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Abstract

It has been known for 27 yr that blood platelets contain IgG,
yet its subcellular location and significance have never been
clearly determined. In these studies, the location of IgG within
human platelets was investigated by immunocytochemical tech-
niques and by the response of platelet IgG to agents that cause
platelet secretion. Using frozen thin-sections of platelets and an
immunogold probe, IgG was located within the a-granules.
Thrombin stimulation caused parallel secretion of platelet IgG
and two known a-granule proteins, platelet factor 4 and ft-
thromboglobulin, beginning at 0.02 U/ml and reaching 100% at
0.5 U/ml. Thrombin-induced secretion of all three proteins was
inhibited by prostglandin El and dibutyryl-cyclic AMP. Calcium
ionophore A23187 also caused parallel secretion of all three
proteins, whereas ADPcaused virtually no secretion of any of
the three. From these data and a review of the literature, we
hypothesize that plasma IgG is taken up by megakaryocytes and
delivered to the a-granules, where it is stored for later secretion
by mature platelets.

Introduction

IgG was first identified in blood platelets by Salmon (1) in 1958.
Davey and LUscher (2, 3) confirmed this observation in 1966
and demonstrated that IgG was secreted from platelets in re-
sponse to thrombin. Later, it was suggested that IgG was a surface
component of platelets because it was removed from platelets
by trypsin treatment (4); however, this removal may have been
a result of trypsin-induced platelet secretion (5). The clinical
relevance of quantitative assays for platelet-associated IgG was
promoted by the demonstration of increased concentrations of
platelet IgG in patients with immune thrombocytopenic purpura
(6-8). These studies assumed that IgG was an antiplatelet an-
tibody and that the assays were analogous to the Coombs' an-
tiglobulin test used with erythrocytes in autoimmune hemolytic
disease. Since that time, numerous techniques for measuring
platelet IgG have been developed to identify patients with dis-
orders of immunologic platelet destruction (reviewed by
McMillan [9] and by Kelton [10]).
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The significance and subcellular location of platelet IgG re-
main unclear (1 1). Various assays have shown the IgG concen-
tration of normal platelets to be 1-10 fg/platelet (4,000-40,000
molecules/platelet) (9, 12). Comparisons of assays on intact and
lysed platelets have suggested that one-third to two-thirds of
platelet IgG is on the cell surface (13, 14). However some assays
have demonstrated markedly less surface IgG, 146-235 mole-
cules/platelet (15-17). If platelet IgG is contained within secre-
tory granules, then the techniques of platelet washing and in-
cubation, which can easily cause platelet secretion (18), may be
critical and uncontrolled variables affecting these data.

The objective of our experiments was to further characterize
the IgG associated with normal platelets. Wehave demonstrated
that IgG is located within the platelet a-granules and that its
secretion from platelets is parallel to that of two known a-granule
proteins (19-21): platelet factor 4 (PF4)' and P-thromboglob-
ulin (BTG).

Methods

Immunocytochemical procedures. Platelets were fixed in 8% paraform-
aldehyde in 0.1 MPipes buffer, pH 7.2, by dripping blood directly from
the needle into the fixative maintained at 37°C, as described by Stenberg
et al. (20, 21). Platelets were washed in the same buffer containing 10%
(wt/vol) sucrose. They were infiltrated for 30 min with 2.1 Msucrose,
embedded in the sucrose solution, frozen, and stored in liquid nitrogen.
Sections were cut on an ultracut E (A. 0. Reichert, Los Angeles, CA).
The frozen thin-section techniques described by Tokuyasu (22) were
used, with the modifications for the use of colloidal gold described by
Griffiths et al. (23). The primary antibody, which was prepared against
human IgG (heavy and light chains) in the rabbit, was obtained from
Miles Scientific, Inc., Naperville, IL. It was used at dilutions of 1:10-1:
1,000. The immunogold probe, which was used in a dilution of 1:50,
was goat anti-rabbit IgG linked to 5-nm colloidal gold particles (GAR-
5) (Jansson Pharmaceuticals, Beerse, Belgium). The immunological
techniques were performed as previously described (20, 21).

Platelet preparationfor secretion studies. Blood was drawn from nor-
mal volunteers who had not ingested aspirin or other agents that inhibit
platelet function for the previous 10 d. The blood was anticoagulated
with 0.1 volume of 3.8% sodium citrate and 0.5 gg/ml prostaglandin
(PGE), (Sigma Chemical Co., St. Louis, MO). Platelet-rich plasma was
obtained by centrifugation, and the platelets were washed twice in Ty-
rode's buffer (138 mMNaCl, 29 mMKC1, 12 mMNaHCO3, 0.4 mM
NaHPO4, 1% glucose, 0.35% bovine serum albumin [BSA]) (24), pH
6.5, containing 50 ng/ml PGE, (referred to as "wash buffer"). Platelets

1. Abbreviations used in this paper: BTG, f3-thromboglobulin; db-cAMP,
N6OZ-dibutyryl adenosine 3',5'monophosphate cyclic AMP; ELISA, en-
zyme-linked immunosorbant assay; PF4, platelet factor 4; PG, prosta-
glandin.
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were resuspended in Tyrode's buffer with added CaC12 (2 mM)and MgC12
(1 mM)and without PGE1 at pH 7.4 (referred to as "resuspension buffer").

Platelet secretion. Humana-thrombin, 2,600 U/mg, was a gift from
Dr. John W. Fenton II, Albany, NY. Calcium ionophore A23187 and
ADPwere obtained from Sigma Chemical Co. Purified human fibrinogen
was a gift from Dr. Rodger McEver, San Antonio, TX. The following
reaction mixtures were used: thrombin, 0.01-0.5 U/ml; ionophore
A23 187, 0.1-5.0 MM, with leupeptin (0.4 mM), an inhibitor of the en-
dogenous platelet calcium-dependent protease (25); and ADP, 2-50 MM,
with fibrinogen (0.5 mg/ml). To inhibit thrombin-induced platelet se-
cretion in some experiments, PGE1 and N6O-dibutyryl adenosine
3',5'monophosphate cyclic AMP(db-cAMP) (Sigma Chemical Co.) were
added to the platelet suspension in final concentrations of 10 Mug/ml and
I mM, respectively (26). The final suspensions, I ml containing 108
platelets, were incubated with occasional shaking for 10 min at 370C.
Then, 1.5 ml of Tyrode's resuspension buffer was added, the tubes were
centrifuged at 1,500 g for 10 min at room temperature, and the super-
natant fluids were frozen in aliquots for assay of PF4, BTG, and IgG.
The platelet pellet was washed once, resuspended in 1 ml of Tyrode's
resuspension buffer by sonication, solubilized in 0.5% Lubrol PX (Sigma
Chemical Co.) at 37°C for 30 min, centrifuged in an Eppendorf microfuge
(12,000 g) for 5 min, and the supernatant fluid was frozen for assay of
platelet-associated IgG.

Assay of PF4 and BTG. PF4 was assayed by our previously published
radioimmunoassay method (27). BTGwas assayed by use of a commercial
radioimmunoassay kit obtained from Amersham Corp., Arlington
Heights, IL. For assay of the total initial platelet content of PF4 and
BTG, a parallel 2.5-ml suspension of control platelets was sonicated for
four 15-s intervals on ice (Sonic Dismembrator, Artek). These assays
were performed on coded samples without knowledge of the platelet
treatment data.

IgG assay. IgG was measured by an enzyme-linked immunosorbent
assay (ELISA) technique using "Immulon I" plates with U-shaped wells
(Dynatech Laboratories, Alexandria, VA). The wells were coated with
affinity-purified goat anti-human IgG (Cappel Laboratories, Cochranville,
PA) by adding 50 ul of a 10 Mg/ml solution in sodium carbonate buffer,
pH 9.6, to each well and incubating the plate at 4°C overnight. Then
the antibody solution was poured out and the wells were filled with 1%
BSA in phosphate-buffered saline (PBS), pH 7.2. After 15 min at room
temperature, the wells were washed twice with PBS containing 0.02%
normal goat serum and 50 Ml of the test samples or IgG standard solutions
were added to the wells for 60 min at room temperature. The test samples
were diluted fivefold in PBSand 50-Ml aliquots, equivalent to 106 platelets
in 0.1% Lubrol PX, were added to each well. The human IgG standard
was prepared from serum by Rivanol (Sigma Chemical Co.) ammonium
sulfate precipitation (28), dialyzed against 0.1 Mglycine, 0.05 MTris,
0.02% sodium azide, pH 8.0, and stored at 4°C. Purity of the IgG standard
was demonstrated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. The IgG concentration, measured by use of a radial im-
munodiffusion kit (ICL Scientific, Inc., Sunnyvale, CA), was identical
to the total protein assayed by E28?0 , = 1.40. The standard curve was
prepared from a sample of the IgG standard diluted to 0.5-10.0 ng/50
Ml in 0.1% Lubrol PX in PBS. After incubation, the samples were poured
off and the wells were washed three times in PBS-NGS. Then 50 Ml of
BSA-PBS containing 0.125 Mug of biotinylated affinity-purified goat anti-
human IgG (Vector Laboratories, Inc., Burlingame, CA) were added to
each well for 30 min at room temperature, followed by three washes
with PBS-NGS. Next 50 Ml of BSA-PBS containing Avidin D-biotinylated
horseradish peroxidase complex (0.625 Mg of each, Vector) were added
to each well for 30 min at room temperature followed by six washes with
PBS-NGS. Finally 50 Ml containing 50,ug of o-phenylenediamine (Sigma
Chemical Co.) in citrate buffer, pH 4.5, with 0.03% H202 were added to
each well and the plate was kept in the dark for 30 min at room tem-
perature. Color development was read at 450 nm (Dynatech microELISA
minireader, MR590).

Platelet-associated albumin assay. Lubrol PX-extracts of washed
platelets for assay of albumin were prepared as for the measurement of
IgG. Albumin was assayed by the same ELISA technique described above,

except that goat serum was omitted from the wash buffers and 1%gelatin
was substituted for BSA. Wells were coated with rabbit anti-human al-
bumin (Cappel Laboratories). A human serum albumin standard was
obtained from Sigma Chemical Co. The assay was performed with goat
anti-human albumin (Cappel) and biotinylated rabbit anti-goat IgG
(Vector Laboratories, Inc.).

Immunoblotting. Whole platelets and platelet fractions were solu-
bilized in 2% sodium dodecyl sulfate (the Lubrol-insoluble pellet was
suspended by sonication before solubilization) and electrophoresed on
a 7-12% exponential gradient acrylamide gel, either unreduced or after
reduction with fl-mercaptoethanol (29). Following electrophoresis, pro-
teins were transferred onto nitrocellulose (29, 30) and IgG was detected
with biotinylated goat anti-human IgG and the "Vectastain" immuno-
peroxidase system (Vector).

Results

Morphological localization of platelet IgG. The use of colloidal
gold immunoconjugates on frozen thin-sections of resting plate-
lets allowed the study of the intracellular distribution of IgG
antigen. Immunogold particles were found mainly within the
matrix of most, but not all, a-granules (Fig. 1). Rare gold particles
were found on the plasma membrane, or within other organelles.
It should be recognized, however, that the membranes of small
vesicles are difficult to visualize with this technical procedure.
Using the same technique we have previously localized PF4 and
BTG in platelet a-granules (20, 21). However, less label was
found for IgG using similar methods. Negligible gold labeling
was found when the primary antiserum was replaced by normal
rabbit serum.

Normal platelet content of IgG, PF4, BTG, and albumin.
The amount of IgG in control platelets for the secretion exper-
iments, 4.38±1.78 fg/platelet (SD, n = 13), was not different
from the amount in platelets assayed directly after two washes
(5.38±0.85 fg/platelet, SD, n = 10, p > 0.1); this indicates that
no change occurred in the control platelets during the incubation
at 370C and additional wash and centrifugation. These values
are the same as reported with other methods (9, 12). The Lubrol
extract contained all of the platelet IgG as determined by SDS-
PAGEand immunoblot analysis of whole platelets, the Lubrol
extract, and the Lubrol-insoluble pellet. The Lubrol-insoluble
pellet material contained no IgG (data not shown). The platelet
contents of PF4 and BTGin our experiments were 31.5±6.0 fg
PF4/platelet (n = 1 1) and 45.9±4.4 fg BTG/platelet (n = 10).
Therefore, the molar ratio of PF4 and BTG(assuming both exist
as tetrameric molecules in a-granules) to IgG in platelets is about
30:1. Others have previously reported values for assays of platelet
lysates (18.0 fg PF4/platelet, 17.7 fg BTG/platelet) (32) or cal-
culated from assays of serum (13.1 fg PF4/platelet, 41.2 fg BTG/
platelet) (33). The platelet content of albumin in our experiments
was 14.5±4.1 fg/platelet (n = 19), which is similar to the pre-
viously reported value of 11.8 fg/platelet (34).

Secretion of platelet IgG, PF4, and BTG after stimulation
by thrombin, calcium ionophore A23187, and ADP. Fig. 2 dem-
onstrates that thrombin induces parallel secretion of IgG, PF4,
and BTG, beginning at a thrombin concentration of 0.02 U/ml
and reaching 100% at 0.5 U/ml. In four of the six experiments
with thrombin, IgG was measured both in the supernatant fluid
and in the platelet pellet, and calculation of percent secretion
yielded the same results with both sets of data. SDS-PAGEand
immunoblotting of the supernatant fluid using both unreduced
and reduced samples demonstrated that intact IgG molecules
were secreted by thrombin (data not shown). PGEI and db-
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Figure 1. Transmission electron micrographs showing the a-granule
location of IgG in resting platelets. The frozen thin sections were incu-
bated with anti-IgG and then the immunogold probe, GAR-5, was ap-
plied. Note label (arrows) over many of the a-granules. The a-granules
are heterogeneous in size and shape, and elongated granules, as shown
here in (B), are commonly seen in our preparations of unanticoagu-

41

0.2 pet
lated blood which have been fixed directly from the venipuncture at
370C. Similar observations have been made by Cramer et al. (31). pm,
plasma membrane; m, mitochondria. The other intracellular mem-
branes probably represent surface-connected cannicular system. The
large extracted area is glycogen (gl). A, X 100,000. B, X 50,000.
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Figure 2. Thrombin-induced secretion of IgG, PF4, and BTG. Washed
platelets (975 ul) were incubated with 25 Ml of various concentrations
of thrombin or 25 Ml of Tyrode's buffer alone for 10 min at 37°C. The
final platelet concentration was 108/ml. IgG secretion was measured
by comparing the amount of IgG remaining in the platelets after
thrombin treatment with that in control platelets, which was defined
as zero secretion. PF4 and BTGsecretion was measured by compari-
son of the amounts appearing in the supernatant fluid in the throm-
bin-treated and control samples with the amount in a sonicated sam-
ple, which was defined as the total platelet content. Where indicated,
PGE, and db-cAMP (final concentrations, 10 Mg/ml and 1 mM, re-
spectively) were added before thrombin. Data are the mean values
with four donors from six (IgG) and five (PF4, BTG) experiments with
thrombin alone, and from two experiments with thrombin plus PGE,
and db-cAMP.

cAMP, which inhibit platelet secretion of PF4 in clotting blood
(26), markedly and equally diminished thrombin-induced se-
cretion of IgG, PF4, and BTG(Fig. 2).

The calcium ionophore A23 187 also caused parallel secretion
of IgG, PF4, and BTG, beginning at an ionophore concentration
of 0.2 MMand reaching a maximum of 60-75% at 1.0 AM
(Fig. 3).

In contrast with thrombin and calcium ionophore, ADP
causes reversible aggregation but virtually no secretion with
washed platelets suspended in Ca2+-containing buffer (35), a
model we used in earlier studies on the secretion of the a-granule
protein thrombospondin (36, 37). As in our studies with throm-
bospondin, ADP caused minimal secretion of IgG, PF4, and
BTG, even though visible aggregation occurred (Fig. 4).

Discussion

Our data demonstrate that platelet IgG is contained within the
a-granules, the protein-containing secretory organelles (38). This
finding is consistent with the early observations on platelet IgG
by Davey and Luscher (2, 3) and with recent preliminary ob-
servations by Dixon, Wencel-Drake, and Ginsburg (39). IgG is
totally secreted in response to thrombin in a reaction inhibited
by PGEI and db-cAMP; it is partially secreted in response to
the calcium ionophore A23187 and negligibly secreted in re-
sponse to ADP. In these reactions the secretion of IgG was iden-
tical to that of two other known a-granule proteins, PF4 and
BTG(19-21). The absence of IgG in platelets treated with 0.5
U/ml thrombin suggests that there is little platelet surface binding
of IgG, which is consistent with recent observations that normal
platelets have less than 400 molecules of IgG (<0.1 fg) on their
surface ( 15-17), a value undetectable by our assay.

Howdoes IgG come into the platelet a-granule? Megakar-
yocytes synthesize some a-granule proteins: von Willebrand
factor, fibrinogen, PF4, and coagulation factor V (40-43). Al-
bumin synthesis by young platelets has also been demonstrated
(44). There have been no studies of megakaryocyte synthesis of
immunoglobulins, although normal human marrow is a rich
source of IgG production (45, 46).

Alternatively, IgG could be acquired from the plasma and
delivered to a-granules, a process that might occur during a-
granule development within megakaryocytes or in mature cir-
culating platelets or both. Several observations suggest that this
may be the mechanism by which platelet a-granules acquire
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Figure 3. Calcium ionophore A23 187-induced secretion of IgG, PF4,
and BTG. Washed platelets (990 ,ul) were equilibrated with leupeptin
(0.4 mM), and then incubated with 10 Ml of various concentrations of
ionophore dissolved in ethanol, or with 10 Ml of ethanol alone, for 10
min at 370C. The final platelet concentration was 10/ml. Secretion
was measured as described in Fig. 2. Data are the mean values from
three experiments with two donors.
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Figure 4. ADP-induced secretion of IgG, PF4, and BTG. Washed
platelets (950 Ml) were incubated with 40 Ml of human fibrinogen (to
achieve a final concentration of 0.5 mg/ml) and 10 Ml of PBS contain-
ing various concentrations of ADP, or 10 ul of the PBS buffer alone,
for 10 min at 37°C. The final platelet concentration was 10/ml. Se-
cretion was measured as described in Fig. 2. Data are the mean values
from two (BTG), three (PF4), and four (IgG) experiments with two
donors.
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IgG: (a) Plasma IgG probably has access to megakaryocytes be-
cause IgG (47), like albumin (48), has a large extravascular dis-
tribution, 50-55% of the total body pool. The presence of IgG
and albumin in the extravascular compartment of marrow is
possible in that endocytosis of some proteins, such as peroxidase
and ferritin, has been previously demonstrated in bone marrow
endothelium (49). Also megakaryocytes occupy a distinct para-
sinusoidal location within the marrow cords (50) that may en-
hance their exposure to plasma proteins. (b) Platelet IgG, both
in normal subjects (5 1) and when it is increased in patients with
immune thrombocytopenia (51, 52), has the same distribution
of heavy-chain subtypes as plasma IgG (53). (c) Platelet IgG
concentrations are increased and are correlated with plasma IgG
concentrations in a wide variety of hypergammaglobulinemic
disorders (54). Also, platelet IgG was absent in a patient with
agammaglobulinemia (13). (d) The ratio of the normal platelet
concentration of albumin, also an a-granule protein (55), to IgG
in our experiments was 2.7, which is similar to the albumin/
IgG concentration ratio in plasma of 3.7 (47, 48). This ratio is
preserved by parallel increases in platelet albumin and IgG in
patients with immune thrombocytopenia (34), suggesting that
IgG and albumin are acquired by similar mechanisms. The ratio
of the platelet concentrations of IgG and albumin to their plasma
concentrations is 0.03 (47, 48). In contrast, the platelet concen-
tration of PF4, which is synthesized by the megakaryocyte (41),
is 700,000-fold greater than its plasma concentration (27). (e)
The higher platelet IgG concentrations in thrombocytopenic
subjects with shorter platelet survival times have been interpreted
as indicating that the presence of more antiplatelet antibody
causes more rapid platelet destruction (56, 57). However, these
data are also consistent with a hypothesis that younger platelets
naturally contain more IgG, as is suggested by the higher platelet
IgG concentrations in dogs recovering from plateletpheresis (58).
These observations are consistent with a hypothesis that IgG is
taken up from plasma by megakaryocytes. Although movement
of exogenous proteins into secretory granules has not yet been
demonstrated in megakaryocytes or platelets, it has been de-
scribed for granulocytes and lymphoid cells (59). Further studies
on the origin and packaging of platelet a-granule proteins are
currently underway.

If platelet IgG is, in fact, a mirror of plasma IgG packaged
into the a-granules, what is its function? No hemostatic function
is apparent, but the delivery of IgG to a site of primary hemostasis
is consistent with the platelet's proposed role as an inflammatory
cell (60, 61). Platelets circulating adjacent to the vessel wall are
the first cells to accumulate at the point of vascular injury, and
secretion of their IgG may augment the barrier to infection by
virtue of its ability to opsonize certain microorganisms. This
role of platelets (or hemocytes) appears to be critical in more
primitive life forms (60), but its importance in human physiology
is unknown.
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