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SUMMARY The interactions of soluble and insoluble immunoglobulin G (IgG) complexes with
macromolecular rheumatoid factor (RF) and platelets were examined in an in vitro system permitting
observation of platelet activities which may contribute to rheumatoid inflammation. Studies of the
aggregation phenomenon by the nephalometric technique and by selective sedimentation of 5'Cr-
labelled platelets revealed no aggregation by platelets exposed to heat aggregated IgG (HAIgG)
complexes or their RF precipitates in a plasma test system. Release of serotonin was demonstrated
by the increasing radioactivity of platelet supernates to 45 min by 14C-serotonin labelled platelets
exposed to insoluble IgG heat aggregates. Significantly less release was shown with saline, native
IgG, and soluble IgG complexes. When RF was added to soluble HAIgG complexes, the resulting
precipitate caused significantly higher release than controls. No concomitant release of the lysosomal
enzyme P-glucuronidase was detected. Thus, although soluble complexes do not cause significant
release of biologically active amines, conversion of soluble complexes to insoluble immune precipi-
tates by RF is associated with this activity which is independent of platelet aggregation and/or
lyosomal enzyme release in our test system. Release of biologically active amines from platelets
exposed to insoluble complexes may be important in the initiation and propagation of inflammation
in rheumatoid arthritis.

Immune complexes have been implicated in rheu-
matoid arthritis (Hannestead, 1967; Munthe and
Natvig, 1971; Clark et al., 1974) and their interaction
with platelets has been implicated as a possible con-
tributor to tissue injury in this disease (Liischer,
1971; Margaretten and McKay, 1971).

Platelets may contribute to the inflammatory
process accompanying immunological injury by the
formation of microthrombi (Jorgensen et al., 1970)
and by the selective release of endogenous constitu-
ents such as vasoactive amines (Henson, 1970a;
1970b), lysosomal enzymes (Henson, 1970a; 1970b),
or (a) factor(s) which increase(s) the vascular per-
meability of the microcirculation (Mustard et al.,
1965; Nachman et al., 1972). Immune complex
deposition in blood vessels in acute immune complex
disease in rabbits has been associated with an increase
in vascular permeability (Cochrane, 1971). Platelets
have been implicated in this phenomenon by studies
in which the deposition of complexes was inhibited
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by administration of antagonists of histamine and
serontonin or by depletion of circulating platelets
(Kniker and Cochrane, 1968). Other investigators
have noted release of enzymes including proteases
(Nachman and Ferris, 1968), 3-glucuronidase
(Mills et al., 1968), collagenase (Chelsney, 1974), and
an elastolytic protease (Robert et al., 1970) from
platelets exposed to substances which participate
in or result from vascular injury (ie, thrombin,
collagen). Thus substances of diverse biological
activity released from platelets might participate
in the initiation and/or propagation of tissue injury
in rheumatoid arthritis.

Platelet studies to date have demonstrated that
complexes represented by specific antigen-antibody
immune aggregates or by heat aggregated immuno-
globulins stimulate platelets to aggregate (Liischer
et al., 1973) and release biogenic amines (Henson
and Spiegelberg, 1973). Platelet reactivity to immune
complexes and collagen, however, may be suppressed
by normal plasma (Nossel et al., 1971) and by sera
constituents such as native IgG (Liischer et al, 1973)
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and antiglobulin active IgM (Wager et al., 1973).
Thus the effects of native IgG and macromolecular
rheumatoid factor (RF) on IgG complexes and their
interactions with platelets remain unclear. This study
utilising in vitro systems permitting separate assay
of platelet functions, further clarifies the interactions
of IgG complex, RF, and platelets which may be
important in rheumatoid inflammation.

Materials and methods

AGGREGATING AND RELEASING AGENTS

Immunoglobulin G complex preparation
IgG complexes were prepared as previously des-
cribed (Turner, 1976) with the modification that
either a 1I0 or 1*5 g/dl IgG solution was initially
utilised. The IgG complex solutions, including those
of soluble and insoluble IgG heat aggregates
(HAIgG) and IgG-RF precipitates, were balanced
with an equal concentration of native IgG. The
concentrations of the IgG complexes utilised in
platelet aggregation, enzyme release, and serotonin
release studies were 6 *0 mg/ml, 2*4 mg/ml, and 1 - 6
mg/ml, respectively. The subsequent addition of
IgG complex to a platelet suspension (in the ratio
given below) resulted in a final IgG complex con-
centration of 1*2 mg/ml in all test systems.

Controls
The following solutions were utilised as positive and
negative controls in the platelet studies: saline (0*9%
w/v NaCl); native IgG, represented by human IgG
solubilised in saline (in concentrations of 6 * 0 mg/ml,
2*4 mg/ml, and 1 *6 mg/ml); ADP (Sigma Chemical,
St Louis), 10 mmol/l in saline; and thrombin (1 Fg/
ml, topical; Parke-Davis, Detroit).

BLOOD COLLECTION
Whole blood was obtained by venepuncture of
normal healthy volunteers and was collected into
plastic tubes or siliconised (Siliclad, Clay, Adams,
Parsippany, New Jersey) glassware containing
appropriate anticoagulant.

AGGREGATION STUDIES

Nephelometric studies
Platelet preparations were obtained by centri-
fugation of citrated blood (3.8% w/v trisodium
citrate: 1 part to 9 parts blood) at 110 g for 15 min.
The platelet rich plasma (PRP) was removed and the
remainder of the blood was centrifuged at 1000 g
for 15 min to yield platelet poor plasma (PPP) as the
supernate. The final platelet count was adjusted to

3*0-4 *0 x 105/4l with PPP. The IgG complexes and
control substances were added to the PRP in the
ratio 1:4 (0.1 ml agent + 0*4 ml PRP). Aggregation
was monitored by the continuous recording of the
optical density (OD) of the stirred platelet suspension
as previously described (Born and Cross, 1963)
utilising a Chrono-Log Model 300 aggregometer.
Platelet aggregation was indicated by the decreasing
OD (increasing light transmission) of the stirred
platelet suspensions.

SELECTIVE 51CR-LABELLED PLATELET
SEDIMENTATION
Platelets were obtained by the differential centri-
fugation of ACD anticoagulated blood and labelled
by a method modified from that described by Aster
and Jandl (1964). PRP was obtained as described
above and platelets sedimented by centrifugation
at 1000 g for 15 min. Following suspension of the
platelet pellet in a small volume of PPP, platelet
labelling was accomplished by the addition of 250
tCi 51Cr (per 100 ml original blood volume) in the
form of sodium chromate (Na251CrO4; New England
Nuclear, North Billerica, Massachusetts) to the
platelet isolate. After incubation at room temperature
for 30 min, the labelled platelet suspension was
washed twice in saline and resuspended in PPP to a
platelet count of 4.0O4.5 x 105/41. Studies of the
aggregation phenomenon were performed by com-
bining the 51Cr-labelled platelet suspension and an
aggregating agent in the ratio 4:1 (2 ml PRP +
0 5 ml agent). The reaction mixture was incubated
at room temperature for 30 min and the platelet
aggregates selectively sedimented by slow centri-
fugation at 100-110 g for 10 min. An aliquot of the
platelet supernate was removed and the radioactivity
quantified utilising a gamma scintillation spectro-
meter (Nuclear, Chicago). The percentage platelet
associated radioactivity sedimented was calculated
by the formula:
%sedimentation=total radioactivity-radioactivityofsupernate 100

%sedimentation= total radioactivity

RELEASE STUDIES

Serotonin release
PRP was obtained by centrifugation of EDTA
anticoagulated blood and platelets labelled with
radioactive serotonin (5-hydroxytryptamine-[2-14C]
creatinine sulphate; Amersham/Searle, Arlington
Heights, Illinois) as previously described (Hirshman
and Shulman, 1973). The labelled platelets, suspended
in saline at a concentration of 4-0-5*0 x 105/tl,
were combined with releasing agents in the ratio 1:3
(0 * 1 ml platelet suspension + 0 * 3 ml releasing
agents). The reaction mixtures were incubated at
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room temperature with paired samples being re-
moved for centrifugation at 1, 3, 6, 9, 15, 30, 45, and
60 min. Saline and native TgG controls were run
concomitantly. Upon removal, the platelets were
sedimented by contrifugation at 18 000 g for 1 min
utilising a Misco microcentrifuge. An aliquot
(0-1 ml) of the platelet supernate was placed in a
vial containing 10 ml scintillation fluid (contents:
Triton X-100, Dimethyl POPOP, Toluene). Release
was quantified by measuring the radioactivity present
in platelet supernates utilising an Isocap Model 300
Scintillation Spectrometer (Nuclear, Chicago).

Enzyme release
PRP was obtained by centrifugation of EDTA
anticoagulated blood (0 * 15 part 10% w/v NaEDTA
to 10 parts blood) as described above. Platelets were
sedimented by centrifugation at 1000 g for 15 min
and resuspended in a Tris-NaCl buffer (0-12 mol/l
NaCl in 0*03 mol/l Tris-HC1, pH=7.4) to which
2.5 mmol/l CaCl2 was added. The platelet suspension
(count = 6-0 x 105/,ul) and releasing agents were
combined in the ratio 1:1 (1 ml platelet suspension
+ 1 ml releasing agent). Following incubation at
room temperature for 45 min, platelets were sedi-
mented by centrifugation at 1000 g for 15 min. An
aliquot of the supernate was removed and the
remaining platelets lysed utilising Triton X-100
(2.1%).
The platelet supernate and lysate were examined

for 3-glucuronidase and lactate dehydrogenase
(LDH) activity by methods previously described
(Bergmeyer et al., 1963; Fishman, 1963) and the
percentage enzyme release computed by the formula:

release = activity of supernate x 100.
activity of lysate

Results

AGGREGATION STUDIES

Nephelometric technique (Fig. 1)
Continuous recording of optical density of stirred
platelet suspensions to 10 min revealed no aggre-
gation with the addition of insoluble heat aggregated
IgG complexes, IgG-RF precipitate complexes, heat
aggregated soluble IgG complexes, or native IgG.
However, with the addition of ADP, platelet aggre-
gation was readily observed. Although no platelet
aggregation could be demonstrated utilising insoluble
complexes, the effect of insoluble complexes was
difficult to interpret because of their optical density
properties. Therefore, the effects of immune com-
plexes on platelet aggregation were reexamined by the
selective sedimentation of radiolabelled platelet
aggregates as described below.

0 -

10 -

20 -
30 -

40-

650-
.C 60 -

c70-

S 80 -
90-
100-

F I- I ,,
1 2 3 4 5 9 10

Time (min)

Fig. 1 Study ofplatelet aggregation by the nephelo-
metric technique. Insoluble HAIgG-RF = insoluble
heat aggregated immunoglobulin G-rheumatoidfactor
precipitate complexes; insoluble HAIgG = insoluble
heat aggregated immunoglobulin G complexes;
soluble HAIgG = soluble heat aggregated immuno-
globulin G complexes; ADP = adenosine diphosphate.
Platelets aggregate only in respose to ADP.

Selective 51Cr-labelled platelet sedimentation
As shown in Fig. 2, 51Cr-platelet sedimentation
results paralleled those demonstrated with the optical
density system revealing no significant difference in
the percentage platelet associated radioactivity
sedimented when labelled platelets were exposed to
saline alone, native IgG, or IgG complexes (including
soluble HATgG, insoluble HAIgG, or insoluble
HAIgG-RF precipitates) in the presence of native
IgG (n=5, 5, 4, 5, 4,i ± SEM = 50.3 ± 2-6, 56.5
± 2-9, 48*2 ± 3*6, 46.6 ± 3 3, 54.2 ± 1.5%,
respectively). Significantly greater (P<0.01) 51Cr-
platelet sedimentation was demonstrated by ADP or
thrombin (n = 6, 3; x ± SEM = 85*6 ± 2 1,
96.8 ± 0.6%).

RELEASE STUDIES

Serotonin release
Studies of the timed release of 14C-serotonin by
platelets exposed to insoluble HAIgG complexes, as
illustrated in Fig. 3, demonstrate increasing radio-
activity of platelet supernates to 45 min (n = 4; x
± SEM = 7238 ± 387 cpm). Comparison of the
activity of IgG and IgG complexes 45 min after
platelet exposure (Fig. 4) revealed that serotonin
release with insoluble HAIgG was significantly
greater (P<0.001) than release shown by soluble
HAIgG or native IgG controls (n = 6, 4; x ± SEM
= 2194 ± 479, 2418 ± 328 cpm). The precipitation
of soluble IgG complex by the addition of RF
created a complex capable of inducing release com-
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Fig. 2 Stu(dy ofplatelet aggregation by the selective
sedimentation of 51Cr-labelled platelets. The mean ±
SEM is shown for not less than 4 observations of complex
and 3 observations of control substance activity. Only
ADP and thrombin produce significant increases in
platelet sedimentation.
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Fig. 3 Time release of 2-14C-serontonin by platelets
exposed to insoluble HAIgG. Release increases with
time to 45 minutes.
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Fig. 4 2-'4C Serontonin release by platelets exposed
to native IgG and solube and insoluble heat aggregated
immunoglobulin G complexes. The mean ± SEM is
shown for not less than 4 observations at peak release
45 min after platelet exposure. Insoluble but not soluble
complexes induced significant (P<0 .01) release over
control values.

parable to insoluble IgG heat aggregates being signi-
ficantly higher (P<0.01) than controls (n = 4;
x ± SEM = 6451 ± 327 cpm).

Enzyme release
Figure 5 depicts ADP, thrombin, and IgG complex
induced platelet release of P-glucuronidase. Studies
of 3-glucuronidase release revealed that exposure of
platelets to soluble HAIgG, insoluble HAlgG, or
insoluble HAIgG-RF precipitate complexes in the
presence of native IgG (n = 6, 6. 6; x ± SEM =
0 85 ± 0 59; 1 04 ± 0 68, 0 80 ± 042%)resulted
in no more release than native IgG alone (n = 7; x
± SEM = 1 58 x ± 0 30%). Similarly, ADP in-
duced no more release that did native IgG alone.
Only exposure of platelets to thrombin (n = 6;
x ± SEM = 12-98 ± 2.34%) lead to significant
(P<0 001) release of this enzyme. No significant
difference in the percentage platelet release of LDH
could be demonstrated in all test and control
samples.

Discussion

Previous studies suggest a difference in the reactivity
of washed platelets and platelets suspended in

-d
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Fig. 5 Platelet release of P-glucuronidase following
exposure to IgG and IgG complexes. The percentage
release (mean ± SEM) is shown and is corrected by
saline controls. Data represent no less than 6
observations for each IgG complex and the thrombin
control. Only thrombin produces significant enzyme
release in this system.

normal plasma (Liischer et al., 1973). Carefully
washed platelets exposed to human IgG, aggregated
chemically or by heat, induce platelets to aggregate
irreversibly (Mueller-Eckhardt and Luscher, 1968)
and release serotonin (Henson and Spiegelberg,
1973). This effect is not linked to complement (C)
activating factors (Pfueller and Liischer, 1972a).
Indeed, preincubation of aggregated IgG with Cl or

Clq abolishes its platelet aggregating effects
(Liischer, 1973). Monomeric IgG (Pfueller and
Liischer, 1972b) as well as antiglobulin active IgM
(Myllyla, 1973a) inhibits the effects of immune com-
plexes on platelets. These plasma components inhibit
platelet activity by remarkably similar mechanisms.
Each is capable of competing or combining with the
Fc fragment of the IgG antibody. The Fc portion of
IgG is thought to be the region which interacts with
platelets at their surface and mediates platelet
activity (Myllylai, 1973a; Henson and Speigelberg,
1973).

Since normal plasma constituents may affect
platelet-immune complex interactions under in vivo
conditions, we investigated IgG complex induced
platelet aggregation in a plasma milieu. In our
system utilising citrated plasma (PRP) and IgG
complexes balanced with native IgG, no platelet
aggregation was demonstrated by platelets exposed
to soluble or insoluble IgG complexes. Native IgG
or other plasma constituents inhibited both the
coprecipitation of platelets by insoluble complexes
and active platelet aggregation induced by soluble
complexes reportedly (Myllyla, 1973b) operative in
immune complex-platelet systems.
Imune complex induced platelet aggregation

is mediated by the ADP released (Movat et al.,
1965). Although the ADP concentration in our
platelet reaction mixtures was not quantitated,
failure of platelets to aggregate when exposed to
IgG complexes may be due to inhibition of ADP
release or to the increased ADP requirement in the
plasma-negative IgG environs. It is known (Pfueller
and Luscher, 1972c) that concentrations necessary
to produce aggregation and release in PRP are much
higher than in washed platelet suspensions. The
subsequent addition of ADP to our system readily
induced platelet aggregation in test and control
samples. In this ADP induced aggregation, IgG
complex may act as a cofactor (Bang et al., 1972).
Although platelet aggregation was not observed,

release of 14C-serotonin was demonstrated by ex-
posure of labelled platelets to insoluble complexes.
The relationship of complex activity to solubility may
be indicative of the lack of specificity of the complex-
platelet interactions in our system. Nonspecific
platelet phagocytosis of latex particles or insoluble
immune complexes is associated with release of
serotonin (Movat et al., 1965). While insoluble
complexes could easily be phagocytised nonspeci-
fically, the failure of soluble IgG complex to induce
release may indicate the failure of platelets to phago-
cytise soluble complexes. Studies involving neutrophil
complex phagocytosis demonstrate similar require-
ments for complex insolubility (Turner et al., 1976).
A specific immune complex-platelet interaction (via
the Fc region of IgG and platelet Fc receptors) may
be necessary for soluble complexes to induce sero-
tonin release as well as ADP release and platelet
aggregation.
That serotonin release was not accompanied by

the liberation of specific enzymes is not suprising.
Although release induced by aggregated immuno-
globulins and immune complexes closely resembles
thrombin-induced viscous metamorphosis, immuno-
logical release does not result in the release of lyso-
somal enzymes (Pfueller and Liischer, 1972c).
Similar studies indicate that serotonin release may

17
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also be unaccompanied by platelet aggregation
(Luscher, 1973). The failure to realise all steps of the
platelet reaction sequence (ie, shape change -*
aggregation -* release reaction) suggests that plate-
let reactivity may be related to the nature of the
inducing stimulus (Holmsen, 1974) or to the variable
sensitivity of the platelet reactive capacities.
The results of these studies have thus demonstrated

that insoluble HAIgG-RF precipitates in the pre-
sence of native IgG are capable of inducing platelet
release of vasoactive amines. Although soluble
complexes do not stimulate serotonin release in our
test system, RF converts soluble complexes to
insoluble precipitates which display this activity.
This release is not accompanied by enzyme release
and is not paralleled by aggregation in our system.
These studies which attempt to closely follow in vivo
conditions suggest that RF conversion of soluble
complexes to insoluble precipitates may be necessary
for IgG complexes to acquire biological activity.
The exposure of platelets to insoluble complex and
the resulting release of vasoactive amines may be
important components of the inflammatory process
occurring in rheumatoid arthritis.

The authors wish to thank Carolyn Startsman,
Stephanie Gaskey, and Jeanie Schroff for their
excellent technical assistance.
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