma or washed platelets of
four patients of group 2 were respectively mixed with plasma or washed
platelets and red blood cells from control subjects. The patients had
high levels of vWF-Ag (2.11±0.43 U/ml) and fibrinogen (6.7± 1.3 g/
liter). Perfusions were performed in duplicate for 5 min at a shear of
1,300 s-' over inverted umbilical artery segments. The artery segments
were evaluated as described above.

Studies with varying fibrinogen levels. The effect of increased fi-
brinogen levels, such as occur in the nephrotic syndrome, on platelet-
vessel wall interaction and in vitro platelet aggregation was evaluated
by adding fibrinogen to blood of normal donors. This approach was
technically more feasible than defibrinating blood of nephrotic pa-
tients. In the later procedure it is hard to avoid substantial loss of vWF
with the defibrination. Purified fibrinogen (Kabi Vitrum; dissolved to
400 mg/ml in and dialyzed for 6 h against 0.15 MNaCl was added to
blood of control subjects until concentrations of 2, 3, and 4 or 4.5
g/liter were obtained. Because purified fibrinogen contained high lev-
els of free FPA, we could not measure the matrix-induced increase in
FPA in perfusates with added fibrinogen. Humanalbumin in 0.15 M
NaCl in the same concentrations was added to perfusates to serve as
control. Platelet aggregation studies after stimulation with ADP, AA,
and spontaneous aggregation were also performed with control PRPto
which fibrinogen was added in similar fashion.

Analytical methods. EDTA (2 mM) anticoagulated whole blood
was collected for determination of hematocrit, mean cell volume, and
platelet count (model-S. Coulter, Harpenden, UK). Fibrinogen, fac-
tors II, V, VII, and X, antithrombin III (AT III), and vWF-related
properties were determined in blood collected into 0.1 vol 130 mM
trisodium citrate. Reference plasma was a freshly frozen plasma pool
from 40 normal subjects, stored at -70'C. Plasma fibrinogen level was
determined according to Clauss (26). Factor II, V, VII, and X coagu-
lant activity was measured in an one-stage clotting assay with commer-
cially available deficient plasmas (George King Bio-Medical Inc.,
Overland Park, KS) as substrate. AT III was assayed with an AT III-kit
(Kabi-Vitrum) according to the manufacturers instructions. vWF-re-
lated antigen was determined by an ELISA (27), the ristocetin cofactor
activity was measured with formalin-fixed platelets and 1 mg/ml risto-
cetin sulfate (H. Lundbeck &Co., Copenhagen, Denmark) (28). Albu-
min, creatinine, and proteinuria were determined by standard labora-
tory techniques.

Measurements in the perfusates. A radioimmuno-assay kit (Mal-
linckrodt Inc., St. Louis, MO) was used for FPA measurements. A
enzyme immunoassay (Enzygnost Fl + 2, Behring, Marburg, FRG)
was used to determine the activation peptide of prothrombin when
thrombin is formed. Before, during, and after perfusion, samples (900
Ml) from the perfusate were collected and added to 100 Ml of anticoagu-
lant mixture provided by the FPA-kit. FPAand fragment 1 + 2 genera-
tion was calculated in these samples by subtracting baseline concentra-
tions from concentrations in the perfusate at the end of the perfusions.
FPAgeneration was expressed in nanograms per milliliter plasma, frag-
ment 1 + 2 in nanomolar.

Statistical analysis. Data are expressed as mean±SD. The signifi-
cance of differences between patient and control data obtained in
various experiments were compared with the Student's t test for paired
data. Linear regression was applied to test for correlations between
fibrinogen levels and platelet-vessel wall interaction during the various
experiments. Differences in the fibrinogen studies were tested with AN-
OVAwith shear rate, stimulus concentration and fibrinogen concen-
tration as independent variables. The differences between the means
were analyzed at 1% and 5% significance level by the least significance
difference test.

Results

Aggregation studies within suspension. Non aggregated (sin-
gle) platelets remaining in PRPafter stimulation with ADPas
well as after stimulation with AA (Table II) were significantly
decreased in PRP of nephrotic subjects (group 1). This in-
creased aggregability in nephrotic PRPwas particularly appar-
ent at low concentrations of the stimulating agent, when con-
trol subjects displayed almost no platelet aggregation. In addi-
tion, we found significant spontaneous aggregation in the
nephrotic PRPafter mere stirring.

Platelet adhesion and aggregate formation with flowing ci-
trated blood. Except for increased levels of fibrinogen, ne-
phrotic subjects of group 1 (n = 10) also had significantly in-
creased levels of vWF-antigen and vWF-ristocetin cofactor ac-
tivity. In addition, red blood cell deformability was reduced
(Table IIIB). These abnormalities-known as platelet adhe-
sion promoting factors-were present in all the patients. Plate-
let adhesion (expressed as percentage surface area covered with
platelets) to deendothelialized umbilical artery, however, did
not differ between nephrotic patients (group 1 ) and control
subjects (Table IIIA). Spread platelets were subdivided in
spread platelets without and with aggregates > 2 ,m on top.
Platelet aggregate formation, thus defined and expressed as per-
centage of total platelet coverage was slightly but significantly
higher in the nephrotic subjects (Table III). Perfusions over
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Table II. Platelet Aggregation Studies in Suspension
after Stimulation with ADP-and AA and Spontaneous
Aggregation (Patient Group 1)

Patients (n = 10) Controls (n = 10)

ADP-stimulated aggregation (uM)
5 19±8 24±16
2.5 35+14* 52±12
1.67 41±9* 60±14
0.84 52±9t 79±9

AA (mM)
1.5 14±12 36±26
0.75 26± 19 55±33
0.375 27±18* 82±6
0.250 39±23* 89±8

Spontaneous aggregation 69.1±20.9* 86.9±10.2

Platelet aggregation is expressed as percentage single (nonaggregated)
platelets of initial platelet counts in PRPafter 3-min stimulation
with ADPand AA are given at 3-min stimulation or after 15-min
mere stirring. All values expressed as means±SD. * P < 0.05, t P
<0.01 compared to control subjects.

umbilical arteries performed at lower (300/s) shear rates as
model for venous flow resulted in an expected lowered platelet
adherence. In our study these perfusions at lower shear did not
enhance the difference in aggregate formation between ne-
phrotics and control subjects. Platelet adhesion to sprayed col-
lagen at 1,300/s shear was less in both patients and control
subjects than to umbilical arteries (Table IIIA). However, ag-

Table III. Platelet Adhesion and Aggregate Formation
at Umbilical Arteries and Sprayed Collagen (A) Related
to Factors Determining Platelet- Vessel Wall Interaction
(B, Patient Group 1)

A Patients (n = 10) Controls (n = 10)

Umbilical arteries (shear 1,300/s)
Adhesion (%) 51.9±16.1 55.3±14.6
Aggregate (%) 23.7±6.1* 20.8±6.6

Umbilical arteries (shear 300/s)
Adhesion (%) 38.7±5.4 44.5±5.5
Aggregate (%) 22.9±3.2* 18.8±6.2

Collagen (shear 1300/s)
Adhesion (%) 33±7.5 35.9±9.7
Aggregate (%) 64.0±11.6* 58.5±12.9

B
Deformability index 0.21±0.08* 0.37±0.02
Fibrinogen (g/liter) 7.2±2.0V 2.8±0.5
vWF-ag (U/ml) 2.18±0.55* 0.73±0.08
vWF-RCof (U/ml) 1.59±0.39t 0.65±0.05

RBCdeformability index is determined at 30 N/m2. Abbreviations:
von Willebrand antigen (vWF-Ag) and ristocetin cofactor (vWF-
RCof). Aggregate formation is expressed as the percentage of total
platelet adhesion consisting of aggregate formation (> 2 gm). All val-
ues are given as mean±SD. * P < 0.05, * P < 0.01 compared to
control subjects.
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Figure 1. Means±SDof clotting factors (II, V, VII, X, I) and AT III of
patient group 2. Values are expressed as percentage (ATIII, II, V,
VII, X), or as g/liter (factor I (=fibrinogen). The solid lines refer to
the reference range (mean±2SD).

gregate formation was increased in both patients and control
subjects. Again, platelet adhesion on collagen between ne-
phrotics and control subjects did not differ, whereas aggregate
formation was slightly increased in the nephrotic patients.
Platelet counts at the end of the perfusions were always
> I00,000/jAl. Above this value, platelet adhesion is not deter-
mined by varying platelet counts ( 16).

Platelet thrombi and fibrin deposition by matrix-induced
thrombin formation. Levels of clotting factors and antithrom-
bin-III were measured in the nephrotic patients of group 2.
Except for a large increase in fibrinogen all were within or
moderately above (factor VII) the normal range (Fig. 1). In
perfusions with LMWH-anticoagulated blood of these patients
over endothelial cell ECM, platelet adhesion was decreased as
compared to normal controls (Table IVA). Aggregate forma-
tion on adherent platelets was also reduced compared to con-
trols. In the patient perfusions, however, there was a more than
twofold increase in fibrin deposition directly on the ECM(Ta-
ble IVA, Fig. 2). Additionally, FPAgeneration, as more quan-

Table IV. (A) Platelet Adhesion, Aggregate Formation, and Fibrin
Deposition on Tissue Factor-rich Endothelial Cell Matrix ECM;
(B) Fragment I + 2 and FPA Levels before and Generation
during Perfusions with LMWH-Anticoagulated Blood
from Nephrotic Subjects (Group 2) and Control

ECM(shear 1300/s) Patients (n = 10) Controls (n = 10)

A Adhesion (%) 24.1±5.6* 41.8±5.5
Aggregate (%) 48.3±5.1* 57.5±2.2
Fibrin deposition (%) 60.0±17.3* 25.5±1.8

B Fl + 2 preperfusion (ng/ml) 3.6±1.7 1.8±0.9
Fl + 2 generation (ng/ml) 5.4±2.9 3.4±4.0
FPA preperfusion (ng/ml) 24.9±11.3t 7.8±2.8
FPA generation (ng/ml) 303±187* 107±76
Fibrinogen (g/liter) 6.2±1.9* 2.9±0.6

Adhesion is expressed as percentage surface coverage. Aggregate for-
mation is expressed as the percentage of the platelet adhesion con-
sisting of aggregate formation (> 2 Am). Fibrin deposition (> 2 Mm)
expressed as percentage of total surface. All values are given as
mean±SD. * P < 0.05; * P < 0.01 compared to controls.
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Figure 2. Scanning elec-
tron micrograph of fi-
brin depositions on tis-
sue-factor rich endothe-
lial cell matrix in a

nephrotic subject, after
5-min perfusion with
whole blood anticoagu-
lated with LMWH.

titative measure of the fibrinogen conversion to fibrin, was
threefold higher than in controls (Table IVB). To correlate the
level of hyperfibrinogenemia in patients (Table IVB) with FPA
generation and fibrin deposition we expressed patient data
from all experiments as percentage of values obtained in paral-
lel performed experiments with control blood. Thus expressed,
thrombin-induced FPA generation in patients correlated
strongly with the substrate (fibrinogen) concentration (Fig. 3; r
= 0.81, P < 0.01 ). Initial fibrinogen levels also correlated with
fibrin deposition (r = 0.75, P < 0.05). The increased levels of
FPA in patient blood before perfusions (baseline) possibly re-
flect increased fibrin generation in vivo or at blood collection
(Table IVB). Matrix-induced thrombin generation in per-
fusates, as reflected by the fragment 1 + 2 generation in the
perfusate, was not different between patients and controls
(Table IVB).

Studies with reconstituted perfusates. Perfusion of platelets
of control subjects reconstituted in nephrotic plasma over in-
verted umbilical arteries did not demonstrate increased platelet
adhesion when compared to perfusions with control platelets
reconstituted in control plasma: 58.2±5.4% vs. 54.1±4.6% of
surface coverage. Nor did control platelets in nephrotic plasma
show increased aggregate formation (> 2 ,um) compared to
control platelets in control plasma: 47.4±5.8% vs. 49.5±5.5%
of total platelet adhesion. Similarly, there was no significant
difference in adhesion and aggregate formation whether ne-
phrotic platelets were reconstituted in their own plasma or con-
trol plasma; platelet adhesion was respectively 59.1±6.6% (ne-
phrotic plasma) vs. 55.8±5.1% (control plasma) and aggregate
formation respectively 36.9±7.8% vs. 34.8±6.3%. However,
aggregate formation was lower (P < 0.05) in the reconstituted
perfusion studies with nephrotic platelets compared to those
with control platelets.

Fibrinogen studies. As main interlinking protein of acti-
vated platelets and as substrate of thrombin-induced fibrin gen-
eration, we investigated whether high levels of fibrinogen in
normal blood could would have similar effects as were ob-
tained in the experiments with nephrotic patients. For this pur-
pose, the fibrinogen concentration in control blood was in-
creased. Hyperfibrinogenemia stimulated in vitro platelet ag-
gregation (Table V). Addition of fibrinogen to the perfusate
resulted in a progressive decrease in platelet adhesion to umbili-

FPA generation, %300 r

200

100

0

0@0 0

0
0 0

0

100 200 300 400 500

Fibrinogen, %

Figure 3. FPA generation versus baseline fibrinogen in patient group
2, both expressed as percentage of parallel performed control experi-
ment. Regression line, r = 0.81, P < 0.01.
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Table V Nonaggregated Platelets Remaining in PRPof Control
Subjects after Stimulation with ADP, AA, and Mere Stirring;
Aggregability as Function of Different Fibrinogen Concentrations
in PRP

Fibrinogen concentration 2.0 3.0 4.5

(gliter)

ADP-stimulated aggregation (,sM)
5 34±12 27±14 22±1 1*
2.5 62±9 47±10* 36±14*

AA (mM)
1.5 8±2 7±3 5±3
0.75 93±6 90±7 73±9*

Spontaneous aggregation 90±8 90±7 77±7*

Higher platelet aggregability is expressed in a lower percentage (of
initial platelet counts in PRP) single (nonaggregated) platelets re-
maining in PRPafter 3-min stimulation with ADPand AA or after
15-min mere stirring. Values are mean±SD of duplicate experi-
ments. * P < 0.05, t P < 0.01, compared to values obtained with
PRPwith 2.0 g/liter fibrinogen.

cal arteries (Table VI). This was particularly apparent at high
shear rates at which platelet adhesion is normally increased.
Aggregate formation also decreased with increasing fibrinogen
concentrations both at 1,300/s and 300/s shear. Similarly,
platelet adhesion and aggregate formation decreased at increas-
ing fibrinogen concentrations in LMWHperfusions over
ECM. Most of the perfusion surface in these perfusions was
covered with fibrin both at high and low fibrinogen concentra-
tions. However, at the high fibrinogen concentration larger fi-
brin depositions had formed (Table VII).

Discussion

Increased platelet adhesion, aggregate formation, and coagula-
tion at injured vessel wall have been proposed as important

Table VI. Platelet Adhesion and Aggregate Formation
on Umbilical Arteries in Control Perfusates
at Different Concentrations of Fibrinogen

Fibrinogen concn. Adhesion Aggregate

(glliter) %

Shear rate 1,300/s
2.0 59.3±7.4 35.5±10.8
3.0 43.3+5.7* 22.2±7.0*
4.5 35.6±5.6* 19.3±6.3*

Shear rate 300/s
2.0 44.0±6.7 25.4±6.5
3.0 35.9±6.5* 19.7±8.9*
4.5 34.9±2.9* 12.6±3.9t

Adhesion is expressed as percentage surface coverage. Aggregate for-
mation is expressed as the percentage of the platelet adhesion con-
sisting of aggregate formation (> 2 gm). Values are given as
mean±SD of duplicate experiments. * P < 0.05; * P < 0.01 com-
pared to low fibrinogen (2.0 g/liter) concentration.

Table VII. Platelet Adhesion, Aggregate Formation, and Fibrin
Depositions on ECMat Different Fibrinogen Concentrations
in Control Perfusate

Fibrinogen Adhesion Aggregate Fibrin (> 2, > 5 jim) Fibrin (> 5 jim)

g/liter %

2.0 26±5 72±19 63±38 10±6
4.0 21±5 57±13* 31±20* 39±21*

Adhesion is expressed as percentage surface coverage. AG/TS, aggre-
gate formation (> 2 gm) (AG) expressed as percentage of total surface
coverage (TS). Fibrin deposition (> 2 gm) expressed as percentage
of total surface. Values are given as mean±SDof duplicate experi-
ments. * P < 0.05; compared to low fibrinogen concentration.

mechanisms in the development of thrombosis (29) and ath-
erosclerosis (3). It has been postulated that increased platelet-
vessel wall, platelet-platelet interaction, and hypercoagulabi-
lity are also important features of the prethrombotic state in
patients with nephrotic syndrome ( 1, 2). This notion has been
extrapolated from in vitro observations, showing abnormalities
in platelet function and coagulation factors (5-1 1). Although
flow is a crucial determinant of both platelet- and coagulation-
dependent hemostasis, no information is available on the signif-
icance of these abnormalities under flow conditions in the ne-
phrotic syndrome.

The present study confirms that platelet aggregability in
suspension is increased after stimulation with ADP, arachi-
donic acid and by mere stirring (Table II). Platelet hyperaggre-
gability in the nephrotic syndrome probably has a multifacto-
rial genesis and has been associated with low serum albumin,
hypercholesterolemia, and hyperfibrinogenemia (8, 9). Only
few studies deal with the mechanism and relevance of these
associated changes. Platelet function after stimulation with AA
normalizes after correction of hypoalbuminemia in vitro and
in vivo (9, 10). Hypoalbuminemia might increase cyclooxy-
genase's efficiency to form the proaggregatory thromboxane A2
in the presence of a higher concentration of free arachidonic
acid that is normally bound to albumin (8, 9). However, plate-
let hyperaggregability to other stimuli such as ADP, collagen,
and ristocetin could not be related to hypoalbuminemia (8,
1 1 ). Fibrinogen links GPIIbIIIa receptors on activated platelets
(30). Since hyperfibrinogenemia is characteristic of the ne-
phrotic syndrome, it seems logical to postulate a role for fibrin-
ogen in the platelet dysfunction in nephrosis. The present ob-
servation that platelet aggregation in suspension increases with
increasing concentrations of fibrinogen supports this hypothe-
sis. Meade et al. (31 ) reported increased aggregation velocity at
higher fibrinogen concentrations; the maximum aggregation
response, however, decreased with increasing fibrinogen con-
centrations. The latter difference might be explained by the fact
that in our study single (nonaggregated) platelets were mea-
sured instead of light transmission which is dependent on the
final size of the aggregates.

Increased platelet aggregation tests in suspension are fre-
quently used as indicator for increased platelet-vessel wall in-
teraction in vivo (i.e., under flow conditions) ( 1, 2). Moreover,
vWFwas increased and red blood cell deformability decreased
in our patients (Table IIIB). These are conditions respectively
associated with increased platelet adhesion, and more effective
platelet transport to the vessel wall ( 13-15). However, during
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perfusions with citrated blood we found a normal platelet ad-
hesion and only a modestly increased platelet aggregation (Ta-
ble IIIA). The perfusion system with umbilical arteries is well
capable of platelet adhesion above the 50% found in our study
(22). Therefore, the absence of increased platelet adhesion in
nephrotic subjects could not be explained by a near maximal
platelet adhesion stimulus. Moreover, perfusion studies over
tissue factor rich endothelial cell matrix, in which blood-anti-
coagulation with LMWHallowed matrix initiated thrombin
formation, showed even less platelet adhesion and aggregate
formation in nephrotic subjects than in controls. The decrease
in platelet adherence in this model was associated with exten-
sive fibrin depositions on the matrix (ECM) (Table IVA).
Therefore, the expected increase in platelet-vessel wall interac-
tion in flowing nephrotic blood was in some way counteracted
while fibrin deposition was increased.

To exclude the possibility that a platelet defect in the ne-
phrotic syndrome accounted for the absence of increased plate-
let-vessel wall interaction, we also perfused umbilical arteries
with reconstituted blood, i.e., washed platelets of control sub-
jects in control plasma and nephrotic plasma, and washed plate-
lets of nephrotic subjects in nephrotic plasma and control
plasma. Similar to the whole blood perfusion studies nephrotic
plasma did not increase platelet adhesion compared to control
plasma, neither with control platelets nor with nephrotic plate-
lets. There was a decreased aggregate formation in the reconsti-
tution perfusions with nephrotic platelets. However, this was
the case both in nephrotic plasma as well as in control plasma.
Since nephrotic platelets are hyperaggregable in nephrotic
plasma (in aggregometer studies and in lesser degree in whole
blood perfusion studies), this phenomenon is likely to be due
to loss of hyperaggregable platelets (and thus selection of rela-
tively refractory platelets) during the centrifugation and wash-
ing procedures which are necessary for the isolation of platelets.
The presence of a platelet adhesion defect therefore seems not a
satisfactory explanation for the absence of an increased plate-
let-vessel wall interaction.

To evaluate the isolated role of hyperfibrinogenemia apart
from other factors, we performed additional experiments with
control blood in which the fibrinogen concentration was in-
creased. In these studies, addition of fibrinogen to control
blood could mimic most of the observations in nephrotic sub-
jects. Fibrinogen again promoted platelet aggregation in suspen-
sion, but it did not stimulate platelet-vessel wall interaction
under flow conditions. In fact, perfusion studies with control
blood at increasing fibrinogen concentrations revealed a de-
crease in both platelet adhesion and aggregate formation; in
LMWHperfusions decreased platelet adherence was replaced
by more pronounced fibrin deposition. In as far as this observa-
tion can be extrapolated to our nephrotic patients, hyperfibrin-
ogenemia in patients may thus counteract vWFand red blood
cell enhanced platelet adhesion.

The mechanism of these phenomena is not clear yet. One
possible explanation might be that at low shear stress, as in the
aggregometer, fibrinogen-induced platelet aggregates are not
exposed to strong dissolving forces. Instead, in the perfusion
system where much higher shear stress exist these aggregates
might be dissolved. Alternatively, aggregation in the perfusate
was increased, as in the in vitro aggregation tests, so that less
platelets were available for adhesion. In agreement with this
notion several studies have reported in vivo increased levels of
the platelet release product #-thromboglobulin (32, 33). How-

ever, we previously demonstrated that platelet availability is
not determining platelet adhesion in the perfusion system as
long as the platelet count in the perfusate is more than
100,000/I, as was the case in the present study (16). Fibrin
depositions bind to subendothelium and might thus interfere
with ligand systems in the subendothelium, thereby decreasing
platelet adhesion. The present observation that platelet adhe-
sion decreases with increasing fibrin depositions supports this
notion. Finally, it is tempting to speculate that fibrinogen or
fibrin interfered with vWF-GPIIbIIIa mediated adhesive pro-
cesses. Support for this hypothesis was derived from results in
perfusions over laminin surfaces on which platelets adhere via
the VLA-6 integrin receptor supported by vWF-GPIb interac-
tion and independent of vWF-GPIIbIIIa interactions. Con-
trary to the present perfusions, adhesion to this laminin was
not decreased by adding extra fibrinogen to the perfusate (un-
published observations, S. Endenburg, Utrecht).

The increased fibrin deposition at tissue factor rich matrix
was accompanied by a threefold increase in FPAgeneration in
nephrotic perfusates above control values. These findings re-
flect thrombin-induced fibrin generation and might be caused
by increased thrombin formation, by less effective thrombin
inhibition or by more effective fibrinogen-fibrin transition.
Generation of fragment 1 + 2, as a measure of activation of
prothrombin into thrombin, was not different from control.
This suggests that the enhanced fibrin formation is not deter-
mined by increased thrombin formation. This might implicate
that thrombin is longer active at matrix perfused with ne-
phrotic blood. One cause of prolonged action of thrombin
might be a reduction in levels of AT III. Although depressed
levels of AT III have been reported frequently in patients with
heavy proteinuria (7), plasma levels were normal in the pres-
ent study (Fig. 1). In addition, depressed levels of AT III would
be associated with increased formation of thrombin, which was
not apparent from the (normal) fragment 1 + 2 formation in
our study. Alternatively, one might postulate that up to the
supraphysiological plasma levels found in our patients, fibrino-
gen availability as a substrate is rate limiting for tissue factor-
dependent thrombin in inducing fibrin formation. This possi-
bility is suggested by the strong correlation between initial fi-
brinogen level and FPA generation in the nephrotic subjects
(Fig. 3). Further support comes from in vivo observations in
rabbits where intravascular fibrin deposition increased with
elevation of the plasma fibrinogen level (34). Finally, although
perfusion time was only 5 min, we cannot exclude that de-
creased or less effective fibrinolysis in nephrosis also may have
contributed somewhat to the extensiveness of the depositions.

Extrapolated from our experiments, the high risk for
thromboembolic complications in nephrotic subjects may de-
pend on fibrin depositions, even at relatively high shear rates.
In vivo fibrin deposition in nephrotic subjects is also suggested
by elevated baseline FPA levels in the present study (Table
IVB), as well as in studies by others (35). Fibrin deposition
normally increases with lower shear rates and promotes inclu-
sion of RBCsand other cell elements ( 12). An increased ten-
dency to form these "mixed-thrombi" will therefore be most
obvious at lower shears in the venous vasculature or at sites of
turbulence, such as atherosclerotic lesions. Furthermore, fibrin
depositions are also present in atherosclerotic lesions, and are
proposed to contribute to atherosclerosis by causing endothe-
lial cell disorganisation, by stimulating the proliferation of vas-
cular smooth muscle cells and by providing an adsorptive sur-
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face for LDL accumulation (36, 37). Finally, in nephrotic pa-
tients elevated fibrinogen in renal vein blood correlated with
intraglomerular fibrin depositions, and may contribute to the
development of glomerular injury (38).

In summary, the present studies challenge the concept of
increased in vivo platelet-vessel wall interaction in the ne-
phrotic syndrome. Wesuggest that a plasma factor, presum-
ably fibrinogen, counteracts this interaction. Therefore, in vi-
tro aggregation tests do not predict platelet function under flow
conditions in the nephrotic syndrome. Our observations also
suggest that the thrombotic risk in nephrosis is determined by
coagulation abnormalities rather than by platelet dysfunction.
Hyperfibrinogenemia may be the major factor determining the
thrombotic risk in nephrosis by inducing fibrin depositions
proportional to the fibrinogen level. This also implies that ther-
apy for hypercoagulability in the nephrotic syndrome should
focus on this abnormality.
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