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stabilizes platelet discoid form and inhibits shape change, pseudopod
formation and internal reorganization without affecting stickiness.'
The stabilizing influence of cvtochalasin B on platelet discoid shape

provided an opportunity to examine degranulation as an entity separate
from other features of platelet viscous metamorphosis. Tr'%psin was
chosen as a trigger agent because it is a powerful stimulus of platelet
release and degranulation, but under appropriate conditions does not
cause clotting or platelet aggregattion.12 After incubation with cvto-
chalasin B and trvpsin, platelets retained their discoid form, circum-
ferential microtubules, filarnentous matrix, mitochondria and cvto-
chemically detectable enzvmes; nearly all granules and dense bodies
were extracted from the cells.

Materials and Methods
The technics used in this laboratory to obtain blood from normal donors in

citrate anticoagulant, separate platelet-rich plasma (C-PRP) and prepare samples
for studv in the electron microscope were described in detail in recent reports.4 13 14
Cvtochalasin B (CB) was dissolved in ethanol at 2 to 4 mg ml and diluted in
Hank's buffered salt solution to a concentration of 250 Lug ml. A 0.1 ml aliquot of
this solution wvas added to 0.9 ml samples of C-PRP, and the tubes placed in a con-
stant temperature water bath at 37 C for 15 minutes. Trvpsin wvas then added
to the samples at a final concentration of 1 to 3 mg,ml of C-PRP. The tubes were
incubated at 37 C for intervals of 5 minutes to 1 hour, then fixed for studsv in
the electron microscope. Horseradish peroxidase (HRP), 20 mg ml, or a o.1 ml
aliquot of thorium dioxide were added 15 minutes before fixation to some samples of
C-PRP incubated w%ith CB and trypsin for 1 hour. 13 14 Samples containing HRP
w-ere processed by the method of Graham and Kamovsky.15 Additional platelet
samples exposed to CB and trvpsin were ixed by a slight variation of our usual
procedure, and incubated in a modification of the Graham and Karnovskv medium
adapted by others for the localization of endogenous peroxidase and catalase.'6
Details of our method for demonstrating endogenous peroxidase have been re-
ported.'7 The effects of trypsin alone, CB alone and trvpsin added to C-PRP
before CB under the conditions described above wvere also ev-aluated.

Results
Effects of Cytochalasin B (CB) Alone

In previous studies we have shown that concentrations of CB up to
30 Itg/ml have a minimal effect on the morphology7 of blood platelets.5
After exposure at 37 C for 1 hour, CB treated platelets retained their
characteristic discoid form (Figure 1). Organelles inside the cells were
generally unaltered in appearance and remained randomly dispersed
in the cvtoplasmic matrix. The circumferential band of microtubules
was unaffected by CB. Channels of the open canalicular system were
somewhat dilated after exposure to CB, and elements of the dense
tubular svstem were occasionally grouped together in the cytoplasm.
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The matrix developed a "ground glass" appearance in some cells, but
otherwise appeared undamaged. Aside from the minor changes,
morphology- of CB treated platelets was indistinguishable from normal
cells incubated for the same period of time.

Effects of Trypsin Alone

Hovig pointed ouit the effects of various concentrations of trvpsin
oni platelet fine structure several years ago.'-2 Our results are basically
similar to those he described. The changes in fixation methods, how-
ever, produce a slightly- different impression of the effects of trvpsin.
WNe used a concentration of 3 mg trvpsin/ml C-PRP because it caused
alterations similar to those produced by 1 mg/ml, v-et avoided the
problem of clot formation completely. Platelets incubated for a few
minutes with 3 mg trvpsin had the same appearance as those x-hich
had been exposed to the agent for 1 hour.
The platelets lost their discoid form and appeared irregular or

spherical wvith few pseudopods (Figure 2). Granules and other or-
ganelles xvhen still present wvere gathered toward cell centers. The
cuirious change in internal membrane systems which Hovig noted 12 was
also apparent in our material (Figures 3, 4). In some platelets the
membranes wvere stacked in arc-like segments, and in others thev were
arranged in concentric layers. Hovig recognized the similaritv of the
internal membranes to the platelet surface, but suggested that the-
probably developed from endoplasmic reticulum. Howvever, it appears
more likely that the membranes are stretched out channels of the open
canalicular system, the linings of which are in continuity \vith the
platelet cell wall. The trvpsin-treated cells resembled platelets exposed
to thrombin and collagen except for two features: virtual absence of
aggregation and the uinusual transformation of channels belonging to
the open canalicular svstem.

Effects of Cytochalasin B and Trypsin

The appearance of platelets exposed to trvpsin after incubation with
CB differed strikingly from cells treated xvith either agent alone (Figure
5A-C). Platelets wvere generally discoid, although sw-elling of the open
channel system cauised some distortion. The circumferential band of
microtubules usuallv remained peripherally located in the equatorial
plaine of the platelets. Mlitochondria w\ere present, but nearly all platelets
w-ere completelv devoid of dense bodies and granuiles. The cytoplasm
of the platelets often contained coincentric areas of dense filamentous
material (Figrure 6.A). The contracted masses in the matrix resembled
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those seen in cells treated with trvpsin alone. However, granules and
microtubules were rarely associated with the filamentous zones. The
appearance of these cells indicated that trypsin had caused degranula-
tion and alterations in the cvtoplasmic matrix without inducing aggre-
gation of platelets or loss of the characteristic discoid form. Platelets
incubated first with trvpsin, then with CB, did not differ from platelets
treated with trypsin alone.
Localization of Horse Radish Peroxidase and Thorium Dioxide
in Platelets Treated with CB and Trypsin

It was important to know if an access route from the interior of the
CB-trypsin-treated platelets to the surrounding plasma remained, since
granules and dense bodies had apparently not emptied through the
surface membrane. The electron-dense tracers, HRP and thorium diox-
ide, were employed to evaluate this question (Figure 6B-D). Both
agents readily entered dilated channels of the open canalicular system.
In some examples, thorium dioxide was present in channels which were
in continuity with partiallv empty granules (Figure 6C).
Endogenous Peroxidase Activty of Platelets After Treatment with
Cytochalasin B and Trypsin

The experiments with electron-dense tracers demonstrated that the
open channel svstem was affected, but did not reveal whether the
second svstem of canaliculi, the dense tubular svstem (DTS), was
altered by the chemical treatment. Endogenous peroxidase activity re-
sides exclusively in the DTS when platelets fixed in paraformaldehv de-
glutaraldehyde are incubated at pH 6 in the medium modified from
Graham and Karnovsky.51-1' After treatment with CB and trvpsin, en-
zyme reaction product was still detectable in channels of the DTS
(Figure 6E, F). The channels were slightlv dilated, in shorter segments
and more dispersed than in control platelets, but the differences were
minimal. Thus, the chemical treatment which radically modified the
OCS had only a slight effect on the DTS and did not digest its content
of enzyme with peroxidase activity.

Discussion

The terms "platelet release reaction", "platelet secretion", and "plate-
let degranulation" are essentially synonymous.'-318 Secretion of specific
chemical compounds by platelets after exposure to aggregating agents is
the release reaction,' and the substances secreted during release are
products stored in platelet granules and dense bodies.2'3-'8 'Morphologic
studies have indicated that the release reaction is closely related to
physical changes in platelet shape and internal organization.'9 When
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platelets are exposed to aggregating agents capable of triggering release,
they lose their discoid form and become roughlv spherical with multiple
pseudopods. The circumferential band of microtubules and masses of
hvaloplasmic microfilaments shift toward the central region of the
platelet where thev encircle closely grouped organelles. During the
phase of irreversible aggregation the granular and filamentous elements
fuse together, leaving a dense mass inside the cells.

Apposition, fusion and loss of substance from closelv grouped granules
to elements of the open canalicular system appear to be important com-
ponents of the platelet release reaction. Evidence that organelles move
outward to the cell surface, fuse with it and empty to the outside is
meager.'21 The concept that individual granules dissolve in the hvalo-
plasm permitting their contents to diffuse through the cell and surface
membrane has been largely dispelled by observations on the specificitv
of the substances secreted."'8 Ultrastructural studies emploving elec-
tron-dense tracers have suggested that the open channel system of the
platelet serves as the conduit for products of the release reaction; por-
tions of granules and dense bodies have been identified in channels
after aggregation.' Yet, the mechanism of organelle transfer and the
fate of the extruded products entering channels have not been clearly
defined.
The present investigation has examined the influence of two chemi-

cal agents, Cvtochalasin B and trpsin, on blood platelets in order
to gain new insights into the process of degranulation. Trvpsin at
low concentrations causes platelet aggregation and stimulates release.22
At higher concentrations the agent initiates the release reaction but
renders platelets inaggregable.11212.18.22.23 Both high and low concen-
trations appear to produce similar effects on platelet morphology.'2
Alterations in platelet shape and intemal organization are similar to
those initiated by other potent aggregating agents, except for the
changes noted in the open channel system. Conversion of the tortuous
fenestrated channels into long, arc-like or circular tubes is peculiar to
trvpsin. Ethylenediaminetetracetic acid (EDTA) is the onlv other
chemical agent with a somewhat similar effect on platelets.24

Cvtochalasin B causes onlyr minor changes in platelet morph-
ologvP,'0 but strongly influences the capacity of the cells to undergo
shape change and alters the pattern of internal reorganization induced
by aggregating agents.5 It does not affect the capacity of platelets to
become stickv or secrete substances essential for development of ir-
reversible aggregation, but delays the onset of the release reaction in
a concentration dependent manner. The resistance of CB-treated cells
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to shape change. pseudopod formation, internal reorganization and
onset of release appear to underlie the inhibitory effect of this agent
on clot retraction.d 1' .1

Examination of platelets treated w-ith CB prior to trv-psin confirmed
the impression gained in previous studies.5 Despite the potent effects
of the proteolvtic enzvme, most CB-treated platelets retained a rela-
tivelv discoid shape. Circumferential bundles of microtubules remained
in their usual location in the equatorial plane under cell surfaces. Chan-
nels of the open canalicular sy-stem were dilated and straightened after
CB and trvpsin, but were not converted into the concentric or arc-like
arrangements seen in cells exposed to tr-psin alone. Filamentous ele-
ments and mitochondria were well preser-ed in the hvaloplasmic matrix
of treated cells. Granules and dense bodies, however, were virtually
absent.

Thus, CB appeared to protect platelets from the drastic changes in
form and internal reorganization usually caused by tr'vpsin, but did not
prevent contraction of the matrix, disappearance of the storage organ-
elles or alterations in the open canalicular svstem. Previous investigations
have indicated that trvpsin acts on the outside surface of plate-
lets and does not enter the hvaloplasm. 222325 The excellent preser-
-ation of filaments and mitochondria. and the cvtochemical demon-
stration of endogenous peroxidase activitv in the dense tubular system
after treatment with CB and the proteolvtic enzyme indicate that
trvpsin did not seriously damage the interior of platelets observed in
this study. The contraction of the matrix into dense spots is not an in-
dication of platelet cvtoplasmic injurv, but a peculiar effect of CB
on internal reorganization. An identical condensation of filamentous
material occurs in CB treated platelets after exposure to all other
aggregating agents tested.5

Trvpsin might have caused granules to move to the platelet surface,
fuse wNith it and empty to the exterior, but no evidence supporting
this possibility was encountered. An unusual influence of tnpsin on
channels of the open canalicular sy-stem and interaction betwveen the
altered channels and organelles in CB-treated cells seemed more likely.
Addition of electron-dense tracers to the treated cells -erified this
hypothesis. Neither horseradish peroxidase nor thorium dioxide en-
tered the cytoplasm of CB-trvpsin-treated platelets, indicating that the
cell membrane was intact. Both agents, ho-ever, penetrated into
chaninels of the open canalicular system. In some cells the channels
containing thorium dioxide were in continuity with incompletely dis-
solv-ed granules. These findings suggested that trvpsin-induced degranu-
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lation of platelets is accomplished by- fusion of granules and dense bod-
ies with channels of the open canalicular system. The paucitv of granular
debris in the open channels may have been due to proteolv-sis of the
extruded material by trvpsin or to l-sis of grantules on contact w-ith
plasma.

In conclusion, the stabilizing influence of cvtochalasin B on disc form
and the capacity of trv-psin to alter the open canalicular system and
selectively remoVe dense bodies and granules from platelets have been
employed in the present investigation to prepare discoid platelets w-ith-
out secretory organelles. 'Mitochondria. gl-cogen, elements of the dense
tubular system, filaments, microtubules and the cell membrane ap-
peared essentially unchanged after chemical dissectioni by the two
agents; a specific enzx%me activity, platelet peroxidase, could still be
detected cv-tochemicallv- in its usual location. Trvpsin, in the concen-
tration used, renders plasma incoaguable and causes such profound
changes in the exterior coat that the platelets no longer aggregate.
However, the platelets appear in excellent morphologic condition de-
spite the loss of secretory organelles and susceptible components of
the exterior surface, and it is possible that they survive the drastic
treatment as intact, metabolicall- active cellular units. If so, the de-
granulated discoid platelet can serve as a useful model for a variety of
biochemical, physiologic and immunologic studies in vitro and in rivo.
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Fig 1-Cytochalasin B (CB)-treated platelet. The cell is from a sample of normal
C-PRP incubated 30 minutes with CB at a concentration of 25 pg7ml. Platelet discoid
shape is preserved, despite some dilatation of the open canalicular system (OCS).
The circumferential bundle of microtubules (MT) remains intact and in its usual
location under the cell surface. Granules (G), dense bodies (DB), and other cyto-
plasmic organelles appear relatively unaltered. The matrix of the platelet develops
a "ground glass" appearance after exposure to CB. Aside from these mild changes,
the morphology of CB-treated platelets did not differ significantly from normal cells
(x 39,900).

Fig 2-Trypsin-treated platelets. The cells are from a sample fixed 60 minutes after
addition of trypsin at 3 mg/ml C-PRP. After exposure to this concentration the sample
does not clot, and the platelets no longer aggregate. Trypsin causes platelets to lose
their discoid form and become irregular. Organelles are shifted toward the cell centers
where they may fuse or disappear. In addition, to these alterations, which are similar
to those produced by potent aggregating agents, trypsin causes striking changes in the
open canalicular system. Several types of membrane alterations are apparent in the
cells of this illustration (x 18,500).
Fig 3 and 4-Trypsin-treated platelets. The cells are from samples exposed to 3 mg
trypsin/mI of C-PRP for 30 minutes. In Figure 3 the altered channels of the open
canalicular system are arranged concentrically, while in Figure 4 the channels are
stacked in an arc-like segment. The arrangement suggests a relationship between
the altered channels and membranes enclosing granules (3, x 41,500; 4, x 41,500).
Fig 5A, B, C-Platelets from samples of C-PRP incubated initially with cytochalasin B
(25 4g/ml) for 15 minutes, then with trypsin (3 mg/ml) for 30 minutes at 37 C.
After exposure to the two agents platelets are slightly irregular due to swelling of the
open channel system, but most cells retain a relatively discoid form. The platelets
in Figure 5A reveal normal mitochondria (M) and occasional lipid droplets (L), but
are nearly devoid of granules and dense bodies. In some cells remnants of partially
dissolved granules (G) can be identified. The platelets in Figure 5B and C are discoid
and contain circumferential bundles of microtubules in cross section at opposite
poles in each cell. Granules and dense bodies are entirely absent in this plane of the
section (A, x 15,300; B, x 42,300; C, x 41,500).
Fig 6-The platelet in Fig 6A is from C-PRP exposed to CB and trypsin and demon-
strates the contraction of cytoplasmic gel into a filamentous mass (arrow) without
loss of disc form. A residual granule (G) remains in the treated cell. Platelets in
Fig 6B and C are from C-PRP treated with CB and trypsin to which a small amount
of thorium dioxide (TD) has been added. Particles of electron-dense TD appear in
the open canalicular system of the platelets. In Fig 6C TD particles are also present
in a partially dissolved granule (arrow) which appears to communicate with a channel
of the OCS. The platelet in Fig 6D is from a sample incubated with CB and trypsin
to which horseradish peroxidase has been added before fixation. After fixation the
sample was incubated for peroxidase activity. Peroxidase is apparent covering the
cell surface and lining the OCS. The platelets in Fig 6E and F were treated with CB
and trypsin, and incubated for the demonstration of endogenous platelet peroxidase.
The sections were not stained with uranyl acetate or lead citrate. At either pH 9
(Fig 6E) or pH 6 (Fig 6F) endogenous platelet peroxidase is demonstrable in the
treated cells, and is confined to channels of the dense tubular system as it is in
normal cells (6A, x 42,000; 6B, x 37,300; 6C, x 33,200; 6D, x 37,000; 6E, x33,200;
6F, x 41,500).



p

T

1

k

2



3

4

-W- . .-- 7." -"-'
.. .,- -

Vb-L ,,4 .6 10

%% lqr

-

- 4

4



5

.& *1

p-

u
ki

0MP-



~~~~~~~~I I

V.l

9 9e

.4

acIi
i-0.

6

14
'.


