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We have used (cryo) electron tomography
to provide a 3-dimensional (3D) map of the
intracellular membrane organization of hu-
man platelets at high spatial resolution. Our
study shows that the open canalicular sys-
tem and dense tubular system are highly
intertwined and form close associations in
specialized membrane regions. 3D recon-
structions of individual a-granules revealed
large heterogeneity in their membrane orga-
nization. On the basis of their divergent
morphology, we categorized «-granules into
the following subtypes: spherical granules

with electron-dense and electron-lucent zone
containing 12-nm von Willebrand factor tu-
bules, subtypes containing a multitude of
luminal vesicles, 50-nm-wide tubular or-
ganelles, and a population with 18.4-nm
crystalline cross-striations. Low-dose (cryo)
electron tomography and 3D reconstruction
of whole vitrified platelets confirmed the
existence of long tubular granules with a
remarkably curved architecture. Immuno-
electron microscopy confirmed that these
extended structures represent a-granule
subtypes. Tubular a-granules represent ap-

proximately 16% of the total a-granule popu-
lation and are detected in approximately half
of the platelet population. They express
membrane-bound proteins GLUT3 and
allb-B3 integrin and contain abundant fi-
brinogen and albumin but low levels of
B-thromboglobulin and no von Willebrand
factor. Our 3D study demonstrates that, be-
sides the existence of morphologically differ-
ent a-granule subtypes, high spatial segre-
gation of cargo exists within individual
a-granules. (Blood. 2010;116(7):1147-1156)

Introduction

Blood platelets are the smallest cells in our circulation. They play a
central role in the arrest of bleeding after damage of a blood vessel
and are crucial elements in the development of thrombosis.!> On
injury, platelets rapidly adhere to components of the subendothe-
lium, followed by shape change and subsequent granule secretion.’
These rapid membrane dynamics are crucial for the progression of
platelet-substrate interaction (spreading) and subsequent platelet-
platelet interaction (aggregation), ultimately leading to the forma-
tion of a platelet plug and the arrest of bleeding.* Platelets contain
several distinct membrane systems: (1) the open canalicular system
(OCS), which is continuous with the cell surface and serves as a
membrane reservoir during shape change and spreading®®; (2) the
dense tubular system (DTS), representing the platelet smooth
endoplasmic reticulum’; and (3) secretory organelles. Four types of
secretory organelles have been identified in platelets, based on their
ultrastructure and selective protein composition: a-granules, dense
granules, multivesicular bodies, and lysosomes.® !0 a-Granules are
the major secretory organelles and appear in electron microscopy
cross sections as 200- to 500-nm spherical organelles. Platelet
a-granules and dense granules are differentially released and play
crucial roles in the secondary platelet response.!!-'2 Recent studies
have suggested the existence of a-granule subclasses with different
cargo content and have proposed that these are differentially
secreted.!®!4 Conventional transmission electron microscopy (TEM)
studies have contributed much to our present understanding of the
platelet ultrastructure.'>-18 TEM provides information on the intra-

cellular organization of organelles, which, combined with immuno-
gold labeling, enables the visualization of intracellular distribution
patterns of molecules with nanometer precision.!®? However,
TEM provides only 2-dimensional images and is not informative of
the membrane continuities in 3 dimensions. Electron microscopy
(EM) tomography followed by reconstruction and modeling of the
cell provides a way to study the 3-dimensional (3D) organization of
membranes and macromolecular structures at nanometer resolu-
tion. However, an accurate 3D representation is only achieved
when cells are arrested in a close to native state. Vitrification in
liquid ethane followed by visualization at cryogene temperature, or
high-pressure freezing and low temperature freeze substitution
(HPF-FS) immobilize cellular structures in milliseconds.?! Both
methods provide “snapshots™ of the cell under near-native physi-
ologic conditions. Electron tomography (ET) and reconstruction of
the images then allow the snap-frozen structures to be reassembled
into a 3D model. In the present study, we have used a combination
of ET and immunoelectron microscopy (IEM), as well as HPF-FS
technology and visualization of vitrified whole platelets at cryo-
genic temperature. Our ET study reveals novel details on the spatial
organization of the OCS and DTS. The OCS consists of small neck
regions and multiple areas of membrane branching that serve to
connect the platelet cell surface from one side to the other at
multiple sites. The DTS appears as a reticular membrane system,
closely intertwined with the OCS. Our 3D analysis also revealed
that the a-granule population is morphologically heterogeneous.

Submitted February 11, 2010; accepted April 26, 2010. Prepublished online as
Blood First Edition paper, May 3, 2010; DOI 10.1182/blood-2010-02-268680.

The online version of this article contains a data supplement.

BLOOD, 19 AUGUST 2010 - VOLUME 116, NUMBER 7

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

© 2010 by The American Society of Hematology

1147

20z Ae g1 uo 3sanb Aq ypd- 2| LOOOLEEOBUZ/SYLYEE /LY LL/LI9L L/Pd-BJolIE/POO|gARU SUOKED!IgNdYSE//:d)Y WOl papeojumoq


https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2010-02-268680&domain=pdf&date_stamp=2010-08-19

1148  van NISPEN tot PANNERDEN et al

Besides spherical granules and multivesicular subclasses, a tubular
granule population also exists. When visualized in whole vitrified
platelet samples, these granules appear as long, highly curved
membrane strands, connected to spherical domains. IEM analysis
and serial cryosectioning confirmed that these tubules represent
a-granules. Characterization of the molecular architecture of these
granules revealed that high spatial protein segregation exists within
individual a-granules. Based on the tubular nature of this a-granule
subpopulation and the heterogeneous and spatial protein packag-
ing, we propose that cargo is differentially released from tubular
granules compared with spherical granules. Here, we discuss these
observations in the context of the developing view on different
a-granule populations and their secretion.

Methods

Antibodies and immune reagents

The following antibodies were purchased: AK-6 monoclonal antibody
directed to P-selectin was from Serotec. Rabbit polyclonal GPIIb-IIIa
antibody was a gift from Dr M. C. Berndt (Melbourne, Australia) and has
been previously described.® Monoclonal antibody 4A7 directed to B3
integrin chain was from our own department (Hematology, University
Medical Center Utrecht). Rabbit polyclonal human fibrinogen and human
von Willebrand factor (VWF) antibodies and rabbit anti-mouse IgG were
purchased from Dakopatts. Rabbit polyclonal B-thromboglobulin (B-TG)
antiserum and GLUT3 antibodies have been described in previous stud-
ies.820.22 Anti-human albumin was from Nordic. Monoclonal anti—clathrin
heavy chain was from BD Biosciences. The 10-nm and 15-nm protein A
gold conjugates were prepared at the Cell Microscopy Center (University
Medical Center Utrecht) following standard procedures.

Blood collection and platelet preparation

Whole blood was obtained from normal healthy persons after informed
consent was given in accordance with the Declaration of Helsinki. The
study was approved by the Medical Ethical Testing Committee of the
University Medical Center Utrecht. To avoid preactivation, blood was
collected immediately from the vein into fixative (2% glutaraldehyde and
2% paraformaldehyde in 0.1M cacodylate buffer). The fixed platelets were
isolated and embedded in Epon according to standard EM procedures. For
immunoelectron microscopy, whole blood was collected in a mixture of
2% paraformaldehyde and 0.2% glutaraldehyde in 0.1M phosphate buffer
(final concentration). For direct cryoimmobilization (HPF-FS, vitrification),
whole blood was collected in 0.34% sodium citrate, and platelet-rich
plasma (PRP) was prepared by sedimentation at 180g.

Immunoelectron microscopy

Immunogold labeling of ultrathin cryosections was performed at room
temperature by floating the grids on drops containing the diluted antibodies.
Immunogold double-labeling was performed using 10-nm and 15-nm
protein A gold conjugates (Cell Microscopy Center Utrecht). The sections
were evaluated in a JEOL 1200CX electron microscope. For analysis of the
VWF and fibrinogen label distribution over tubular and spherical granules,
1000 randomly selected a-granule profiles were scored on thin frozen
sections from directly fixed platelets. The relative distribution of other
a-granule markers was determined on electron micrographs taken at a
nominal magnification of 30 000. Gold particles were counted over tubular
and spherical profiles, and their relative surface area was determined from
the electron micrographs using a point-hit method. Average label densities
over tubules and spherical profiles were calculated by dividing the
respective percentages of gold particles by the percentages of line
intersections occupied by the structure.
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High-pressure freezing and freeze substitution

High-pressure freezing and freeze substitution were performed essentially
as described before.2! In brief, 10 ng/mL PGI2 was added to the PRP, and
platelets were carefully sedimented at 300g and resuspended in a small
volume of N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid Tyrode
(0.145mM NaCl, 5mM KCI, 0.5mM Na,HPO,, ImM MgSO,4, 10mM
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, and 5mM
D-glucose, pH 7.2) containing 5% bovine serum albumin; 3-pL aliquots of
the platelet suspension were pipetted onto golden bovine serum albumin
presoaked transfer cups and immediately transferred to a Leica HPF
high-pressure freezer (Leica Microsystems) for cryo-immobilization. The
samples were stored in liquid nitrogen (LN,) and transferred to the freeze
substitution apparatus (Leica AFS, Leica Microsystems), containing pre-
cooled substitution fluid of anhydrous acetone, and fixed with 0.5% osmium
tetroxide and 0.25% glutaraldehyde in anhydrous acetone at a temperature
of —90°C for 48 hours. The temperature was increased by 1°C per hour to
—30°C, and this temperature was maintained for 8 hours. The substitution
media was washed away by anhydrous acetone, and the cells and grids were
embedded in Epon.

Tomography and data analysis

Plastic-embedded sections of 200- to 400-nm thickness were collected and
poststained with uranyl acetate and lead citrate. Fiducial markers (10-nm
gold particles) were applied to both sides of the section. Where indicated,
thick cryosections were collected and embedded in methylcellulose after
immunogold labeling. Platelets displaying typical discoid morphologies
were selected. Dual-axis tilt series of the cells of interest were then recorded
using a Tecnai 20 transmission electron microscope (FEI Company)
equipped with a slow scan CCD camera (Temcam F214, TVIPS). After the
first tilt series, the specimens were manually rotated over an angle of
90 degrees, and the second tilt series were acquired. Images were recorded
automatically with Xplore3D software Version 3.0 (FEI Company) with an
angular range from —60 degrees to +60 degrees with 1-degree increment
(Tietz CCD camera, 2048 X 2048 pixels, binning 2). The tilt series were
aligned using ETOMO Version 3.13.6, a program from the IMOD program
package (http://bio3d.colorado.edu), using the fiducial markers and subse-
quently combined into a 3D volume. The aligned dual-axis tomograms were
computed by resolution-weighted back projection. Serial sections were
joined together using ETOMO-Join. Within the IMOD program, membrane-
bound organelles and structures of interest were manually traced to form a
3D representation of the structure and/or compartment. Membrane-bound
organelles were identified using morphologic criteria and immunogold
labeling of cryosections.

Low-dose CET

For (cryo) electron tomography (CET), 3-uL aliquots of PRP were pipetted
onto glow-discharged Quantifoil 2/2 grids at room temperature in the
environmental chamber of a Vitrobot (Mark IV, FEI Company) set at a
relative humidity of 100%. Excess fluid was blotted away and the samples
were immediately plunge-frozen into liquid ethane. Platelets were also
allowed to settle on fibrinogen-coated (100-200 slot grid mesh golden,
nickel, copper EM grids, Stork-Veco) for 15 minutes before cryoimmobili-
zation. The grids were stored in LN,. Grids were transferred to a
626 GATAN cryoholder (Gatan) and examined in a FEI Tecnai 12 or
20 (BioTwin) electron microscope. Single-axis tilt series ranging from
+65 degrees until —65 degrees with 1-degree increments were collected at
—5 wm defocus in low-dose mode. Images were recorded with a
2000 X 2000 pixel FEI Eagle CCD camera. Tomograms were aligned using
10-nm fiducial gold markers and Inspect3D (FEI Company).

Results

For optimal preservation of the steady-state membrane organiza-
tion, whole blood was collected directly from the vein into fixative.
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Figure 1. EM tomography of the intracellular membrane | j°
organization in nonstimulated platelet. (A-C) Tomographic |
slices of directly fixed platelet. Dual axis tilt series were generated
from chemically fixed platelets as described in “Tomography and
data analysis.” The membranes and other structures of interest
were manually traced to generate a 3D representation of the |
structure. Dark blue represents OCS; light blue, platelet secretory
a-granule; and red, dense granule. (D) Microtubules are located
at the platelet periphery. The OCS membranes are continuous |
with the cell surface at multiple sites (panel E and arrowheads in |
panel 1), and span the platelet cell surface from one side to the
other, revealing numerous branching areas. (An animated model
of the OCS is included as supplemental Video 1.) (F-H) Manual
tracking of the peripheral microtubular coil (yellow dots at the cell
periphery) reveal a microtubule ending at an OCS invagination
(supplemental Video 2). « indicates a-granule; 8, dense granule;
mt, microtubules; and dts, dense tubular system. (A) Bars repre-
sent 200 nm. (B-G) Bars represent 100 nm.

This method provides an elegant way to prevent platelet preactiva-
tion during handling. Platelets were also frozen directly in PRP
using high-pressure freezing followed by low temperature substitu-
tion in fixative (HPF-ES), or vitrified in liquid ethane for immediate
visualization at —180°C. The dimensions of the platelet allow
whole-cell vitrification in liquid ethane with the vitrobot and
subsequent CET. Large volumes can be adequately handled with
HPF-FS technology, which provides excellent membrane ultrastruc-
ture but has the disadvantage that it requires platelet isolation
before cryo-immobilization, which causes preactivation. To deter-
mine the spatial membrane organization of the OCS, DTS, and
secretory granules in 3D, the use of ET is crucial. Dual-axis tilt
series were recorded from 200- to 400-nm-thick plastic sections
using both fixation methods, and back-projections were generated
to provide 3D reconstructions of the structures of interest. Figure 1
shows an overview of tomographic slices and 3D reconstructions
through the resting discoid platelet (supplemental Video 1, avail-
able on the Blood Web site; see the Supplemental Materials link at
the top of the online article).

OCS and DTS are closely intertwined membrane systems

Manual tracking of the cell surface revealed multiple 20- to
30-nm-wide plasma membrane invaginations (Figure 1E, arrow-
heads in model in Figure 1I), which are continuous with deep
intracellular membrane systems representing the OCS. OCS mem-
branes display numerous branching points and span the platelet cell
surface from one side to the other, thereby forming a complex
reticular membrane network (Figure 1I; supplemental Video 1).
Some cell surface OCS openings are closely positioned laterally to
the plasma membrane (Figure 11 double arrowheads). Microtu-
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bules (MTs) are found in the cell periphery and delineate the
plasma membrane in a coiled fashion (Figure 1A,D; supplemental
Video 2). Three-dimensional reconstructions of individually traced
microtubules showed that some circumferential microtubules end
at OCS invaginations (Figure 1F-H). MTs are sometimes incom-
plete and occasionally reveal physical interconnections (data not
shown). The intracellular part of the OCS consists of irregularly
shaped vacuolar structures, with frequent tubular neck regions
(Figure 2A-B blue arrowheads). The DTS appears as small tubular
structures (Figure 2A-B white arrowheads) and is often situated at
the cell periphery. Three-dimensional analysis of approximately
300-nm-thick platelet volumes revealed that DTS membranes are
in close apposition to OCS structures. They particularly intertwine
at the small neck regions that connect individual OCS vacuoles,
thereby forming a reticular membrane network (Figure 2; supple-
mental Video 3). DTS membranes are smooth and do not exhibit
signs of ribosomal features. Despite their close positioning to the
OCS, no membrane continuities were encountered between the
2 membrane systems.

Identification of a-granule subtypes

a-Granules are the major storage compartments in platelets. Our
tomography analysis showed that these membrane-bound or-
ganelles display high variability in morphology, size, and luminal
content. Three-dimensional reconstruction analyses of individual
a-granules are shown in Figures 3 and 4. Tomographic x-y slices, a
z-axis orientation, and a reconstructed model are shown in Figure
3A and supplemental Video 4. These data reveal the typical
molecular organization of multimeric VWF assemblies. VWF
tubules are eccentrically located in the granule body, have an inner
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diameter of 11.8 plus or minus 0.4 nm, and are detected only in a
subset of the a-granule population. Figure 3B shows a series of
tomographic slices extracted from HPF-FS samples. Transverse
orientations of the VWF tubules reveal kinked forms (arrows in
panel Biii) and helical substructure (highlighted in panel Bv). Besides
the characteristic 200- to 500-nm-wide spherical organelles with
electron-dense core and electron-lucent areas, we frequently
found multivesicular a-granules. In classic 50-nm cryosections
sections, but also in HPF-FS samples, these luminal membranes
are often obscured by electron-dense matrix proteins (supplemen-
tal Figure 1A-B). The model in Figure 3C shows different views
of an a-granule immunolabeled with CD63 (red dots) and
P-selectin (yellow dot), illustrating that the luminal vesicles are
not connected to the limiting membrane. These results demon-
strate that the a-granule is a highly compartmentalized or-
ganelle, consisting of segregated cargo and separate inner and
outer membrane domains.

We frequently encountered organelles with an elongated
tubular shape (Figure 4; supplemental Video 5), which became

Figure 3. Gallery of platelet granules with different
substructure. (A) Chemical fixed platelets. Panel of x-y
slices, z-axis orientation, and 3D reconstructions of ;
a-granule profile showing the eccentric localization of the
12-nm-wide tubules representing polymeric VWF assem-
blies. (Ai) x-y slice of a single VWF tubule (arrow).
(Ai-iv) Multiple eccentrically localized VWF tubules (red
dots in iii). Arrow indicates the same tubule in z-axis

orientation. An animation is included as supplemental

Video 4. (B) Panel of VWF tubules from HPF-FS platelets. &
(Bi-ii) The same polymeric VWF tubule in 2 different
orientations. (Biii) A kinked VWF tubule (arrow). The
VWEF tubule in panel Biv (highlighted in Bv) reveals a {
helical-like substructure. (Ci-iv) Tomographic reconstruc-
tion of immunogold-labeled «-granule, double-labeled &
with anti—P-selectin (10-nm gold, indicated by yellow
dot), and CD63 (15-nm gold, indicated by red dots). The
40- to 80-nm free luminal vesicles are distinct from the &
tubules shown in panels A and B. (Ai) Bars represent
100 nm. (Aii-iii’, Bi-iv) Bars represent 50 nm. (Bv) Bars |«
represent 25 nm. (C) Bar represents 50 nm.

BLOOD, 19 AUGUST 2010 - VOLUME 116, NUMBER 7

Figure 2. The DTS and OCS are highly intertwined membrane
complexes. Dual axis tilt series were generated from chemically
fixed platelets as described in “Tomography and data analysis.”
(A-B) Series of tomographic slices through the OCS membrane
complex. Small membrane continuities (blue arrowheads) con-
nect individual OCS vacuoles and are continuous with the cell
surface. DTS membranes (white arrowheads) are closely posi-
tioned to the OCS neck regions. (C) OCS and DTS membranes
were manually traced to generate a 3D representation of the
membrane complexes. (D-E) Three-dimensional reconstructions
of the OCS (dark blue) and DTS (yellow). (F) Reconstructed
model showing the highly intertwined nature of the membrane
complexes. (An animated model of the OCS and DTS is included
as supplemental Video 3.) (A-B) Bars represent 50 nm. (C) Bars
represent 200 nm.

especially apparent after transverse orientation within the
tomogram. These elongated structures exhibit a uniform diam-
eter ranging from 40 to 60 nm and are often connected to
spherical granules (Figure 4A-C). The tubules are never com-
pletely captured in our tomograms (Figure 4D), suggesting an
extended “tail” morphology. When properly oriented along their
long axis, “tube-like” proteinaceous structures are visible (Fig-
ure 4B arrowhead).

Our tomograms often revealed multiple clathrin-coated areas on
individual a-granules (supplemental Figure 1). Clathrin-coated
lattices are detected on both tubular and spherical organelles.
Figure 4E and F show examples of tubular subpopulations con-
nected to spherical domains in sections from HPF-FS samples.
Platelets in HPF-FS samples show more signs of activation (ie,
filopodial extensions and loss of the peripherally located MT coils).
The organelle membranes in such preparations are subjected to less
distortion and appear much smoother, revealing the individual
granules to be more rounded. The average diameter of the
cross-sectioned tubules in HPF-FS samples was in the same range
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Figure 4. Series of tomographic slices and 3D models
of tubular granule subtypes. (A) Tomographic slice
extracted from a semithin cryosection and reconstructed
model showing spherical a-granule with developing exten-
sion. (B-C) z-axis orientations through tubular a-granule
subtypes obtained from chemical fixed resting platelets. *
For details, see “Tomography and data analysis.” |
(B) Fibrillar protein densities (arrows) are apparent within !
the tubule. (C) Tubular profile connected to a spherical
domain. (An animated model is included as supplemental
Video 5.) (D) Tomographic slice and 3D model of multiple
tubules (light blue) extracted from an approximately
300-nm section of a chemical fixed platelet. (E-F) Tubular %%
and spherical granules extracted from HPF-FS platelets. i'
(E) Several cross-sectioned tubules are shown (arrow-
heads). (F) Tubule (arrowhead) connected to a spherical

nal membranes within a-granule subtypes. Bars repre- &
sent 100 nm. £

(49.6 = 5.5 nm; n = 26) as measured from chemically fixed samples
(49.7 = 6.5 nm; n = 29).

CET of whole vitrified platelets reveals spherical granules and
tubules

To obtain insight into the spatial organization of a-granules within
the whole cell, we took advantage of the small size of the platelet
and performed CET. PRP was frozen in liquid ethane after EM
analysis at —180°C. Snapshots taken from cryoimmobilized prepa-
rations reveal a great variety in the morphology of a-granules
(Figure 5). Vitrified spherical granules exhibit highly smoothened
limiting membranes with variable electron-dense content and the
presence of luminal membranes (Figure 5A). a-Granules with
extended tail morphology were frequently detected in whole
vitrified platelets (Figure 5B). This subpopulation of a-granules is
observed as long tubular strands (Figure 5B arrowheads) and
exhibits typical electron-dense spherical domains at one extreme
end (Figure 5B white star). To obtain a 3D image within the whole
vitrified cell, single-axis tilt series were generated at low-dose
mode and data were reconstructed into a 3D model after denoising
and manual surface rendering. Figure 5C through F shows
4 tomographic slices with different orientations of the tubular
organelle. Total length of the structure is 7.6 wm, and its spherical
domain measures 220 nm. The tubule thickness ranges from 31 nm
to 65 nm. A 3D reconstruction is shown in Figure 5G and H and
supplemental Video 6.
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The elongated membrane strands represent a-granule subtypes

To further characterize the long tubular granule subpopulation, we next
analyzed ultrathin cryosections after immunogold labeling with estab-
lished a-granule markers. Because of limited Z-resolution of thin
cryosections, tubular profiles are less frequently detected with their
long axis oriented in the plane of the section. As a result, they
appear in cross sections mostly as 40- to 60-nm-wide spherical
profiles (Figure 4). With this notion in mind, we counted the
number of platelets exhibiting tubular profiles and found that just
more than 40% of the cells contain one or more tubular profiles
(n =500 cells). When we classified the granule subtypes into
tubular (40-60 nm diameter) and spherical morphologies
(> 200 nm), we found that spherical subtypes predominate (84%
spherical vs 16% tubular granules, n = 500 cells). Consistent with
our observations in vitrified platelets, in cryosections we also found
that tubules were physically connected to spherical granules. A
selection of tubular granule profiles from immunolabeled ultrathin
cryosections is shown in Figures 6 and 7. Membrane-bound
a-granule proteins allb-B3 integrin and GLUT3 can be readily
detected on the tubules identifying them as a-granules, whereas
trace P-selectin was observed (Figure 6). A subset of the tubular-
shaped a-granules showed a distinct cross-striation pattern with a
periodicity of 18.5 plus or minus 0.4 nm, reminiscent of fibrin
polymers (supplemental Figure 2). In the cross-striated areas,
fibrinogen was abundant present but not VWE.
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VWEF is absent from tubular profiles

Because a-granule cargo is derived from both biosynthetic and
endocytic origin, we next asked whether differences exist in the
cargo distribution between tubular and spherical granules. A
quantitative evaluation of the gold-labeling patterns showed that
VWEF and 3-TG were almost exclusively localized in the spherical
granules and undetectable in tubular granules, whereas fibrinogen
was equally distributed over both subpopulations (Figure 6).
Albumin was also abundantly detected in both subtypes but was
present in the tubules to a lesser extent. Furthermore, within the
subset of spherical granules, 41.8% plus or minus 7.5% showed
colocalization of VWF and fibrinogen, whereas 45.5% plus or
minus 7.2% contained exclusively fibrinogen, and 12.8% plus or
minus 3.9% only VWF (Figure 6G; n = 1000 a-granules). Thus,
VWF and B-TG are selectively excluded from tubular a-granules.
To obtain detailed information on the spatial protein segregation,
we next combined serial cryosectioning with immunogold labeling.
Using this approach, we found that connections exist between
fibrinogen-positive tubules and VWEF-positive spherical granules
(supplemental Figure 3). Furthermore, subsequent cross sections of
the same granule exposed different subpopulations (ie, dense core
or multivesicular granules; supplemental Figure 1A-B). Together,
these observations demonstrate that, besides different morpholo-
gies, high spatial protein segregation also exists within individual
a-granule subtypes.

Discussion

In the present study, we provide “snapshots” of the steady-state
membrane organization of the resting blood platelet, under condi-
tions close to their physiologic state. We analyzed the spatial
organization of 2 crucial membrane complexes, the OCS and the
DTS, using ET. Our findings confirm previous reports, defining
the OCS as a reticular membrane network with numerous branch-
ing channels and multiple cell surface connections.® Three-
dimensional reconstruction analysis shows that vacuolar regions of
the OCS are interconnected through small membrane neck regions.
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Figure 5. CET of whole vitrified platelet. (A-B) Snap-
- shots extracted from a whole vitrified platelet in PRP,
plunge frozen in liquid ethane. Spherical and extended
granule subtypes are shown. (A) Note the difference in
. electron density of individual spherical granules. Luminal
vesicles are visible in the granule on the righthand side of
panel A. (B) Tubular profiles (arrowheads) are often
. connected to electron-dense spherical domains (x).
(C-F) Tomographic slices of a tubular granule subtype
extracted from a vitrified platelet after single-axis tilting
and low-dose recording at —5 pm defocus. The tubular
strand is more than 7 um long and exhibits a highly
curved nature. (G) Reconstructed 3D model (top view)
after manual surface rendering with IMOD software.
(H) Side view (an animation is included as supplemental
Video 6). Bars represent 100 nm.

DTS membranes are in close proximity to the small OCS neck
regions, but no sign of membrane connections between both
membrane systems is observed. The OCS has an important role as a
membrane storage compartment. Platelet spreading requires the
contribution of intracellularly stored OCS membranes.?? In a
similar fashion, a membrane supply from internal stores is probably
required in the formation of long membrane tethers, a key step in
the platelet adhesion process under fast-flowing conditions. Tether
formation does not require platelet activation and is independent of
granule secretion,”* suggesting that additional membrane must
derive from the OCS. To accommodate this shear-dependent
outward membrane flow, rapid changes must occur in the mem-
brane geometry of the OCS. Based on the spatial membrane
topology of the OCS, we propose that membrane-evaginating
processes, such as tether formation and spreading, require the
homotypic fusion of OCS membranes. The small neck regions
connecting OCS vacuoles may be possible targets for severing by a
dynamin-related protein. An important observation from our
3D analysis was the close association and intertwined nature of the
reticular DTS with the OCS. Whether critical positioning of the
DTS plays a role in regulating OCS fusion remains an intriguing
question to be addressed. It is well established that the DTS is the
calcium store for cell activation and membrane fusion events.
Close proximity of the DTS to extracellular OCS membranes may
serve to gain rapid access to the DTS and transfer extracellular
signals for local release of calcium.

A major focus of the current study was to define the spatial
organization of the secretory a-granule population at high resolu-
tion. Using 3D analysis and combined IEM characterization, we
have further defined the different classes of a-granules (supplemen-
tal Table 1). Based on morphology and substructure, we distin-
guished: (1) spherical granules exhibiting a heterogeneous matrix
substructure with electron-dense and electron-lucent zones,
(2) multivesicular subtypes displaying a multitude of free luminal
membrane vesicles, and (3) a distinct population of approximately
50-nm-wide tubular granules, which we have designated tubular
a-granules. A subset of the spherical granules displayed peripheral
approximately 12-nm-wide tubules, representing multimeric forms
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Figure 6. IEM characterization of granule subtypes. Platelets were
fixed for immunoelectron microscopy as described in “Blood collection and
platelet preparation.” Immunogold labeling was performed on 50-nm-thick
cryosections, and the samples were analyzed on a JEOL 1200CX electron
microscope. (A-F) Tubular granules were identified as «-granule after
immunogold labeling with specific a-granule markers. Labeling of soluble
(A-D) and integral membrane proteins (E-F) as indicated on the figures.
(G) Quantification of the immunogold label over tubular and spherical
profiles. Label densities were determined on electron micrographs at
30 000X nominal magnification, by dividing the total number of gold
particles attributed to each subtype by the number of random intersections
over the structure. For each marker, a total of 20 electron micrographs was
evaluated. Label density is expressed in arbitrary units. Bars represent
200 nm.
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®

of VWFE." Elongated subpopulations of a-granules often exhibit a
fibrin-like approximately 18-nm cross-striation pattern. The ex-
tended nature of the tubular a-granules was particularly high-
lighted in CETs of vitrified whole platelets, where they appear as
highly curved strands reaching lengths of up to 7 wm. Tubular
strands were frequently detected but were not seen in all platelets,
an observation reflected by the high proportion of cells (41%)
exhibiting the typical cross-sectioned approximately 50-nm-wide
profiles. Long filamentous membranous structures have previously
been demonstrated in platelet whole mounts and, based on their
electron-dense appearance, were considered to be dense granules.?
Recent EM observations have challenged this conclusion and
suggested that these tubular membranes may represent o-
granules.?® Our present study confirms this hypothesis and provides
evidence that the tubular strands represent a-granules. EM tomog-
raphy and IEM revealed that these tubular strands are connected to
spherical granules and that cargo proteins are differentially segre-
gated within these a-granule subtypes.

Platelet a-granules share several characteristics with Weibel-
Palade bodies in endothelial cells. Both organelles contain tubular
VWEF assemblies (abundant in Weibel-Palade bodies but present
only in a subset of the a-granules) and also express the membrane-
bound proteins CD63 and P-selectin.®?” There is consensus that the
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tubular shape of Weibel-Palade bodies is determined by specific
packaging of VWF multimers into tubular assemblies.? However,
in platelets, tubular assemblies, and VWF immunolabeling is
restricted to a subset of the spherical granules and absent from
tubules. It is therefore unlikely that the elongated shape of this
subtype is related to VWF packaging. a-Granules acquire their
protein content via 2 distinct pathways, namely, via biosynthetic
and endocytic routes.?3* Proteomic analysis of a-granules’! and
their released content®? has demonstrated that a-granules contain
cargo proteins with apparent opposite functions, leading to the
suggestion that these proteins are stored in distinct a-granules. !4
These observations have led to the belief that proteins from
endocytic origin are selectively delivered to a subpopulation of
a-granules.® In agreement with this, we find distinct distribution
patterns for endocytic and biosynthetic cargo proteins in morpho-
logically distinct a-granules. From the combined 3D and IEM
analysis, it appears that tubules are connected to subsets of the
spherical granule population and that high spatial segregation of
cargo exists with respect to these structures. These observations
raise questions regarding the true existence of a-granule subsets
with distinct protein composition. Considering the fact that tubular
a-granules represent a minority of total a-granules, there is still a
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possibility that an autonomous spherical a-granule population
exists with separate protein content.

Our findings also raise important questions with respect to the
physiology of granule formation and secretion. Segregation in
tubular domains may come from the fusion of separate rod-shaped
(possibly of endocytic origin) granules with spherical subtypes
(possibly of biosynthetic origin), thereby giving rise to hybrid
organelles with partial protein segregation and partial colocaliza-
tion. Alternatively, the extent to which these structures are covered
with clathrin lattices suggests an important role for this coat.
Quantitative evaluation of clathrin immunolabeling revealed that
clathrin was equally distributed on tubular and spherical a-gran-
ules. We found flat and highly curved clathrin lattices on both
granule types. The highly curved clathrin lattices probably repre-
sent budding profiles of vesicles in their formative stage. Flat
clathrin coats on multivesicular endosomes have been postulated to
facilitate selective protein sorting toward the luminal vesicles.?!-343
Flat clathrin lattices on a-granules may serve a function in
generating separate inner and outer membrane domains and
simultaneously contribute to the formation of a protein gradient
and the compartmentalized nature of these organelles. Abundant
presence of clathrin lattices has been observed on Weibel-Palade
bodies as well and was suggested to be implicated in the sorting of
membrane proteins and in providing a scaffold for organelle
structure.36-37

The secretory pathway in platelets has been subject to several
studies, and it is well established that the OCS serves as an important
route for cargo release.’ Recent studies have suggested that the kinetics
of fibrinogen and VWF secretion, and of proangiogenic and antiangio-
genic proteins, stems from differential release of a-granule subtypes, a
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Figure 7. Segregation of VWF from tubular a-granules. Platelets were
fixed forimmunoelectron microscopy as described in “Blood collection and
platelet preparation.” Immunogold double-labeling was performed on
approximately 60-nm-thick cryosections using 10-nm and 15-nm protein-A
gold and analyzed on a JEOL 1200CX electron microscope.
(A-E) Immunogold double labeling of VWF and fibrinogen in tubular and
spherical granules. Labeling as indicated on the figures. White arrows
indicate fibrinogen; and black arrows, VWF. (A) Long tubular profile
showing distinct fibrinogen labeling at one end. VWF is absent from the
tubules. Clathrin lattices are indicated by the arrowheads. (B-E) Fibrino-
gen is distributed over both subtypes. VWF and fibrinogen colocalize in
spherical (C,E, ») and multivesicular subtypes (D). Spheres exclusively
containing fibrinogen are also prominent (B,E). Tubular profiles contain-
ing fibrinogen but no VWF are indicated by arrowheads in panels B and
E. Note that the sequence of immunogold labeling in panels C and E
is reversed. (F-G) Quantitative evaluation of the VWF and Fg distribu-
tion and colocalization over spherical and tubular subtypes
(n = 1000 granules). Bars represent 200 nm.
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process that may be regulated by different agonists.3338 In this context,
the comparison of tubular a-granules and Weibel-Palade bodies is
remarkable. Two mechanisms have been proposed for the differential
secretion of Weibel-Palade body cargo: (1) selective, time-dependent
release via the formation of small fusion pores,® or (2) differential
release as a result of the heterogeneous nature of these organelles.*0
Rab27b is responsible for anchoring and fusion of Weibel-Palade bodies
with the plasma membrane, and it is suggested that fusion occurs
preferentially with their short ends.** Based on the present findings, we
propose that the heterogeneous nature of the a-granule population may
result in a differential secretory behavior. With this is mind, we think that
the kinetics of cargo release from long tubular profiles will be different
for spherical granules. Assuming that tubules fuse preferentially via their
short ends with OCS or plasma membrane, the spatial protein segrega-
tion will probably result in a time-dependent secretion of the protein
gradient from this compartment. Platelets contain the Rab GTPases Rab
27a,b,** and several t-SNARE proteins, including SNAP-23, Syntax-
ins 2 and 4,%* and the v-SNARES VAMP 3 and 8.4>% These SNARE
partners are required for the selective fusion of secretory granules with
their target membranes.***% Rab27b (H.EG.H., unpublished observa-
tion) and the t-SNARE proteins cellubrevin, SNAP23, and syntaxin-2
have been identified on platelet a-granules.** Whether these fusogenic
proteins are differentially distributed over a-granule subtypes, presum-
ably giving rise to differential secretory behavior, remains to be
determined.*

In conclusion, the current study has provided a detailed 3D view
of the spatial membrane topology of the OCS, DTS, and secretory
a-granule population within the resting human platelet. Particu-
larly striking was the discovery of an extended and highly curved
a-granule subtype. Using combined EM tomography and IEM
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analysis, we show that high spatial protein gradients exist within
this compartment. We propose that tubular «-granules have differ-
ent secretory capacities compared with classic spherical granules
and that spatial segregation of cargo within the tubular subtypes
may lead to differential release of their content. Having defined and
mapped the ultrastructure of these organelles, it will be important to
further characterize their relationship with the kinetics of platelet
secretion in functional assays. Finally, our study underscores the
importance of high-resolution ET to resolve the spatial organiza-
tion of complex membrane systems, such as OCS, DTS, and
individual platelet organelles. There is a challenge to adapt ET for
the analysis of the platelet secretory behavior to better appreciate
time-dependent and agonist-selective release phenomena.
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