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Anticoagulant Action of Heparin

ANTITHROMBIN 1II (heparin cofactor) is known to inhibit
thrombin! and Factor X,'—3 (activated Factor X). We have
purified antithrombin*® from human plasma by a series of
chromatographic and electrophoretic separation techniques.
The homogeneity of the final product is demonstrated by disc
gel electrophoresis, SDS gel electrophoresis and immuno-
electrophoresis®. Using this preparation, we have shown that
antithrombin forms a 1 : 1 stoichiometric complex with throm-
bin which cannot be dissociated with denaturing and reducing
agents. Addition of heparin dramatically accelerates the rate
of formation of this complex. Complex formation is com-
pletely dependent on an interaction between the serine active
centre of thrombin and an arginine reactive site of antithrombin.
Furthermore, g-amino lysyl groups of antithrombin serve as
binding sites for the highly negatively charged heparin. Based
on these data and other evidence, we have proposed that heparin
acts to accelerate inhibitor function by binding to antithrombin
and inducing an allosteric modification in it, which renders the
arginine in its reactive site more accessible to the serine in the
active centre of thrombin®.

This mechanism suggested that all serine proteases within
the coagulation cascade may be neutralised in a similar manner.
To test this hypothesis we have examined the interaction of
antithrombin and heparin with Factor XI, (activated Factor
XI), another serine protease® generated during coagulation,
whose physical properties and substrate specificity differ
considerably from those of Factor X, and thrombin.

Factor XI, was purified from human plasma by DEAE-
cellulose chromatography, celite adsorption-elution, hydroxy-
apatite chromatography, and polyacrylamide P-150 gel filtra-
tion according to the method of Amir et al.® with minor
modifications. The final product is free of coagulation Factors
I, IT, V, VII, VIII, IX and X as judged by fibrinogen deter-
minations” and one-stage assays using congenitally deficient
plasmas as substrates®.

To ascertain whether antithrombin inactivates Factor XI,,
antithrombin was incubated with Factor XI, at final concen-
trations of 64 units ml-* and 100 units ml-? respectively, and
residual Factor XI, activity was sequentially measured as a
function of time. As shown in Fig. 1, there is a progressive
decline in Factor XI, activity. No significant reduction in
this activity is, however, observed when buffer is substituted
for antithrombin. When the neutralisation of Factor XI,
activity is plotted in semi-log fashion (not shown), the kinetics
closely approximate those of a first order reaction.

To determine whether antithrombin is responsible for a
significant proportion of the plasma’s ability to inhibit Factor
XI,, we removed antithrombin from plasma by specific immuno-
precipitation and measured the residual capacity of these
samples to neutralise this activated intermediate. Plasmas
deficient in Cl esterase inhibitor (CIINH) were employed in
these experiments, since it is known to be responsible for 20%,
of the plasma’s Factor XI, inhibitory capacity!® and activation
of the complement system during immunoprecipitation would
result in its reduction. As shown in Table 1, specific immuno-
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Fig. 1 Inhibition of Factor XI, by antithrombin. Factor XI,
was incubated with buffer or antithrombin in albuminised
plastic tubes at 37° C. 0.02 ml of Factor XI, was added to
either 0.38 ml of 0.15 M NaCl in 0.01 M Tris (pH 7.5) or 0.18 ml
of this buffer and 0.2 ml antithrombin. The final concentra-
tions of Factor XI, and antithrombin used were 100 units ml~*
(0.002 AU ml~!) and 64 units ml~! (0.060 AU ml~*), respec-
tively. Mixtures were separately incubated for varying periods
of time and assayed in triplicate for residual Factor XI,. Each
point represents the mean obtained for two separate incubation
mixtures +s.e.m. O—O, Factor XI,+ buffer; @ —@, factor
XI,+antithrombin. Factor XI, activity was measured by a
modification of the method of Nossel?! utilising cephalin?? and
plasmas congenitally deficient in this coagulation protein. The
initial concentrations of Factor XI, preparations were estimated
by comparison with the Factor XI content of pooled plasma
obtained from twenty-five normal subjects. Assays of Factor XI
levels in plasma were performed by the method of Rapaport
et al.?? with the mean value of this plasma component arbi-
trarily set at 100 units ml~!. Antithrombin (heparin cofactor)
activity was determined by a modification of the method of
Gerandas?* in the absence of heparin or by the method of
Abildgaard® in the presence of heparin. Purified human
thrombin?® (3,200 NIH units mg~—') was employed in both
types of activity measurements. The concentration of anti-
thrombin was also obtained by immunological assay using the
technique of Laurell?® with monospecific antisera prepared by
immunizing rabbits with the purified protein. Activity and
immunological measurements were in excellent agreement and
were compared to a pool of twenty-five normal plasmas. Unless
otherwise indicated, the concentrations of antithrombin cited
represent an average of all types of determinations. The mean
concentration of antithrombin was arbitrarily set at
100 units mI-1.

precipitation of 71-80%, of plasma antithrombin by a y-globulin
concentrate directed against this protein produces, in all cases,
corresponding declines in the ability of these samples to inhibit
Factor XI,. In each instance, non-specific effects of y-globulin
addition have been accounted for by comparing these results
with duplicate samples to which we have added a ‘“‘bland”
y-globulin concentrate obtained from non-immunised rabbits.
From these data we estimate that antithrombin is responsible
for about 50% of these plasmas’ capacity to neutralise Factor
XI,. Using the data of Ratnoff er al!'®, on the relative
importance of plasma CIINH as an antagonist of Factor
XI,, we suggest that antithrombin is responsible for about 40%
of the Factor XI, inhibitory capacity of normal plasma, with
the residual 40% inhibitory capacity due perhaps to the
inhibitor recently isolated by Amir e al.''.

These three plasma protease inhibitors only slowly neutralise
Factor XI, activity. If the antithrombin-Factor XI, interaction
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were to be dramatically accelerated by heparin, then the addi-
tion of this anticoagulant to plasma would transform anti-
thrombin from a plasma inhibitor of some importance to the
primary antagonist of Factor XI, action. To test this pos-
sibility we examined the time-dependent decay of Factor XI,
in the presence of antithrombin and heparin.

Methodological problems make such measurements difficult.
Heparin is known to inhibit (through antithrombin) the action
of Factor X, on prothrombin'~2 as well as that of thrombin
on fibrinogen!, and a valid determination of the proteolytic
activity of Factor XI, depends on the degree to which this
species triggers these terminal reactions of the coagulation
cascade. Therefore heparin as well as antithrombin-heparin
complexes must be removed from incubation mixtures before
assaying them for Factor XI,. Well-recognised approaches to
inhibiting heparin’s action such as protamine and heparinase
were initially examined. Protamine was found not only to
inhibit heparin but also to reduce directly the activity of
Factor XI,. Heparinase at concentrations of 0.13 mg of crude
enzyme ml-' (ref. 12) was shown to rapidly destroy free
heparin but only slowly affect heparin bound to antithrombin.
The addition of 9 mg of DEAE-cellulose to test incubations,
centrifugation of these mixtures and use of the supernatants,
proved, however, to be a rapid means of selectively eliminating
free or bound heparin without altering the level of Factor XIa.

Several experiments demonstrated the validity of this
approach: First, when heparin and Factor XI, were incubated
together and processed in the above fashion, no significant
decrease in Factor XI, activity was detected (Fig. 2). Second,
when antithrombin and heparin were incubated together for
5 min, the mixtures treated with DEAE-cellulose, and the
resulting supernatants incubated with Factor XI,, only a
minimal reduction in Factor XI, activity was seen (Fig. 2).
Third, when Factor XI, was incubated with buffer and treated
with DEAE-cellulose, the supernatants obtained showed no
significant reduction in the initial Factor XI, activity (Fig. 2).

To test whether heparin accelerates the interaction between
Factor XI, and antithrombin, mixtures of antithrombin,
heparin, and Factor XI, at final concentrations of 36 units
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ml~1, 0.7 units ml~*, and 100 units ml-1, respectively, were
incubated together for 1, 3, or 5 min before the addition of
DEAE-cellulose. After centrifugation, the respective super-
natants were analysed and Factor XI, activity was found to
be virtually absent in all incubation mixtures (Fig. 2). In
other experiments (not shown), shorter periods of incubation
(0.1 to 0.5 min) revealed the same degree of Factor XI, inhibi-
tion. These results are to be compared with those obtained
when the inactivation was examined in identical conditions,
but with the omission of heparin. In these mixtures only a
minimal time-dependent reduction in Factor XI, activity was
observed (Fig. 2). Therefore heparin dramatically accelerates
the formation of a Factor XI,-antithrombin complex. On the
basis of the neutralisation of Factor XI, by antithrombin in
the abseace of heparin, as well as our knowledge of the
mechanism of inhibitor action, we may confidently presume
that inactivation of Factor XI, follows this interaction.

Thus Factor XI,, like Factor X, and thrombin, is a serine
protease which is slowly but progressively inhibited by anti-
thrombin in the absence of heparin and virtually instantane-
ously neutralised by antithrombin in the presence of this
anticoagulant. On the basis of these data and the known
mechanism of action of antithrombin*, we predict that anti-
thrombin will be shown to inactivate the other remaining serine
proteases of the coagulation cascade, Factor VII, (ref. 13),
Factor IX, (ref. 14) and Factor XII, (ref. 15), and that heparin
will accelerate each of these interactions. Indeed, Aronson,
using antithrombin prepared by us, has already confirmed this
hypothesis for Factor IX, (personal communication).

Furthermore this linkage of the anticoagulant action of
heparin to the early ‘‘contact phase’ of the coagulation cascade
suggests that antithrombin may play a significant role in
maintaining nonthrombogenic properties of artificial as well
as natural surfaces. When heparin is covalently bonded to a
variety of materials, they prove to be highly thromboresis-
tant*$-17, It is probable that they owe this property to
““activated” antithrombin, bound at the blood-surface inter-
face, which can rapidly neutralise serine proteases generated
during the initial contact phase of clotting and thus abort

Table 1 The Factor X}, Inhibitory Activity in CIINH-deficient Plasmas Depleted of Antithrombin

Initial Initial % Antithrombin-  Factor XI, removed
antithrombin CIINH heparin cofactor after 15 min of
Sample concentration concentration activity removed by  incubation at 37° C
(units mi~1) (units ml—?*) immunoprecipitation (units ml—*)
Buffer — — — 7
CIINH-deficient plasma 1 100 8.7
a +7y-globulin concentrate directed against anti-
thrombin 80 56
b +“bland” y-globulin concentrate 0 75
CIINH-deficient plasma 2 100 12.0
a +vy-globulin concentrate directed against anti-
thrombin 71 39
b +“bland” y-globulin concentrate 0 73
CIINH-deficient plasma 3 110 19.0
a t+7y-globulin concentrate directed against anti-
thrombin 76 55
b+ “bland” y-globulin concentrate 0 70

Plasmas deficient in CIINH were obtained from three patients with hereditary an(%ioneurotic oedema using two-syringe technigue, plastic
vessels and sodium citrate as anticoagulant (0.38 %; final concentration). They were individually assayed for antithrombin (see legend to Fig. 1)
and CIINH by the technique of Laurell with monospecific sera (normal range: 44-177 units ml"g. Samples were then stored at —70° C.
Sera were obtained from rabbits immunised with purified antithrombin as well as rabbits which had not been immunised. The y-globulin
fractions were prepared by the method of Stanworth??, concentrated to 100 AU mi-!, dialysed against 0.15 M NaCl in 0.01 M Tris (pH 7.5)
and heated to 60° C for 1 h. These y-globulin concentrates did not inhibit Factor XI, nor did they exhibit antithrombin or heparin cofactor
activity. Monospecificity of the y-globulin concentrate directed against antithrombin was demonstrated by immunoelectrophoresis and
Ouchterlony double diffusion. CIINH deficient plasmas (0.3 ml) were added to both types of y-globulin concentrates (0.9 ml) and the mixtures
were incubated for 30 min at 37° C and 90 min at 4° C. The samples were centrifuged at 15,000¢ and 4° C for 20 min. The resulting super-
natants were assayed for residual heparin cofactor activity (measurement of antithrombin activity in the presence of heparin, see legend to
Fig. 1). In addition, residual Factor XI, inhibitory activity was determined by adding 0.2 ml of supernatant to 0.18 ml of 0.15 M NaCl in
0.01 M Tris (pH 7.5) and 0.02 m! of Factor XI, (final concentration of 100 units ml-!), After 15 min of incubation at 37° C, the mixtures
were assayed in triplicate for Factor X1, activity (see legend to Fig. 1). Controls were obtained for the same period of incubation by replacing
the supernatants with 0.15 M NaCl in 0.01 M Tris (pH 7.5). Figures given represent the means obtained for duplicate incubation mixtures
prepared on two separate days. The relative Factor XI, inhibitory capacity of plasmas (not given) was estimated by a plot of plasma dilution
against the log of the residual Factor XI, activity at 15 min.
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Fig. 2 Inhibition of Factor XI, by antithrombin and heparin.
Two distinct sequences of addition of Factor XI, to other com-
ponents were employed to obtain the above data. The first
incubation sequence used duplicate samples of 1.6 ml composed
of Factor XI, added to either buffer, heparin, antithrombin or
antithrombin and heparin. In this instance, Factor XI, was
employed at a final concentration of 100 units ml—! while
heparin and antithrombin, if present, were used at final con-
centrations of 0.7 units ml-* and 36 units ml—!, respectively.
All samples were incubated for 1-5 min at 37° C, dried DEAE-
cellulose (9 mg) was added with gentle agitation, the mixtures
were immediately centrifuged at 15,000g for 30 s and the result-
ing supernatants were assayed in triplicate for residual Factor
X1, activity. The second incubation sequence used duplicate
samples of 1.2 ml consisting of antithrombin and heparin at
final concentrations of 48 units ml-! and 0.93 units ml-?,
respectively. Both samples were incubated at 37° C for 5 min,
dried DEAE-cellulose (9 mg) was added with gentle agitation,
the mixtures were centrifuged at 15,000¢ for 30 s and the resulting
supernatants were obtained. Factor XI, was added to these super-
natants in a 1 : 3 (v/v) ratio such that its final concentration was
100 units ml~!; the samples were incubated at 37° C for 2-5 min,
and the residual Factor XI, activities were determined in tripli-
cate. Values given represent the mean Factor XI, activity
+s.e.m. In all cases, components have been either dialysed
against or extensively diluted in buffer (0.15 M NaCl in 0.01 M
Tris, pH 7.5). O—Q, Factor XI,+ buffer; A—A, factor XI,+
heparin; [O—[], factor XI,+ heparin-antithrombin-treated
supernatant; @—@, factor XI,+ antithrombin; ¢ —4¢, factor
X1, + heparin+ antithrombin.

the production of the terminal serine proteases responsible for
thrombin formation. By analogy, since heparin has been
isolated from vessel walls'®-'°, as well as other organs2?, it
may prove fruitful to reinvestigate vascular endothelial
thromboresistance in terms of heparin or heparin-like material
bound to surfaces. The presence of such substances coupled
with the unique properties of antithrombin suggests that this
inhibitor is the critical barrier against activated coagulation
factors at the vessel wall interface and thus provides a crucial
link between surface properties and the coagulability of blood.
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Perception of Polarised Light in
Insects by Filter Mechanism

THE response of a single visual cell of an insect, intracellularly
recorded!~3, to polarised light (PL) is relatively small but, as
is generally known, insects display a great capability of orien-
tating to polarised light. Here I suggest that this contradiction
can be explained with the aid of a filter mechanism.

My theory is based on some well known facts. Many insects
have so-called tiered retinulas with one or more basal (or
proximal) visual cells and both theoretical* and experimental’+®
results indicate that the microvilli of rhabdomeres exhibit
dichroism with a dichroic ratio of 2. Furthermore, the longer
the dichroic rhabdomere, the lesser its dichroic ratio, which
is 1 in the limit because of 1009, absorption for any orientation
of the E vector. Thus, a long rhabdomere could hardly act
as a PL detector in the eye of an insect.

The principal idea presented here is that a distal rhabdomere
serves as a PL filter (analyser) for linearly polarised light from
blue sky, whereas the proximal one absorbs or measures the
intensity of PL transmitted by the distal rhabdomere (Fig. 1).

Let the intensity of incident PL be /,. When the E vector
of PL is parallel to the long axes of the microvilli, that is, when
it is orientated in the x direction, the intensity of light trans-
mitted by the distal rhabdomere and entering the proximal
rhabdomere will be I, =1, exp(—xq)=1Io exp(—kls) where k
is the absorption coefficient and /; is the length of the distal
rhabdomere. In turn, k=2.3 ec, where ¢ is the molar extinc-
tion coefficient, ¢, is the concentration of photopigment mole-
cules orientated in the x direction, and 2.3 is the constant
derived from changing from the generally used extinction
coefficient K=¢€c, to the absorption coefficient (k) used here;
that is

La=1Io exp(—2.3 & cylqg)=1Iox 10—x!d
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