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SEVERAL INVESrIGATORS 1 have studied the mode of allergic
release of histamine from the platelets of rabbits that had been im-
munized against several different antigens. These studies on release of
histamine required the presence of complement. Schoenbechler and
Sadun2 were the first to demonstrate that antigen-induced release of
histamine from well-washed platelets of rabbits infected with Schisto-
soma mansoni necessitated only the inclusion of leukocvtes from the
infected animals. Recently, similar release of platelet histamine from
rabbits immunized against protein antigens such as bovine serum
albumin and horse spleen ferritin has been accomplished by adding
these sensitized leukocytes.3 The exact mode of histamine release from
the platelets mediated either by the production of a soluble factor 3
from the activated leukocytes or by direct cell-to-cell interaction4 re-
mains unsettled.

This communication describes electron microscopic observations on
the interaction between platelets and activated leukocytes in an attempt
to shed light on the mechanism involved in histamine release from the
platelets.

Materials and Methods
The preparation of leukocytes and of platelets from rabbits was described pre-

viously.5 The procedures are outlined brieflv as follows. The leukocytes from
schistosome-infected rabbits were obtained relatively free of red blood cells by
means of dextran agglutination. The major portion of the platelets from the leuko-
cyte preparation were removed by differential centrifugation. Pure suspensions of
lymphocytes were also made by employing a glass-bead column. The platelets used
in this experiment were obtained from normal rabbits, and were essentiallv free of
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leukocytes. All experiments were conducted with leukocytes (sensitized) from
infected rabbits and normal rabbit platelets washed 3 times with Tyrode's buffer to
ensure the absence of free plasma. The buffer used throughout this experiment was
Tyrode's solution. Four different combinations of the various cell suspensions of
these platelets, leukocytes and antigen were made as follows:

Group Combination
1 Normal platelets + sensitized leukocytes (control group)
2 Normal platelets + sensitized leukocytes + antigen
3 Normal platelets + antigen-activated leukocytes
4 Normal platelets + antigen-activated leukocytes + antigen

The activated leukocytes were made by incubating sensitized leukocytes with an
equal volume of antigen. After incubation, the activated leukocytes were washed
twice with Tyrode's buffer.

These four types of cell suspensions were fixed in 1.25% glutaraldehyde, 4%
sucrose in 0.05 M phosphate buffer (pH 7.4). The fixed material was washed in
0.05 M phosphate buffer and postfixed in 1% OSO4. The preparations were de-
hydrated in a series of ascending ethyl alcohols and propylene oxide and were
finally embedded in Epon 812. The resulting blocks were cut with a Porter-Blum
MT-2 ultramicrotome and were stained with 1% uranyl acetate and lead citrate.
Sections from 10 blocks of each group were examined with a Siemens Elmiskop
101 electron microscope.

Observations

Morphology of Rabbit Platelets and Leukocytes

The morphology of the normal rabbit platelets will be described
briefly since their ultrastructural characteristics are pertinent to this
study. Rabbit platelets were elongated or ovoid in shape and possessed
several cytoplasmic organelles (Fig 1 and 2). They contained mito-
chondria, large round-to-oval electron-opaque a granules, small "very
dense" granules,6 vesicles, microtubules, glycogen particles, endoplasmic
reticulum and ribosomes. The a granules were abundant and measured
200-300 m[i in diameter. Each granule was surrounded by a unit mem-
brane; the matrix, in general, was uniformly electron opaque and occa-
sionally was separated from the surrounding unit membrane by a nar-
row translucent zone (Fig 2). The very dense granules were smaller
than the a granules and measured about 200 mp in diameter. They often
appeared as round vesicles in which a very dense particle of 100 m[t was
situated eccentrically. On rare occasions, the entire matrix was com-
pletely occupied with very electron-dense material.
The vesicles varied in shape and were limited by a unit membrane.

The matrix was electron transparent and did not contain any stainable
substance (Fig 2). The microtubules were usually located near the
plasma membrane (Fig 2) and measured about 200 A in diameter.
The leukocytes seen in these preparations were small lymphocytes,
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monocvtes, neutrophils and eosinophils. The small lymphocytes were
round and contained a large, round nucleus, which occupied about 80S
of the cell bodv (Fig 3). A narrow rim of cytoplasm surrounded the
nucleus and contained several mitochondria, numerous ribosomes, mi-
crotubules and infrequent smooth endoplasmic reticulum. No rough
endoplasmic reticulum was evident. The monocvtes were larger than
the small lvmphocytes. The abundant cvtoplasm and the presence of
the rough-surfaced endoplasmic reticulum together with the larger cell
size helped to differentiate the monocvtes from the small lymphocy-tes.
The granulocvtes were round with irregular microvilli extending from
their surface (Fig 1). The granulocv,te cyItoplasm contained a large
number of electron-dense granules of various size and shape as well as
several nuclei.

Interaction of Platelets and Leukocytes

In the suspension of platelets and sensitized leukocytes in TNrode's
solution without antigen (group 1), numerous platelets, leukocvtes and
erythrocytes were distributed randomly in the thin sections (Fig 1).
There was no apparent interrelationship or close contact between the
leukocvtes and the platelets. No morphologic changes were observed
in these cells.

Combinations of the platelets and sensitized leukocvtes with addi-
tion of antigen (group 2) or of activated leukocvtes and platelets with-
out antigen (group 3) or with antigen (group 4) demonstrated remark-
able changes in their physical relationship as well as their morpholog.
These changes were most pronounced in group 4 (Fig 4). There were
manv aggregates of platelets intermingled with leukocv-tes and cellular
debris (Fig 4). The centers of these aggregates were composed of a
few small lvmphocvtes and monocvtes surrounded by numerous plate-
lets. Mfany of these platelets were irregular in shape and possessed
pseudopods (Fig 5) extending toward the centrallv located lvmphocytes
and monocytes. Often these pseudopods were in close contact with
these leukocvtes and some protruded into the leukocytic cy,toplasm at
the base of the microvilli (Fig 8 and 9). Thus, the pseudopods of the
platelets and microvilli of the lyrmphocytes and monocvtes were inter-
digitated. The tips of the pseudopods of the platelets were often in-
serted into the cVtoplasm of these leukocx-tes, forming a cvtoplasmic
anastomosis (Fig 10). No limiting membrane could be seen in these
areas. Further morphologic changes vere observed in these platelets.
The cvtoplasmic matrix of a platelet located near the leukocvtes became
more electron opaque than in the control group (Fig 8-11). The num-
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ber of a granules decreased and the numbers of vesicles increased. The
remaining a granules occasionally underwent changes in which their
matrices became partially electron translucent (Fig 6). It appeared as
if the matrix was in the process of discharging its contents. The very
dense granules also decreased in number. The cell debris intermingled
with these platelets often consisted of electron-opaque granules similar
to the a granules and very dense granules (Fig 4 and 7). These changes
appeared to be more prominent in the platelets in contact with the
lymphocytes and monocytes than in those situated at the periphery of
the cell aggregates. However, there were no lysed platelets observed in
our preparations. The lymphocytes and monocytes appeared to main-
tain their morphology, with the exception of an increased number of
microvilli. Although granulocytes were always present in the vicinity of
these aggregates, their intermingling with platelets was minimal.

Discussion
It has been shown by several investigators 2-5 that histamine is re-

leased from the platelets in a suspension of sensitized leukocytes and
platelets of rabbits when antigen is added to the suspension. Sensitized
platelets of rabbits alone were unable to release histamine, even in the
presence of antigen.5 On the other hand, the activated leukocytes were
capable of causing histamine to be released from rabbit platelets in the
presence or absence of antigen. These findings indicate that activated
leukocytes in some way interact with the rabbit platelets, causing his-
tamine to be released regardless of prior activation. The present study
clearly demonstrated that a physical interaction occurs between the
activated rabbit leukocytes and normal rabbit platelets. Of particular
interest is the formation of platelet pseudopods and the insertion of
these pseudopods into the leukocytic cytoplasm with the concomitant
decrease in number of platelet granular inclusions.
Although the fine structure of the rabbit platelets under various ex-

perimental conditions has been described by many workers,6-9 the for-
mation of pseudopods by the platelets during antigenic reaction has not
been reported. Formation of pseudopods and their insertion into leuko-
cytes indicates that cytotaxis of the platelets toward the activated
leukocytes occurs in the presence of antigen. The factors controlling this
cytotaxis is not obvious.
The close physical interaction between the sensitized leukocytes and

the platelets noted in this study is not entirely in agreement with the
findings of Henson.3 He rarely observed an interplay between the sen-
sitized leukocytes and the platelets when he studied preparations of
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rabbit cells sensitized to bovine serum albumin and horse spleen ferritin.
Since he did not regularly discern the association of the leukocytes and
the platelets, he suggested that this contact was not necessary for the
release of platelet histamine. Instead, he obtained a soluble factor from
the reaction of platelets, antigen and sensitized leukocytes, which he
found caused the release of histamine. Although Barbaro and Schoen-
bechler4 were unable to obtain evidence for the production of a soluble
factor, they have not ruled out the possibilitv of its existence. It is pos-
sible that both physical interaction of the platelets and sensitized leuko-
cvtes and a soluble factor from these leukocvtes mav be involved in the
release of histamine.

Release of the platelet constituents under various conditions has been
described."' Virus, bacteria, antigen-antibody complexes and nonbio-
logic particles coated with gamma globuin are reported to cause release
of platelet contents. Similarly, the release of cytoplasmic organelles of
platelets after interaction with sensitized leukocvtes was reported by
Henson,3 and is likewise presently observed. Packham et al 0 reported
that the mechanism by which platelets lose their constituents involved
the formation of holes in the platelet membrane. Thev demonstrated
Ivsed platelets by electron microscopy. Though the present authors did
not observe lysed platelets, the loss of the plasma membrane at the tip
of the pseudopods of the platelets after their insertion into the leuko-
cvtic cvtoplasm may indicate the site from which platelet components
leak out.

Although serotonin has been shown to be localized in the verv dense
granules,'1 a specific organelle site for the storage of histamine has
not been established conclusivelv for the rabbit platelets. DePrada and
his co-workers 12 fractionated rabbit platelets and separated the or-
ganelles bv differential centrifugation. By this method, they found high
activitv of histamine in the layer predominately composed of the verv
dense granules and vesicles. Thus, thev suggested that the histamine is
present either in the very dense granules in association with serotonin
or in the vesicles. On the other hand, since the morphology of the rabbit
platelets (which are unique in that thex contain large amounts of his-
tamine) is not radically different from that of those animals containing
small amounts of histamine, it is difficult to relegate histamine to anv
particular organelle. The decreased number of granular inclusions and
the appearance of emptv vesicles seen in this studv may indicate that,
under these experimental conditions, platelets release other constituents
such as hydrolytic enzvmes,'3 coagulation factor 3,9 (both possibly lo-
cated in a granules) and serotonin,11-12 which is located in the verv
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dense granules. The increased number of empty vesicles observed in
our study indicates that some of these may have originated from a
granules and very dense granules, the matrices of which have been
discharged. This is supported by the observation that free electron-dense
granules similar to a granules and very dense granules are seen inter-
mingled with the platelets.
The cell types that directly interact with platelets for histamine re-

lease have been disputed. Henson3 suggested that the large mono-
nuclear cells, possibly monocytes, are involved in the release of his-
tamine from the platelets, while Schoenbechler and Barbaro 5 reported
that small lymphocytes as determined by light microscopy are respon-
sible for the release. In the present electron microscopic study, both
small lymphocytes and monocytes are closely associated with the
platelets. Although physical interaction was observed in the suspension
containing platelets and activated small lymphocytes without monocytes,
still the possibility cannot be eliminated that interaction between the
platelets and monocytes is involved in histamine release.

Summary
The interaction between normal rabbit platelets and sensitized rabbit

leukocytes activated with antigen was studied by electron microscopy
in an attempt to elucidate the mode of histamine release from the
platelets.

In the suspension of platelets, and sensitized leukocytes not activated
with antigen (control), there was no physical interaction. In combina-
tions of the platelets with sensitized leukocytes activated with antigen,
remarkable changes in their physical and morphologic relationships
were observed. Many aggregates of platelets surrounded small lympho-
cytes and occasional monocytes. Many of these platelets were irregular
in shape with pseudopods extending toward the lymphocytes and mono-
cytes. Often, the pseudopods were in close contact with these leukocytes
and their tips were often inserted into the cytoplasm of these cells, form-
ing an anastomosis. The platelets appeared to be vacuolated and to have
lost some of their granular inclusions.
These findings indicate that the physical interaction between platelets

and activated leukocytes, particularly small lymphocytes, plays an im-
portant role in the release of histamine from the rabbit platelets.
References
1. Henson PM, Cochrane CG: Immunological induction of increased vascular

permeability. II. Two mechanisms of histamine release from rabbit platelets
involving complement. J Exp Med 129:167-184, 1969



Vol. 63, No. 1 LEUKOCYTES IN HISTAMINE RELEASE 91
April 1971

2. Schoenbechler NMJ, Sadun EH: In vitro histamine release from blood cellular
elements of rabbits infected with Schistosoma mansoni. Proc Soc Exp Biol
Med 127:601-606, 1968

3. Henson PM: Release of vasoactive amines from rabbit platelets induced by
sensitized mononuclear leukocytes and antigen. J Exp Med 131:287-306,
1970

4. Barbaro JF, Schoenbechler MJ: The nature of the reaction of antigen with
lymphocytes from rabbits infected with Schistosoma mansoni on the release
of histamine from rabbit platelets. J Immun 104:1124-1131, 1970

5. Schoenbechler MJ, Barbaro JF: The requirement for sensitized lymphocytes
in one form of antigen-induced histamine release from rabbit platelets. Proc
Nat Acad Sci 60:1247-1251, 1968

6. Silver MD, Gardner HA: The very dense granule in rabbit platelets. J
Ultrastuct Res 23:366-377, 1968

7. White JG, Krivit WV: The ultrastructure localization and release of platelet
lipids. Blood 27:167-186, 1966

8. Stehbens WE, Biscoe TJ: The ultrastructure of earlv platelet aggregation
in vivo. Amer J Path 50:219-243, 1967

9. WVebber AJ, Johnson SA: Platelet participation in blood coagulation aspects
of hemostasis. Amer J Path 60:19-41, 1970

10. Peckham MIA, Nishizawa EE, Mustard JF: Response of platelets to tissue
injury, Chemical Biology of Inflammation. Edited by J Houck, BK Forscher.
New York, Pergamon Press, 1968, pp 171-184

11. Bok IJ, Hassler R, May B, WVesterman E: MIorphological and biochemical
studies on the storage of serotonin and histamine in blood platelets of the
rabbit. Life Sci 6:1133-1146, 1967

12. DaPrada MI, Pletscher A, Tranzer JP, Knuckel H: Subcellular localization
of 5-hydroxvtrvptamine and histamine in blood platelets. Nature 16:1315-
1317, 1967

13. David-Ferreira JF: The blood platelet: electron microscopic studies. Int
Rev Cytol 17:99-148, 1964

The authors wish to thank Dr. John R. Carter of Case Western Reserve Uni-
versitv, Cleveland, Ohio, for his suggestions during the writing of this manuscript,
Dr. Thomas Mlerrill of Biodynamics Corporation, Rock-ille, NfManland, for his interest in
this research and Mr. J. Rabbege and Mrs. G. Richman for their excellent technical
assistance.



92 AIKAWA ET AL American Journal
of Pathology

[ Illustrations follow I



g
_ ___w bC.. -

.fs .._':. _

:,..;. ',,., .,.
_v ?,; ;,

f V x_
v # n.
_
-

Fig l.-Cell suspension composed of platelets, and sensitized leukocytes of rabbits with-
out the presence of antigen (group 1). Small lymphocyte (L), granulocyte (G) and erythro-
cytes (R) are intermingled with platelets (P). However, there is no physical interaction
between these cells (x 12,000).

Fig 2.-Higher-magnification electron micrograph of platelet from control group. It pos-
sesses several electron-opaque a granules (AG), mitochondria (M), vesicles (V) and micro-
tubules (MT). Very dense granules are not observed in this platelet (X 43,000).

Fig 3.-Small lymphocyte from group 1 containing large nucleus (N) surrounded by nar-
row rim of cytoplasm (C). Cytoplasm contains a few mitochondria and ribosomes. Endo-
plasmic reticulum is sparse (x 15,000).
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Fig 4.-Cell suspension consisting of platelets and activated leukocytes with added antigen
(group 4). Aggregation of platelets (P) surrounds small lymphocyte (L). These platelets
are intermingled with cell debris. Each platelet extends long pseudopods and some of them
are in direct contact with small lymphocyte (arrow). A few granulocytes (G) are seen in
periphery of this aggregate (x 10,000).
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Fig 5.-Higher magnification photograph of platelet (from Group 2) with an extended
long pseudopod (arrow). Platelet has many vesicles and vacuoles with two a granules (AG)
and a very dense granule (DG) (x 46,000).

Fig 6.-Platelet with a vacuole (arrow) partially filled with electron-opaque material, the
density of which is similar to that of the a granule (from group 3) (x 42,000).

Fig 7.-Globule (arrow) similar to a granule is observed outside platelet (from group 2)
(x 60,000).



Fig 8.-Preparation consisted of platelets, activated leukocytes and antigen (group 4).
Platelet (P) with two extended pseudopods is in direct contact (arrow) with cytoplasm of
lymphocyte (L). Cytoplasmic organelles are absent within platelet (x 50,000).

Fig 9.-Another example (group 2) of physical interaction between pseudopods of platelets
(P) and lymphocytic cytoplasm (L). Tips of platelet pseudopods insert into cytoplasm of
lymphocyte (arrow). Cytoplasm of both cells merge, and that of platelet appears to vacuo-
late (V) (x 55,000).
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Fig 10.-Higher magnification micrograph demonstrating physical interaction between
platelet (P) and small lymphocyte (L) (from group 4). Pseudopod tip of platelet inserts
into the lymphocytic cytoplasm (arrow). Plasma membrane of both cells is not apparent
at junction (X 71,000).

Fig 11.-Another example of interaction (arrow) of platelet (P) pseudopods and lympho-
cyte (L) (from group 3) (x 52,000).


