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A B S T R AC T Porcine intestinal mucosal heparin in-
duced aggregation of platelets in citrated platelet-rich
plasma and enhanced platelet aggregation and sero-
tonin secretion induced by other agents. This action
of heparin was blocked by substances that elevate plate-
let cyclic AMPand by EDTAbut not by inhibitors of
platelet cyclooxygenase. The effect was not inhibited
by apyrase or by N-amylthio-5'-AMP and therefore did
not require the action of ADP, nor was there activation
of platelet phospholipase. Platelet aggregation by
heparin required a plasma cofactor different from the
cofactor required for ristocetin.

Fractionation of heparin yielded preparations that
varied in molecular weight and, within a given molec-
ular weight fraction, in affinity for antithrombin III.
Fractions of high molecular weight (average 20,000)
were more reactive with platelets than were fractions
of low molecular weight (7,000). Anticoagulant activity
did not parallel the platelet reactivity of heparin frac-
tions. Among high molecular weight fractions, prepa-
rations of high or low antithrombin affinity were equally
active in induction of platelet aggregation. In low mo-
lecular weight fractions, there was an inverse relation-
ship between platelet reactivity and anticoagulant
activity in normal platelet-rich plasma, but, in platelet-
rich plasma depleted of antithrombin, low molecular
weight fractions of high and low antithrombin affinity
reacted equally with platelets. These results suggest
that formation of an antithrombin-heparin complex
protected platelets from aggregation by heparin.

Selection of heparin fractions of low molecular
weight and high antithrombin affinity may improve
anticoagulant therapy and development of thrombore-
sistant heparin-coated artificial materials.
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INTRODUCTION

The anticoagulant action of heparin results from its
ability to bind and activate a natural inhibitor of the
serine proteases involved in the intrinsic coagulation
system, so-called "antithrombin III," or "heparin co-
factor" (1). Heparin also blocks the action of thrombin
on platelets, but many other activities of platelets pro-
ceed despite the administration of heparin. The drug
does not prevent platelet consumption during extra-
corporeal circulation for cardiopulmonary bypass (2)
or hemodialysis (3), nor does it prevent adherence of
platelets to subendothelial connective tissue (4) or to
artificial surfaces in vitro (5, 6). Administration of hep-
arin leads sometimes to thrombocytopenia (7-14), and
there are claims that arterial embolization has been in-
duced by heparin (15-17). Artificial materials with
heparin bonded to the surface in an attempt to prevent
thrombotic complications of prosthetic devices have been
erratic in their performance (2, 18-21); even optimistic
accounts (22) describe a profound shortening of platelet
survival.

In vitro, heparin has been reported to reduce, en-
hance, or have no effect on platelet aggregation, de-
pending on the system employed for studying it.
O'Brien et al. (23) Besterman et al. (24), and Gillett
et al. (25) found reduced platelet aggregation and sero-
tonin release by epinephrine and collagen in heparin-
ized platelet-rich plasma (PRP)' but it was later sug-
gested (26,27) that this may have resulted from a partial
and incomplete response of the platelets having already
occurred. Eika (28) reported that platelets washed and
suspended in a buffer were aggregated by high con-
cinArations of heparin and, together with Thomson
et al. (29) and Ellison et al. (30), found that enhance-
ment of platelet aggregation in PRP was produced by

'Abbreviations used in this paper: AT, antithrombin III;
GFP, gel filtered platelets; PPP, platelet-poor plasma; PRP,
platelet-rich plasma.
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lower concentrations. Lindsay et al. (18) described en-
hancement of platelet aggregation during extracor-
poreal circulation with a heparin-coated circuit, pre-
sumably attributable to the action of desorbed heparin,
although they claimed a reduction in reactivity of the
sturface itself as a result of heparin binding.

A possible explanation for the varied results in dif-
ferenit laboratories was suggested by Lam et al. (31),
who reported that heparin is a heterogeneous mixture
of polysaccharide chains that vary in their affinity for
antithrombin III and thus in their potency as antico-
agtilants. They observed that 85% of the anticoagulent
activity of porcine intestinal mucosal heparin resides
in 30% of the mass and that two-thirds of the material
is virtually inactive as an anticoagulant. Confirmation
of this report was provided by Andersson et al. (32)
and by Hook et al. (33). Subsequently, Rosenberg and
Lam (34) examined the structure of heparin fractions of
7,000 mol wt with high and low anticoagulant activity
and demonstrated subtle differences in primary struc-
ture.

We undertook to study the reactivity with blood
platelets of different subfractions of heparin, separated
on the basis of molecular weight and according to
antithrombin binding capacity. Different subfractions
of heparin were found to interact with platelets to
different degrees, which did not parallel the antico-
agullant activity of the preparations.

METHODS

Collection of blood and preparation of citrated PRPand plate-
let-poor (platelet count <10,000/pA) plasma (PPP) were as
previously described (35). In some experiments, platelets
were separated from plasma by filtration through a column
of Sepharose 2B (Pharmacia Fine Chemicals, Div. of Pharma-
cia, Inc., Piscataway, N. J.) by the technique of Tangen et al.
(36) as modified by Lindon et al. (37) and were suspended
in Tyrode's buffer, pH 7.4, containing 1 mg/ml glucose and
10.9 mNI trisodium citrate (gel filtered platelets). Apyrase,
200 gg/ml (see below), was added to the gel filtered platelet
suispension to prevent "spontaneous aggregation" (pre-
sumably from ADPin the suspending medium) on stirring.

For some experiments, platelets were washed on a discon-
tinuous stepwise bovine albumin gradient (Sigma Chemical
Co., St. Louis, Mo.) according to a modification of the tech-
nique of Timmons and Hawiger (38) using Tyrode's solution
instead of Hepes buffer. Platelets layered above the 40%
albumin zone were recovered by pipette, together with -100
p,u of the 40% albumin solution, and were suspended in PPP
or Tyrode's solution.

Platelet aggregation was studied by the method of Born
and Cross (39), using a two-channel Payton aggregometer
and Fisher Recordall 5000 dual-channel recorder (Fisher
Scien-tific Co., Pittsburgh, Pa.). Comparison of slopes of ag-
gregation tracings vas by computer-derived least s(quiares
linear regression for heparin-induced aggregation and by
change in optical density at a fixed time after addition of an
aggregating agent (usually 2 or 3 min, whichever gave the
clearest discrimination among tracings), for aggregation by
other substances. For certain studies of platelet aggregation
induced by addition of heparin to citrated PRPor gel filtered
platelets (GFP), to be described below, the recorder scale

was expanded by setting full scale deflection of the pen equal
to the difference in light transmittance between PRP and a
1:1 mixture of PRPwith PPP, instead of setting maximal light
transmittance equal to the value for PPP, which is customary.
Platelets were counted on a Technicon AutoAnalyzer Auto-
counter (Technicon Instruments Corp., Tarrytown, N. Y.)
or on a Coulter counter model B (Coulter Electronics Inc.,
Hialeah, Fla). Within an experiment, comparison of platelet
aggregation was conducted with samples of the same PRP,
and therefore samples were always compared at the same
platelet count.

The platelet release of 2-['4C]5-hydroxytrvptamnine (seroto-
nin) (Amersham Corp., Arlington Heights, Ill.) was measured by
the method of Spaet and Zucker (40), expressing results as
percent release of serotonin previously taken up by platelets.
B-thromboglobulin in plasma was measured by radioimmuno-
assay with a reagent kit (Amersham Corp.). Malondialdehyde
was measured by the method of McMillan et al. (41).

Phospholipase activity of platelets was measured in PRP
and GFP by a modification of the method of Lapetina et al.
(42), in which [14C]arachidonic acid, 0.74 ,.tCi (Nuchek-Prep,
Inc., Elysium, Minn.) (0.0077 mMfinal) was incubated in PRP
at 37°C for 30 min, anid radioactivity not asisociated with the
platelets was then removed by filtration through a Sepharose
2B column previously equilibrated with citrate PPP or wvith
Tyrode's solution with glucose and citrate (see above).
Eicosatetraynoic acid, 100-300 ug/ml, was added to the
platelet suspension to block both the cyclooxygenase and
the lipoxygenase involved in arachidonic acid metabolism
(43). The '4C-labeled platelets in PRP or GFP wvere then ex-
posed to 5 ,um/ml thrombin or "stock" heparin for 15 min at
37°C and extraced by the method of Lapetina et al. (42). After
centrifugation, the supernate was subjected to thin-layer
chromatography on a silica gel plate (Analtech, Inc., Newark,
Del.) with chloroform:methanol:acetic acid (90:5:5). Free
['4C]arachidonic acid was identified by reference to standards
and counted.

Porcine intestinal mucosal heparin was obtained from Wil-
son Chemical Co., Chicago, Ill., at an early purificationi stage
before treatment with oxidizing agents and was further puri-
fied by cetyl-pyridinium chloride precipitation. Approxi-
mately 4 g of this material was filtered at flow rates of 40 ml/h
through a columnlll of Sephadex G-100 (Phariniacia Fine Chemiii-
cals) (5 x 190 cim) equilibrated with 0.15 \1 NaCl in 0.01 NI
Tris-HCl, pH 7.5. Fractions of molecular weight -20,000 and
-7,000 wvere separately pooled, comnplexe(d with hepat-in, and

separated by chromatography.
This process was initially conducted by mixing limiting

amounts of antithrombin with either of the two heparin frac-
tions at molar ratios of 0.03:1.0 in a solution of 0.15 M NaCl
in 0.01 Tris-HCl, pli 7.5, and 24°C. Thereafter, bound heparin
was separated from uncomplexed mucopolysaccharide and
subse(luently isolated free of antithrom-bin by techniquies
analogous to those reported previously (44). The resultant
products attained maximal anticoagulant potency when molar
ratios of inhibitor to mucopolysaccharide were set at <0.10.
Further reductionis in this parameter to 0.03 or less did not
result in the isolation of heparin species with higher biologic
activities. Therefore, the molar ratios of antithrombin to muco-
polysaccharide were maintained at 0.08:0.10 for all stubse-
quent separationis of high activity material, which represented
-25% of the heparin wvith high aniticoagtilanit activity and 8- 10%
of the entire pool. Low activity mucopolysaccharide was
prepared in a similar manner but used a tw.o- to threefold
molar excess of antithrombin to heparin. Material able to
interact wvith antithrombin III (AT) (i.e., moderate antico-
agulant activity) w%as discarded, whereas mucopolysaccharide
unable to bind to the inhibitor was harvested. The high activity
and low, activity produicts wvere rechromiiatographed onl
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columns of Sephadex G-100 (0.55 x 180 cm) at flow rates of
4 ml/h. The column matrix was previously equilibrated with
0.5 MNaCl in 0.01 MTris-HCl, pH 7.5, and calibrated with
heparin standards of known molecular size that had been
studied by analytical ultracentrifugation and light scattering.
Each of the high molecular weight or low molecular weight
fractions appeared to be homogeneous. For comparison, a
single lot of pharmaceutical grade porcine mucosal heparin
was obtained from commercial sources (Panheparin, Abbott
Laboratories, North Chicago, Ill.; lot number 26-428-DB, 1,000
U/ml, containing 0.9% benzyl alcohol as a preservative).
This is referred to as "stock heparin."

The anticoagulant potency of heparin fractions was esti-
mated in terms of their ability to accelerate the interaction
of antithrombin with thrombin compared with a heparin
standard of known U. S. Pharmacopeia potency, according to
a previously described technique (31).

Prostaglandins El and I2 were obtained from Dr. John Pike,
Upjohn Co., Kalamazoo, Mich. N-amylthio-5'-AMP was ob-
tained from Dr. K. Kikugawa, Kohjin Co., Osaka, Japan.
Hirudin was purchased from Pentapharm Ltd., Basle, Switzer-
land, and was used without further purification. Potato apyrase
was obtained from Sigma Chemical Co. and was further
purified on a fetuin-agarose column to remove platelet-ag-
gregating lectins according to the method of Whigham et al.
(45). Ristocetin was purchased from Pacific Hemostasis
Labs, Bakersfield, Calif.

Scanning electron microscopy was performed on PRP
samples by a previously described technique (46).

AT was purified by affinity chromatography on heparin-
Sepharose according to the method of Rosenberg and Damus
(47). It was assayed by radioimmunoassay using antibodies
raised in goats against purified antithrombin. Goat immuno-
globulin (Ig)G was supplied by Miles Laboratories, Inc.,
Miles Research Products, Elkhart, Ind., and anti-goat IgG
serum prepared in rabbits was supplied by Atlantic Antibodies,
Westbrook, Maine. Bound and unbound radioactivity was
separated using a double antibody technique. Radiolabeled
AT was prepared by chloramine T iodination (48).

Antithrombin-poor plasma was prepared by passing.citrated
PPP through a column (1.8 cm Diam and 3.5 cm long) of
heparin-agarose gel prepared by the technique of Lindon
et al. (46). Passage of 100 ml of plasma through the column
lowered its content of AT to <8 ,ug/ml in a typical experiment.
Antithrombin-poor PRP was then prepared by gel filtration
of albumin-washed platelets in Tyrode's buffer through a
Sepharose 2B column previously equilibrated with two
column volumes of antithrombin-poor PPP from the same
donor. Platelets were thus suspended in autologous plasma
depleted of antithrombin or other proteins that adhered to
heparin but otherwise intact (49). Preparation of the anti-
thrombin-poor plasma occupied 2-3 h, so a fresh blood
sample was obtained for preparation of the albumin-washed
platelet suspension.

Statistical analysis was performed on the PROPHETSys-
tem, a national computer resource sponsored by the Chemical/
Biological Information Handling Program, National Institutes
of Health. Comparison of multiple samples was by analysis
of variance (50) or by Duncan's multiple range test (51) if
normally distributed, and by Doksum's test or the Kruskal-
Wallis test (52) for nonparametric analysis if not. Comparison
of paired data was by Student's t test (50) if normally dis-
tributed, and by the sign rank test (52) if not.

RESULTS

When 10 ug/ml pharmaceutical grade commercial
heparin, stock heparin, was added to citrated PRP at

370C, platelet aggregation in varying degrees was al-
ways demonstrable, provided the scale of the aggrego-
meter recorder was expanded (details in Methods).
Examination of the specimens by phase microscopy
confirmed the presence of small platelet aggregates.
The process did not reverse despite continued stirring
in the aggregometer for up to 30 min. There was no
release of [14C]serotonin or of ,3-thromboglobulin into
the plasma in most experiments, but in PRPfrom a few
donors (<5% of experiments), heparin induced two-
phase aggregation similar to that induced by ADP, and
serotonin release was observed.

Fig. 1 illustrates the appearance of platelets aggre-
gated by heparin in citrated PRPand fixed by addition
of glutaraldehyde. Normal unstimulated platelets and
platelets aggregated by ADPare shown for comparison.
Preservation of the discoid shape of native platelets
and failure to display the spiculated spherical config-
uration of platelets exposed to ADPwere characteristic
of the response to heparin.

When ADP or epinephrine was added to citrated
PRP30-60 s after addition of 10 Ag/ml heparin, there
was enhancement of the response to these agents, com-
pared with the degree of aggregation observed in the
absence of heparin. A typical example of the effect on
ADP-induced aggregation is shown in Fig. 2. Release
of [14C]serotonin was also augmented in the presence
of heparin.

Platelet aggregation and secretion in response to
heparin were also studied after fractionating heparin
according to molecular weight and, within a molecular
weight category, according to antithrombin affinity (see
Methods). It should be noted that anticoagulant activity
in the "low affinity" fractions could result from trace
contamination with highly active material. The prep-
arations studied are described in Table I.

Platelet aggregation and secretion of [14C]serotonin
induced by ADP in citrated PRP were enhanced by
prior addition of all the heparin fractions examined,

TABLE I
Antithrombin Activity

High molecular weight Low molecular weight
(average 20,000) (average 7,000)

U/mg heparin

High affinity 736 363
(HMW-HAT) (LMW-HAT)

Low affinity 20 8
(HMW-LAT) (LMW-LAT)

Abbreviations used in this table: HMW-HAT,high molecular
weight and high antithrombin affinity; LMW-HAT, low
molecular weight and high antithrombin affinity; HMW-LAT,
high molecular weight and low antithrombin affinity; LMW-
LAT, low molecular weight and low antithrombin affinity.
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FIGURE 1 Scanning electron micrograph of platelets aggregated by addition of stock heparin to
citrated PRP 2 min before fixation with glutaraldehyde. Platelet aggregates induced by 0.5 uM
ADPat 2 imin (primary phase) and 2.5 ,utM at 2 min (second phase) are shown for comparisoni. x3,000.

but not to the same extent. The high molecular weight
fractions could be subdivided into preparations with
either high or low antithrombin affinity (Table I), which
were approximately equal in their capacity to enhance
the platelet response to other aggregating agents (Table
II). Thus the reactivity with platelets did not parallel
the anticoagulant activity. Among the low molectular
weight fractions, those with low antithrombin affinity
were as reactive with platelets as the high molecular
weight fractions. However, the low molecular weight
fractions of low antithrombin affinity were significantly
more potent in enhancing aggregation and serotonin
release than were the low molecular weight fractions
of high antithrombin affinity (Table II). An inverse
relationship of anticoagulant activity and platelet re-
activity in the low molecular weight fractions was also

observed with enhancement of aggregation induced by
epinephrine and collagen.

As with the stock heparin, addition of the heparin
fractions to citrated PRP led to platelet aggregation,
which ocecurred without apparent shape change. The
sensitivity to heparin-induced platelet aggregation
varied widely fromi) blood donor to blood donor. A typical
dose-response curve with a high molecular weight
fraction of low antithrombin affinity is shown in Fig. 3.
The low molecular weight fractions were significantly
less active in induction of platelet aggregation than
were the higher molecular weight fractions (Table III).
Among the high molecular weight fractions, prepara-
tions of high and low affinity for antithrombin were
not siginificantly different in their effectiveness as in-
ducers of platelet aggregation. However, as was the
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FIGURE 3 Platelet aggregation induced in citrated PRP by
the addition of heparin high molecular weight-low anti-
thrombin affinity (HMW-LAT) at various concentrations.
The recorder scale is expanded by setting full scale equal to
the difference between optical density of PRPand that of al: 1
mixture of PRPand PPP.

FIGURE 2 Platelet aggregation induced by 1.25 ,uM ADP.
In the lower tracing, 10 ,ug/ml stock heparin was added 1 min
before the addition of ADP.

case in respect to their activity in enhancement of the
effects of other platelet stimuli, fractions of low molec-
ular weight and high antithrombin affinity were less
reactive in inducing platelet clumping than were those
of low antithrombin affinity.

Suspensions of platelets in Tyrode's solution were

prepared by Sepharose gel filtration (see Methods).
Such platelets aggregated readily upon addition of
ADP or collagen, without the need for added plasma
cofactors such as fibrinogen. Addition of stock heparin
or any of the heparin fractions aggregated such platelets
variably and with poor reproducibility. However, when
the platelets were first washed in an albumin gradient
to remove adsorbed protein before gel filtration (38),
addition of heparin in concentrations up to 10 ,Ag/ml
never produced platelet aggregation. After albumin

washing and gel filtration, platelets did not aggregate
upon addition of ADP or ristocetin. However, if the
albumin-washed platelets were gel filtered into Tyrode's
buffer containing dilute PPP, maximal responsiveness to
ADPand ristocetin was restored when the suspending
medium was 25% plasma. The maximal response to
heparin always required at least 75% plasma (Fig. 4).

Platelets fixed in formaldehyde are known to be ag-

gregated by ristocetin (53). WhenGFPin Tyrode's solu-
tion were incubated overnight in dilute formaldehyde
(0.74% vol/vol in 0.01 MTris-HCl, pH 7.4,0.15 MNaCl,
4°C) (53) and then re-filtered into PPP, the formaldehyde-
fixed platelets aggregated upon addition of 1.4 mg/ml
ristocetin but were totally unresponsive to addition
of 10 ,g/ml heparin.

Platelet aggregation induced in citrated PRPby the
addition of either stock heparin or any of the heparin
fractions was inhibited in a concentration-dependent
fashion by agents that increase platelet cyclic AMP,
including prostaglandin El, prostaglandin 12, and

TABLE II
Enhancement of ADP-induced Platelet Aggregation and ["4C]Serotonin Release by Heparin Fractions

Aggregation [14C]Serotonin release

No. AOD, Percent* P No. Percent releaset P

HMW-LATvs. HMW-HAT§ 7 30+ 18 vs. 28±9 NS" 7 19±+12 vs. 21±+12 NS
HMW-LATvs. LMW-LAT 15 33+21 vs. 32±+17 NS 6 11+4 vs. 13+3 0.060
HMW-HATvs. LMW-HAT 17 35+33 vs. 22+31 <0.01 13 14±+16vs. 6+16 <0.01
LMW-HATvs. LMW-LAT 19 24+22 vs. 40+31 <0.05 15 7+13 vs. 14+ 11 <0.01

Experiments were performed as paired comparisons, and mean values can only be compared within a pair. Analysis
is by Student's t test for paired samples. Differences in optical density (AOD)* or percent ['4C]serotonin release
at 3 min are between sample containing 10 ,ug/ml heparin (added 1 min before ADP) and average of at least six controls
(ADP without heparin) in the same PRPsample.
* AODheparin - AODcontrol/AOD control x 100, mean+SD.
t % ["4C]serotonin release (heparin)-% [14C]serotonin release (control); mean±SD.
§ See Table I for definitions of abbreviations.
"P > 0.10.

68 Salzman, Rosenberg, Smith, Lindon, and Favreau

0

AOD

0.1

ADP

0.2F_

0.31-

ADP 3
+ Heparin

I min

04 L

NaCI or Hoparin



TABLE III
Platelet Aggregationi Induced by Hepa rin Fractioits

Hepariin fractioni AOD/2 min* P

HMW-LATt 130+57
NS

HMW-HAT 143±63 ] <0.01
<. 01 <0.0 01

LMW-LAT 96±38 1 1 < <0.001
<0.01

LMW-HAT 79+26 j j

These experiments were performed as four-way comparisons of the heparin fractions in single
samples of PRP (ni = 15), using an expanded scale on the aggregometer and computing the slope
of the curve of change in optical density (in arbitrary units) by least squares linear regression.
Significance of differences was determined by analysis of variance and pairwise comparisons.
Heparin concentration was 10,ug/ml.
* Mean+SD.

See Table I for definitions of abbreviations.

dibutyryl cyclic AMP. The platelet response was also
inhibited by EDTAat concentrationis >0.01 m.M. How-
ever, there was no inhibition by 10 U/ml hirudin nor
was the platelet response to the heparin fractions sup-
pressed by inhibitors of platelet cyclooxygenase, in-
cluding aspirin and indomethacin.

The possible involvement of ADP in platelet aggre-
gation induced by the heparin fractions was investi-
gated by addition to citrated PRP of N-amylthio-5'-
AMP, a relatively specific inhibitor of ADP-induced

Heparin or Ristocetin

0

AOD

0.1
+ Heporin

I PRPj

0.21-

Ristocetin + 25%PPP0.3F
I min

04L

FIGURE 4 Platelets were washed by centrifugation on an
albumin gradient and then passed through a Sepharose gel
column (Methods) previously filled with PPP from the same
blood donor who provided the platelets or with dilutions of
PPP in varying quantities of Tyrode's solution with citrate
and glucose. Thus the platelets were ultimately suspended
in their own plasma ("reconstituted PRP") or in a plasma/
Tyrode's mixture containing 0, 25, 50, or 75% PPP. Heparin
(high molecular weight-low antithrombin affinity; HMW-
LAT), 10 ,g/ml, or ristocetin, 1.4 mg/ml, vas then added in an
aggregometer at 37°C with stirring. Recorder scale was ex-
panded as in Fig. 3. Platelet counts in reconstituted samples
were 141,000±+13,960 SD/ILA.

platelet reactions (54). This compound, which at a con-
centration of 0.05 mMinhibits both the primary and
secondary phase of aggregation produced by ADPbut
only the second phase of aggregation induced by ep-
inephrine or thrombin, had no effect on the aggregation
of platelets iniduced in PRPby heparini firactions.

Another inhibitor of ADP-induced platelet reactions,
apyrase, which hydrolyses ADPand blocks aggregation
customarily attributed to platelet-derived ADP (55),
also failed to inhibit platelet aggregation induced in
citrated PRPby heparin. At concentrations of 210-350
,ug/ml, apyrase strongly inhibited both the first and
second phases of the platelet aggregation response
to ADP, but there was no effect on heparin-induced
platelet clumping.

The effect of substances that increase platelet cyclic
AMP on heparin's enhancement of the platelet re-
sponse to other stimuli could not be studied because
of direct inhibition of the primary response to the ag-
gregating agent. It was, however, possible to study the
enhancement of platelet activity in the presence of
aspirin and other nonsteroidal antiinflammatory agents
that inhibit only the second phase of platelet aggrega-
tion and serotonin secretion by inhibition of platelet
cyclooxygenase, and do not prevent so-called "primary
aggregation." Addition of stock heparin or heparin
fractions to citrated PRP from a subject who had re-
ceived 0.9 g aspirin 3 h earlier significantly reduced
the defect in ADP-induced aggregation (Fig. 5). En-
hancement of ADP-induced platelet clumping by
heparin was evident despite the ingestion of aspirin;
there was no amelioration of the defect in serotonin
release because of aspirin ingestion.

Heparin activates lipoprotein lipase derived from
endothelial cells or liver (56), and we considered the
possibility that heparin might also activate platelet
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FIGURE 5 ADP-induced platelet aggregation (cor
and its enhancement by heparin (high molecular w(
antithrombin affinity; HMW-LAT) (B). In PRPprepar
blood sample collected 3 h after the donor had inger
aspirin, the second phase of aggregation was inhiL
In the presence of heparin (added 1 min before A[
produced a second wave of aggregation even afte
(D). Figures in parentheses indicate percent rE
[14C]serotonin.

phospholipases, with subsequent formation o
glandin endoperoxides leading to platelet aggr
After addition of stock heparin or the heparin I
to platelets in PRP or GFP labeled with [14(
donic acid, there was no evidence of phosp]
activation. In a typical experiment, 86%of the
was incorporated by the platelets, and 22%
leased by thrombin and recovered in the aram
acid spot after thin-layer chromatography. In t
experiment, the arachidonic spot in a control
(no thrombin) contained 12% of the 14C, and
not increased by addition of heparin.

Because enhancement by heparin of plat
activity appeared to be more vigorous with
lecular weight heparin fractions of low antit]
affinity than with fractions of similar molecula
with high affinity for antithrombin, it seemed
that reaction of the heparin with AT inhibited
platelet interaction. Analogous observations ha
made concerning the behavior of some heparii
surfaces (48). To investigate this question, I
were washed on an albumin gradient and we]

pended either in citrated PPP that had been depleted
of AT by passage through a heparin-Sepharose column
(see Methods) or in normal PPP from the same donor.
In reconstituted normal PRP, low molecular-weight
heparin of high antithrombin affinity was significantly
less active in enhancement of ADP-induced aggrega-
tion than were the other fractions, but in antithrombin-
poor plasma, the heparin fractions were indistinguish-
able (Table IV). Whenpurified antithrombin was added
back to the antithrombin-poor plasma (final concentra-
tion 200 ,ug/ml), the low molecular weight high affinity
fraction once more became less reactive than the other

[D] fractions.

DISCUSSION

Wehave shown that porcine mucosal heparin at a con-
centration of 10 ,ug/ml or less induces platelet aggrega-
tion in citrated PRP, but not in a suspension in Tyrode's
buffer of platelets washed by centrifugation through an
albumin gradient and then by gel filtration. Heparin
also enhances aggregation and serotonin release in-
duced by other agents. Platelet aggregation by heparin
is blocked by EDTA and by substances that elevate
platelet cyclic AMPbut not by inhibitors of arachidonic

ntrol) (A) acid cyclooxygenase or by hirudin. The platelet re-
eight-low sponse to heparin does not seem to require the involve-

ted 0ro. g ment of ADP, because it is not inhibited by N-amylthio-
ited (C). 5'-AMP or apyrase.
)P), ADP These conclusions are to be contrasted with those of
r aspirin Eika (28, 57), who observed in suspensions of washed
elease of platelets aggregation induced by much higher heparin

concentrations (70 U/ml, roughly 6-500 times greater
than the concentration employed in these experiments).
The platelet response observed by Eika was blocked

f protsta by aspirin and apyrase, and he concluded that it re-

egaction. sulted from ADP released from platelets by heparin.fractions Zucker and associates (27) observed that heparin-

-]arach- linduced platelet clumping was blocked by a combina-
oC label tion of creatine phosphate and creatine phosphokinase
was re-

chidonic TABLE IV
Whe same Enhancement of ADP-induced Platelet Aggregation in

Reconstituted Normal or An tithrombin-poor PRPsample or Antithromiibini-p)oor PRP with AT added; AOD
4.i; Au..LI11N was

telet re-
low mo-
hrombin
r weight
possible
heparin-
ve been

n-coated
platelets
re resus-

Antithrombin- Antithrombin-
Reconstituted poor poor
normal PRP PRP PRP + AT

LMW-LAT* 12.1+6.0 10.8±+5.6 12.3+4.0
LMW-HAT 9.5+6.0 11.1+8.1 9.7+3.9
n 32 30 9
P 0.001 NS 0.063

LMW-HAT and LMW-LAT fractions were compared in
portions of the same reconstituted PRP sample. Analysis was
by Student's t test for paired data (Mean+SD.)
* See Table I for definitions of abbreviations.
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but did not identify the heparin preparation or report
its concentration. They also attributed the reaction to
released ADP. Thomson et al. (29) reported findings
similar to those observed in our experiments; namely,
enhancement of ADP- and epinephrine-induced plate-
let aggregation and serotonin release in citrated PRP,
the second phase of which was susceptible to inhibition
by aspirin. The primary phase of aggregation was en-
hanced by heparin in Thomson's studies, and this effect
was not inhibited by aspirin.

These actions of stock pharmaceutical grade porcine
mucosal heparin are also displayed in varying degree
by subfractions separated on the basis of molecular
weight and antithrombin affinity. Several authors have
reported variations in the specific anticoagulant activity
of heparin fractions, with a trend toward increasing
activity at higher molecular weight (32, 58, 59). Laurent
et al. (60) attributed this relationship to an increased
possibility that reactive sites for antithrombin will be
present in a given heparin molecule as the molecular
weight increases. On the other hand, Rosenberg and
associates (31, 44) have described heparin fractions of
either high or low antithrombin affinity with the same
molecular weight. They have recently suggested (61)
that the 20,000 mol wt fractions with high antithrombin
affinity have two antithrombin binding sites per mol-
ecule.

Wefound high molecular weight fractions to be more
active than low molecular weight fractions in induction
of platelet aggregation and in enhancement of aggrega-
tion induced by other agonists. Within a fraction of
given molecular weight, platelet reactivity did not
parallel anticoagulant activity. In high molecular
weight fractions, antithrombin affinity appeared to have
no relation to platelet reactivity. In low molecular
weight preparations, there was a roughly reciprocal
relationship between potency in induction of platelet
aggregation or in enhancement of platelet aggregation
by other agonists and antithrombin binding affinity,
low affinity fractions being significantly more reactive
toward platelets than high affinity fractions. Eika (62)
reported that chemical alterations of heparin altered its
anticoagulant effectiveness and platelet reactivity in
parallel, but his heparin preparation was composed of
a heterogeneous population of heparin molecules. His
conclusion does not appear to be true for fractions of
uniform molecular weight.

In PRP depleted of AT, low molecular weight
heparin fractions of high or low AT affinity were equiva-
lent in enhancement of ADP-induced aggregation, but
when the AT concentration was restored by adding
back purified AT, a difference in behavior of the two
fractions reappeared, comparable to the difference in
normal PRP. These results suggest that antithrombin
inhibits heparin-platelet interactions. Shanberge et al.
(63) have reported that platelets bind heparin but not

heparin-antithrombin complexes. Inhibition by anti-
thrombin of heparin-induced reactions of platelets was
also suggested in studies by Lindon et al. (48) of
solid-phase heparin immobilized on Sepharose beads.
Heparin-platelet interaction was reduced by prelimi-
nary incubation of the beads with normal platelet-free
plasma or solutions of purified antithrombin but not
by antithrombin-poor plasma. Other surfaces with
heparin covalently linked have shown similar prop-
erties (64).

These observations are consistent with the existence
of two types of binding sites on the heparin molecule;
one that binds either to AT or to platelets but has a
higher affinity for the former, and a second, perhaps
the balance of the molecule, that binds preferentially
to platelets. In the heparin fractions of low molecular
weight, the former binding sites would appear to pre-
dominate in the high antithrombin affinity subfractions,
so that, if exposed to antithrombin, these molecules
are unlikely to react with platelets. The low antithrom-
bin affinity subfractions of low molecular weight,
whose few antithrombin binding sites may in fact be
the result of contamination, react more strongly with
platelets. In the high molecular weight heparin frac-
tions, the molecules are apparently large enough to
offer ample sites for reaction with platelets, regardless
of the presence or absence of additional sites that bind
antithrombin.

The failure of heparin to aggregate platelets suspended
in a buffer after albumin washing and gel filtration sug-
gests a requirement for a plasma cofactor. Heparin-
induced platelet aggregation thus resembles platelet
clumping induced by the antibiotic ristocetin, according
to mechanisms proposed by Coller and Gralnick (65).
However, the plasma factor involved appears to be dif-
ferent from von Willebrand's factor, the plasma com-
ponent required by ristocetin. Heparin-induced plate-
let aggregation is severely depressed in a solution of
25% PPP in Tyrode's buffer and does not occur with
formaldehyde-fixed platelets, although these con-
ditions support a vigorous platelet response to risto-
cetin.

Two thrombocytopenic syndromes have been de-
scribed in patients receiving heparin: a transient,
usually minor, reduction in platelet count occurring
shortly after each intravenous injection, and a more
severe sustained thrombopenia occurring 5-9 d after
the initiation of heparin therapy. The former problem
is reported to be almost universally present among
patients who receive heparin (7). It seems likely that
the fall in platelet count that immediately follows an
injection of heparin results from sequestration of plate-
lets aggregated by the mechanism described in this
report. A similar process may be involved in cases of
arterial embolism attributed to heparin therapy (15-17).

Because low molecular weight heparin fractions of
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high antithrombin affinity appear to have reduced re-
activity with platelets, an improvement in clinical anti-
coaguilant therapy could probably be achieved by use
of such fractions, which would be expected to maximize
anticoagulant potency with a minimum of undesirable
side effects on platelets. Such a prospect also offers
hope for an improvement in the blood compatibility
of heparin-coated artificial surfaces intended to func-
tion as thrombo-resistant materials in prosthetic de-
vices such as artificial heart valves or pump oxygenators
for cardiopulmonary bypass.
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