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CHAPTER 6

TEMPERATURE DEPENDENT PLATELET SHAPE CHANGES

ABSTRACT

INTRODUCTION

Background

Platelet concentrates can be life-saving products in conditions of thrombocytopenia
or platelet dysfunction 1. In contrast to other blood cells 2, platelets must be stored at
22-24°C because refrigeration induces rapid platelet clearance by liver macrophages
and hepatocytes after transfusion 3-5. Enabling cold storage, however, limits bacterial
growth and may increase shelf-life 6, 7, thus reducing expiration of platelet units and
the ensuing yearly economic loss 8-10.

Current room temperature storage limits platelet shelf-life to 5-7 days due to storage
lesions and bacterial growth. Ex vivo cooling of human platelets induces shape changes
and rapid clearance after transfusion. Hibernator platelets change shape differently
with cooling and are not cleared after transfusion. Unraveling the cold resilience of
hibernator platelets may unlock cold storage of human platelets. Possibly, differences
in cold induced platelet shape change are involved.

Objectives
To compare temperature dependent shape changes of platelets from hibernating
and non-hibernating mammals and to reveal the underlying molecular mechanism
governing the reversibility in shape.

Methods
Shape and cytoskeletal rearrangements of platelets from hibernating and nonhibernating hamster and torpid mouse were compared with non-hibernating human,
rat and mouse throughout in vivo and in vitro cooling and rewarming.

Results

6

Cooling of hamster platelets, either during torpor in hibernation (body temperature
~9°C) or in vitro (4°C), induced formation of spear shaped platelets that maintained
polymerized tubulin, with full reversal upon arousal or rewarming. Daily torpor in
mouse (body temperature ~25°C) did not affect platelet shape. In contrast, cooling
of non-hibernator platelets induced spherical platelet shapes with depolymerized
tubulin and filopodia formation, which occurred without degranulation. Rewarming of
non-hibernator platelets re-polymerized tubulin, thus reverting platelet’s shapes from
spherical to discs via an intermediate spear shape, which occurred independently of
plasma factors.

Conclusions
Hibernator platelets possess cold-stable tubulin that remains polymerized within
disc and spear shaped platelets under cold conditions, potentially contributing to
their cold resilience. Cooling of non-hibernator platelets depolymerizes tubulin,
but allows a platelet autonomous normalization to disc shape during rewarming
via an intermediate spear shape. Elucidating the mechanism that stabilizes tubulin
in hibernators may enable cold-resilience of human platelets and subsequent cold
storage for transfusion.
- 140 -

Nature’s solution to enable cooling of platelets without inducing subsequent clearance
may be found in hibernating mammals, specifically in species with body temperatures
below 10 °C during hibernation 11, 12. Hibernation consists of 2 phases: torpor and
arousal. Torpor bouts with low body temperature last from several days to weeks
and are alternated by short phases of interbout arousal wherein metabolism and
temperature recover to euthermic level within 1.5-2h. The hypothesis that hibernators
may hold the key to safe cooling of platelets is underscored by the observation that
cold storage (4°C) of platelets from 13-lined ground squirrel, a hibernator, does not
induce their rapid clearance upon transfusion in summer animals 13 as opposed to cold
stored and transfused human platelets. During torpor, hibernators remove up to 90%
of their platelets from circulation and their amounts rapidly recover during arousals 11,
13, 14
. Likewise, reversible thrombocytopenia is also observed in non-hibernating species
during periods of hypothermia 11, 15, 16. Moreover, we demonstrated previously that it is
the decrease in body temperature that drives removal of platelets from the circulation
of both hibernating and non-hibernating animals 11. Recently, we demonstrated
cooling induced thrombocytopenia to depend on accumulation of platelets in liver via
margination to liver sinusoids during torpor in hamster (de Vrij et al., submitted) and
in hypothermic rat and mouse (de Vrij et al., submitted), thus extending the previously
reported increase in platelets in liver of torpid squirrel 17.
In addition to storage in liver, platelets also undergo shape changes in response to
cooling, a feature that has been proposed crucial to their organ storage during torpor
18
. In hibernators, both during torpor and ex vivo cooling, platelets change shape from
disc to spear-like with elongated and centralized rods of tubulin 13, 18. Ex vivo cooling
of platelets from non-hibernating mammals, including humans, induces different
shape changes – generally from a smooth-surfaced disc into a sphere with membrane
protrusions, resembling activated platelets 19-21. Despite these observed differences
in shapes and potential of platelets to remain in circulation after transfusion, still
much is unclear about the underlying mechanisms governing platelet shape change
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in hibernators and non-hibernators. Therefore, we first assessed platelet shape
during deep torpor in the Syrian hamster and daily torpor in the mouse. Next, by
light-, fluorescence and electron microscopy studies we set out to determine the
temperature dependency of shape changes of platelets from hibernators and nonhibernators by ex vivo cooling and rewarming. Finally, we determined whether shape
change is platelet autonomous, by comparing in vivo shape change with ex vivo
shape change in the absence of humoral factors and determination of the underlying
cytoskeletal determinants.

METHODS
Animals
Syrian hamsters (Mesocricetus auratus, age 3 months) were ordered from Envigo USA
and kept at ‘summer’ photoperiod light:dark cycle (L:D) of 14h:10h at 20-22°C until
induction of hibernation according to the protocol described below. Wistar rats (Rattus
norvegicus albinus, 300 grams) and C57Bl/6J mice (age 6 months) were ordered from
Envigo Netherlands and housed at 20-22°C with standard L:D cycle of 12h:12h. All
animals were fed ad libitum with standard lab chow and water. All animal work was
according to relevant national and international guidelines, and was approved by the
Institutional Animal Ethical Committee of the University Medical Center Groningen.

Hibernation in hamsters
After 7 weeks at ‘summer’ photoperiod, Syrian hamsters were housed at ‘fall’
photoperiod: L:D of 8h:16h during 7 weeks, followed by constant darkness at and
ambient temperature of 5°C (‘winter’ period) 11. Passive infrared sensors coupled to a
computer system monitored individual movements. Summer and winter euthermia (SE
and WE, respectively) were defined as a euthermic body temperature (~37˚C) during
‘summer’ and ‘winter’ photoperiods in absence of any torpor bouts. Torpor (T) was
defined as >24 hours of inactivity. Arousal (A) was induced by handling the animals,
and was defined as a body temperature of ≥35˚C at >1.5 hours after induction. Torpor
was confirmed in all animals by oral temperature measurements.

Daily torpor in mice
A working for food protocol was applied to induce serial daily torpor in mice. Briefly, a
small food pellet was delivered in the mouse cage after a set number of running wheel
revolutions using computer controlled pellet dispensers. During a reward reduction
phase, workload was increased daily resulting in less food per revolution. Ultimately,
the high workload relative to low food reward results in daily torpor in these mice 22.
Throughout the experiment, body mass was closely monitored and workload levels
were individually titrated to maintain body mass above 75% of its initial value. A
euthermia control group received food ad libitum.

6

Blood sampling and platelet isolation
Animal blood was obtained under anesthesia (2% isoflurane in air/O2) from the
abdominal aorta into one-tenth volume 3.2% sodium citrate. Rat and mouse platelet
rich plasma (PRP) was prepared by adding 0.4 mL Buffered Saline Glucose Citrate
(BSGC: NaCl (116 mM), trisodium citrate (13.6 mM), Na2HPO4 (10.8 mM), KH2PO4 (1.6
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mM), D-glucose (11.0 mM), pH = 7.38) per mL of blood and centrifugation at 160g x
10 minutes at 24°C without brake. Citrated human venous blood was obtained with
informed consent by the donors and approval by the local Ethical Committee based on
the Helsinki Declaration of 1975, as revised in 2013. Human PRP was collected from
blood after centrifugation (250g x 15 minutes), and left to rest at 37°C for 10 minutes.
Washed platelets were prepared according to a published protocol 23 by centrifugation
of PRP containing 10 U/mL heparin and 0.5 µM PGI2 at 2,200g x 15 minutes, followed
by resuspension of the platelet pellet in Tyrode’s albumin solution. After 10 minutes
incubation at 37°C, 0.5 µM PGI2 was added and centrifuged again (1900g x 8 minutes).
The platelet pellet was then resuspended in Tyrode’s albumin solution (containing
0.5 µM PGI2), incubated for 10 minutes at 37°C and centrifuged again (1,900g x 8
minutes) after adding 0.5 µM PGI2. The pellet was resuspended again in Tyrode’s
albumin solution (containing 0.02 U/mL apyrase) and the platelet count adjusted to
300,000/µL.

Ex vivo cooling and rewarming of platelets
Blood samples from hamster, rat, mouse and human were subjected to ex vivo
cooling and rewarming, as well as human PRP and washed platelets. Bloodsmears
were obtained at baseline/euthermia (37°C), after 1 hour of cooling (4°C), and
after 30 minutes and 2 hours rewarming (37°C). After each incubation moment,
human PRP and washed platelets were fixated in 9 volumes 4% phosphate buffered
formaldehyde and centrifuged onto poly-L-lysin coated slides (Thermo Scientific) by
300 rpm for 5 minutes (Cytospin 4 Cytofuge, Thermo Fisher Scientific). To examine
cytoskeletal involvement in shape change, colcemid (10 µM), cytochalasin D (10 µM),
and nocodazole (10 µM) were added to the mouse blood samples 10 minutes prior to
rewarming.

6

Light microscopy morphological analysis
Hamster blood smears were fixated in methanol for 5 minutes and air-dried
afterwards. Slides were stained with Giemsa stain (1:20 v/v in deionized water) for 15
minutes at room temperature, rinsed in deionized water, air-dried and embedded in
dibutylphthalate polystyrene xylene. Quantification of platelet shapes was performed
by light microscopy (Nikon Eclipse 50i) in a blinded fashion. The shapes of one hundred
platelets were determined per smear and divided into two categories: discoid/
spherical and spear-shaped. Albeit semantics, given its pointy endings we propose
‘spear’ shape, an umbrella term also entailing javelin and pilum, to be more in place
than ‘elongated’ or ‘spindle’ shaped, as a well-balanced athletic counterpart to the
disc shape.

- 144 -

Fluorescence microscopy cytoskeletal analysis
Blood smears were air-dried and stored overnight at room temperature or fixated for
2 minutes in ice cold acetone and stored -20°C. The next day, smears were fixated for
5 minutes with 4% phosphate buffered formaldehyde and rinsed with PBS, followed
by permeabilization with 0.1% Triton X-100 (T8787, Sigma) for 5 minutes at room
temperature and rinsing with PBS. Smears and cytospin spots were incubated for
1 hour with mouse IgG1 anti α-tubulin (T9026, Sigma) and Texas Red phalloidin to
label F-actin (T7471, Thermo Fisher) for hamster, rat and mouse; phalloidin–TRITC
(P1951, Sigma) for human. Secondary antibodies used were goat anti-mouse Ig FITC
for hamster and rat (554001, BD Pharmingen), goat anti-mouse IgG1 Alexa 488 (A21121, Thermo Fisher) for mouse, and goat anti-mouse IgG Alexa 488 (A-11001,
Thermo Fisher) for human, 1% normal rat serum was added to rat samples to prevent
non-specific binding. Slides were rinsed with PBS and embedded with Vectashield
mounting medium, a coverslip was added and sealed off with nail polish. Blood smears
were kept at 4°C in darkness until quantification. Quantification of platelet shapes
(discoid, sphere, single activated, aggregated and spear-shaped) was performed with
fluorescence microscopy (Leica DM 2000 LED) in a blinded fashion. Images were taken
with a Leica DFC3000 G camera, using Leica Application Suite Advanced Fluorescence
(LAD AF6000). At least one hundred platelets were analyzed per condition.
Scanning and transmission electron microscopy (SEM and TEM) ultrastructural
analysis of platelets
For SEM analysis, platelets in suspension were fixated with 2.5% glutaraldehyde in
0.1 M cacodylate buffer pH 7.4 and allowed to adhere to coverslips coated before
by incubating with 10% poly-L-lysine in deionized water for 15 minutes on room
temperature and drying for 1 hour at 60°C. Samples were dehydrated, air-dried,
sputtered with platinum palladium, and examined at 10 kV under a PHENOM scanning
electron microscope (PHENOM World).
For TEM analysis, platelets in suspension were fixated in 2.5% glutaraldehyde and
0.25% formaldehyde of either 4°C or 37°C, depending on prior platelet incubation
temperature, and then incubated for 1 hour at room temperature, followed by
storage at 4°C and subsequent embedding in epon. Thin sections were stained with
uranyl acetate and lead citrate and examined under a CM120 transmission electron
microscope (FEI, The Netherlands).

Live differential interference contrast (DIC) and fluorescence imaging of
morphological dynamics
PRP was diluted in BSGC with 100 nM SiR-tubulin to 4x109/L (Spirochrome, CY-SC006,
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Switzerland) and incubated in darkness at 37°C for 2 hours and incubated at 37°C
for 30 minutes in single wells with coverslip bottom (MatTek Corporation, P35G-1.020-C) coated with 1% albumin (A9418, Sigma), and subsequently cooled for 1 hour
on ice. Thereafter, continuous live cell imaging was performed with Deltavision Elite™
Imaging System at 60x and 100x magnification, frame rate of 1 sec-1, DIC exposure
time 0.169 second, fluorescence exposure time 0.025 second and laser power at 10%.
Platelets were rewarmed from 4°C to 37°C in 15 minutes. Overlay video and single
platelet cropping was performed using ImageJ software 24, 25.

Flow cytometry analysis of platelet activation
One microliter of whole blood was diluted 1:25 in PBS and incubated with PE-labeled
anti-CD62P (anti-P-selectin, GeneTex 43039) with or without 10 µM ADP for 30 minutes
in darkness. The activation was stopped by addition of formaldehyde/PBS (2% v/v) and
stored at 4°C in darkness until measurement. Samples were acquired on a Calibur flow
cytometer equipped with CellQuest software (BD Biosciences). Platelet populations
were gated on cell size using forward and side scatter measuring 20.000 events per
sample. Light scatter and fluorescence channels were set at logarithmic gain. Data was
analyzed using Kaluza 1.2 software (Beckman Coulter).

Statistical analysis and representation of data
Values are reported as mean ± standard deviation. Differences between groups were
analyzed using one-way ANOVA followed by Tukey test with GraphPad Prism software
version 6.01 for Windows, GraphPad Software, La Jolla California USA. P-values lower
than 0.05 were considered statistically significant.

RESULTS
Platelet shape in deep and daily torpor
During torpor in hamster, body temperature decreased from ~37°C to values close to
ambient temperature (~9°C), which reversed upon arousal (Figure 1A). The number of
circulating platelets dropped more than 90% in torpor and was fully reversed during
arousal (Figure 1B). Next, the platelet shapes were assessed throughout hibernation
by Giemsa staining (Figure S1A-B) and fluorescent cytoskeletal staining (Figure 1C-H).
Euthermic platelets mainly had a flat round shape (referred to as ‘disc’ or ‘discoid’)
and contained granules (Figure S1A). Contrarily, only half of the circulating platelets
in torpor, i.e. the few that remained in circulation during the thrombocytopenia, were
discoid (28 ± 10 ×109/L); the other majority was mainly elongated in shape (referred
to as ‘spear shaped’), and still contained centralized granules (Figure S1B), and a
minority became spherical (Figure 1C-H). In arousal, both the relative and absolute
amount of disc shaped platelets increased to euthermic level, leading to a reduction
in the fraction of spear shaped platelets similar to euthermic level (Figure 1C-D).
During summer and winter euthermia nearly all platelets were shaped as discs with a
continuous marginal band of tubulin, as demonstrated by immunofluorescent staining
of the cytoskeleton (Figure 1D).
Hibernation did not increase the amount of activated or aggregated platelets (as
determined microscopically by the presence of membrane protrusions (Figure 1F),
clusters of platelets (Figure 1G) and due to the presence of granules (Figure S1A-B)).
Thus, the reversible thrombocytopenia during torpor is accompanied by an enrichment
of the circulating spear shaped platelet fraction that does not show morphological
signs of activation (Figure 1H).
To investigate whether changes in platelet count and shape also occur in daily torpor,
featuring less extreme body temperatures, we induced serial daily torpor in mouse
by the working for food paradigm22. The animals had a daily 4.3 ± 2.5 h reduction
in metabolism and body temperature. Oral temperature decreased to 25.3 ± 3.7 °C,
which reversed in arousal (Figure 2A). Euthermic platelet count decreased with 35%
in torpor (Figure 2B), which reversed in arousal. Nearly all platelets were disc shaped,
which remained unaffected during torpor and arousal (Figure 2C). Thus, as opposed
to deep torpor in hamster, daily torpor in mouse reduced platelet numbers without
initiating shape changes.

6

Platelet shape throughout ex vivo cooling and rewarming
Since deep and daily torpor differed in extent of body temperature reduction and only
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deep torpor demonstrated platelet spear shapes, we next determined whether further
reducing platelet temperature ex vivo to 4°C would induce similar platelet shapes in
hamster and mouse (Figure 3A-E and F-J, respectively), which we then compared
with non-hibernators, i.e. rat and human (Figure 3K-O and P-T, respectively). In blood
from summer and arousal hamsters, nearly all platelets were disc shapes (Figure 3A).
Subsequent ex vivo cooling reduced the relative amount of disc shapes and induced
formation of spear shapes (Figure 3E). 3D rendering of fluorescent tubulin staining
confirmed that hamster spear platelets were not disc shapes viewed from aside (Video
S1). The amount of spear shaped platelets already present in torpor blood (~9°C) did
not further increase after ex vivo cooling to 4°C (Figure S2). Subsequent rewarming led
to a time dependent reversal of the spear shaped fraction to discoid platelets (Figure
3A,E). Almost no spherical platelets were observed in all phases (Figure 3B).

FIGURE 1. Reversible thrombocytopenia during hibernation is characterized by a reduction
in discoid platelets and enhancement of spear shaped fraction. Automated cell count was
performed on whole blood and platelet shapes were counted manually on immunofluorescent
staining of cytoskeleton of blood smears. (A) Torpor is associated with low body temperature. (B)
Platelet count of summer and winter euthermic hamsters (“SE” n=3 and “WE” n=4) cycles from
low counts in torpor (“T” n=9) to counts not different from euthermic values during arousal (“A”
n=6). (C) Spear shaped platelet fraction increases in torpor and reverts to euthermic level during
arousal. (D) Amount of discoid platelets in circulation reduces during torpor and is reversed in
arousal. Discoid platelets are characterized by heterogenous actin staining (red) and a circular
marginal band of tubulin (green). (E-G) The amount of platelets with interrupted tubulin, of
activated platelets (with visible filopodia) and of platelet aggregates (several adhering platelets)
were consistently low or absent in bloodsmears from all hamsters. (H) A small amount of spear
shaped platelets, with elongated tubulin rods and actin, was present in all bloodsmears specifically in torpor (”T”). Typical example images with 1000x magnification. Bars are means ±
SD, * P < 0.05.

FIGURE 2. Daily torpor in mouse (in vivo cooling) induces a platelet count reduction but no
platelet shape change. (A) Daily torpor is associated with low body temperature. (B) Platelet

6

count reduced in torpor and recovered to euthermic level during arousal. (C) Platelets remained
disc shaped despite body temperature changing from 35°C in euthermia to 25°C in torpor and
34°C in arousal. Bars are means ± SD, * P < 0.05.

FIGURE 1. Reversible thrombocytopenia during hibernation is characterized by a reduction in
discoid platelets and enhancement of spear shaped fraction. Legend on the next page.
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In contrast, platelets from mouse and non-hibernators (rat and human) responded
quite differently, as their ex vivo cooling induced a spherical shape in virtually all
platelets (Figure 3G,L,Q). Subsequent rewarming partly reversed platelet shape to
discs (Figure 3F, K, P). Additionally, a relatively large amount of spear-shaped platelets
was formed upon rewarming in mouse (23.9 ± 15.0%, Figure 3J) and rat (28.6 ± 3.0%,
Figure 3O), whereas human platelets also formed spear shaped platelets, but to
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a much lower amount (Figure 3T, 10.6 ± 4.5%). Thus, in hamster similar reversible
platelet shape changes occurred in hibernation and in ex vivo cooling/rewarming with
formation of spear shapes in torpor and during cooling, which is not restricted to
the hibernation season. In contrast, platelets from mouse, rat and human changed
into spheres during cooling, which reversed during subsequent rewarming with early
formation of spear shaped platelets and ultimately reversion to discs.
To demonstrate that the same platelet undergoes the serial changes in shape, we
performed time-lapse imaging of mouse platelets by fluorescent labeling of tubulin.
Spherical platelets that were formed during cooling transformed to discs through an
intermediate spear shape, albeit with different lag times and rates between platelets
(Video S2). The lag time is evidenced clearly after 15 minutes rewarming when
platelets have partly recovered to spear shapes with elongated rods of tubulin and
partly to disc shapes with a complete marginal band (Video S3). These results further
demonstrate that platelets of mouse reversibly changed shape via a spear shape
throughout cooling/rewarming. Notably, the spear shape occurs in platelets during
cooling in hamster and ground squirrel13, but during rewarming in non-hibernators.

FIGURE 3. Ex vivo cooling does not induce tubulin depolymerization and sphere formation
in platelets from hibernating and summer euthermic hamsters, but induces spear shapes
unlike non-hibernating mammals (mouse, rat, human). (A, E) Platelets from hibernating (grey
bars, arousal) and non-hibernating hamsters (black bars, summer euthermic) shift from disc
to spear shape during cooling, which reverts during rewarming. No tubulin depolymerization
is seen in hamster platelets. (F) Disc shaped platelets from mouse depolymerize the tubulin
marginal band (green) and become spherical during cooling (G) and disc and spear shape during
rewarming (F, J). Similar to mouse, rat platelets (K-O) and human platelets (P-T) change shape

6
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during cooling, from discoid to spheres (L, Q). Almost no platelet showed signs of activation
by filopodia formation or aggregation during cooling or rewarming. Different than hamster, in
mouse, rat and human, spear shaped platelets were not shaped during cooling, but during
rewarming. Further rewarming returned most platelets to their original discoid shape. Typical
example images with 1000x magnification. Bars are means ± SD, hamster n=1-5, mouse n=3, rat
n=3, human n=4, * P < 0.05. Figure on next page.
FIGURE 3. Ex vivo cooling does not induce tubulin depolymerization and sphere formation in
platelets from hibernating and summer euthermic hamsters, but induces spear shapes unlike
non-hibernating mammals (mouse, rat, human). Legend on the previous page.
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Hibernator and non-hibernator platelets are not activated by ex vivo cooling

FIGURE 4. Platelets of hibernator (hamster) and non-hibernator (rat) are not activated by ex

To investigate whether platelets are activated by ex vivo cooling, P-selectin (CD62P)
expression was measured in blood samples from hamster (hibernator) and rat (nonhibernator). Native blood of euthermic hamsters had 3.9 ± 2.4 % P-selectin positive
platelets (Figure 4A), which remained similar after cooling, 30 minutes rewarming and
2 hours rewarming, while addition of ADP increased the amount of activated platelets.
Ex vivo cooling/rewarming did not affect the amount of activated platelets, as might
be suggested by morphological changes, or of aggregated platelets (Figure 3C-D), in
line with the unaltered P-selectin expression. Rat blood had 18.8 ± 4.2 % of platelets
positive for P-selectin, which did not change during cooling or short rewarming and
decreased to 11.8 ± 1.1 % after 2 hours rewarming (Figure 4B). Similar to hamster,
activation of rat platelets by ADP increased the P-selectin positive fraction (Figure
4B) and average level per platelet (Figure 4D). Additionally, throughout cooling
and rewarming platelets from mouse, rat and human did not appear activated or
aggregated in the smears (Figure 3 H-I, M-N, R-S). Together, we found that ex vivo
cooling of hibernator and non-hibernator platelets induced different shape changes
without signs of platelet activation, while they remained activatable by ADP.

vivo cooling. (A,B) Amount of P-selectin positive hamster (n = 6 to 11) and rat (n = 3) platelets does

6

not increase due to cooling/rewarming. Activatibility by ADP stimulation decreases in hamster
platelets after 2 hours rewarming. (C) P-selectin expression of hamster platelets remains similar
during cooling/rewarming. (D) P-selectin expression of rat platelets is not altered by cooling/
rewarming, whereas ADP activated platelets demonstrate minute differences in activatibility.
Different letters above bars denote significant difference, P < 0.05. Figure on previous page.

Temperature associated dynamics of shape change are platelet autonomous
To study platelet shape changes in humans in greater detail, scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) were used. SEM
analysis demonstrated the native platelets were shaped as flat discs (Figure 5A) with
invaginations of the open canalicular system (OCS), the export system of alpha-granule
content 26. Disc shaped platelets contained a marginal band consisting of several tubulin
multimers, clearly seen in cross-section with TEM (Figure 5E top and bottom panel
and insets). Ex vivo cooling induced a platelet shape change from disc to sphere with
formation of filopodia and lamellipodia (Figure 5B), resembling activated platelets.
These cooled platelets were devoid of tubulin microtubules (Figure 5F). Rewarming
(15 minutes at 37°C) led to the formation of spear shapes (Figure 5C), characterized
by a smooth membrane, without evident invaginations of the OCS, and by recovery
of tubulin microtubules protruding into the spikey ends of the spear shape (Figure 5G
and inset). Prolonged rewarming resulted in disc shapes and the reappearance of OCS
invagination sites on the membrane (Figure 5D) and complete recovery of the circular
marginal band (Figure 5H), similar to native discs. Throughout cooling and rewarming,
platelets remained with granules.
Next, we examined whether platelet shape changes were dependent on humoral
factors by exposing human platelets to cooling (1 hour at 4°C) and rewarming (15
minutes, 30 minutes or 2 hours at 37°C), both in the presence or absence of plasma.
Similar shape changes from discs to spheres and back to discs via spears were found
during cooling and rewarming both in the presence or absence of plasma (Figure 6AK), indicating that these shape changes are platelet autonomous.

Tubulin polymerization confers platelet spear formation

FIGURE 4. Platelets of hibernator (hamster) and non-hibernator (rat) are not activated by ex

To gain insight into the underlying cytoskeletal rearrangements that govern changes
in platelet morphology, mouse platelets were cooled to induce spherical shapes
and subsequently rewarmed to induce spears. Cooling induced spherical platelets
with completely depolymerized tubulin, which transformed into spear shapes

vivo cooling. Legend on the next page.
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while concurrently repolymerizing tubulin (Video S4). In a separate experiment,
pharmacological agents were added prior to rewarming to influence the platelet
cytoskeleton (Figure 7A-L). To block actin polymerization, cytochalasin D was added,
which did not affect spear and disc formation upon rewarming (Figure 7). To inhibit
tubulin polymerization, colcemid was added, which effectively blocked the transition
from sphere to spear or discs (Figure 7), indicating that tubulin polymerization is
essential for platelet spear and disc shape formation. To assess whether inhibition of
tubulin polymerization by colcemid is specific for its colchicine-binding site to tubulin
we added nocodazole to inhibit tubulin at a different binding site 27. Nocodazole was
unable to block spear formation and yielded spear platelets in high amounts after 30
minutes and even higher after 2 hours rewarming (Figure 7). Thus, repolymerization
of tubulin, rather than actin, was essential in spear and disc formation and was
susceptible to inhibition via its colchicine-binding site by colcemid.

FIGURE 5. Scanning and Transmission Electron Microscopy imaging of ultrastructural changes
in human platelets throughout cooling and rewarming. (A-B) Cooling of platelets changes discs
to spheres with filopodia protrusions from the platelet membrane (B, F). The marginal band of
tubulin in native discs (E, white arrowhead and inset) is absent after cooling (F, inset). (C) During
rewarming platelets become elongated and assume a spear like shape with reformed tubulin
microtubules from one pointy ending of the platelet to the other (G, white arrowhead and
inset). Spear shaped platelets demonstrated a smooth membrane (C), almost absent of signs of
the open canalicular system (OCS), which is present in both native and rewarmed disc shapes
(A,D). The spear shape returns to disc shape after prolonged rewarming (D) with recovery of
the circular marginal band (H, inset demonstrating transection of several tubulin microtubules).
Throughout cooling and rewarming, platelets remained with granules (black arrowheads E-H).

6
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Original magnification A-H 12.500x, scale bars top panel 2µm and lower panel 1um. Figure on
next page.

FIGURE 5. Scanning and Transmission Electron Microscopy imaging of ultrastructural changes
in human platelets throughout cooling and rewarming. Legend on previous page.
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FIGURE 7. Tubulin polymerization is essential for mouse platelet shape maintenance and spear
shape formation, whereas actin polymerization is not essential for spear shape formation. (AC) Ex vivo cooling/rewarming of platelets in presence of DMSO as control for the interventions
does not affect tubulin depolymerization (spheres) and repolymerization (discs and spears). (DF) Inhibiting actin polymerization by Cytochalasin D does not influence sphere formation during

6

FIGURE 6. Plasma is not a necessary factor for platelets to become spear shapes. (A, and

cooling or spear formation during rewarming. (G-I) Colcemid prevents tubulin marginal band

D-G) Human platelets with plasma (platelet rich plasma (PRP)) and (B, and H-K) washed

polymerization and spear and disc shape formation during rewarming. (J-L) Nocodazole does

platelets, without plasma, were cooled and rewarmed and spear shaped platelets were present

not prevent spear shape formation. Contrarily, nocodazole increases amount of spear shapes

in rewarmed samples (F,J). Continuous rewarming up to 2 hours reversed spear shapes back

during rewarming. Bars are means ± SD, mouse n = 2-3, n.s. non-significant, * P < 0.05.

to discoid shapes both in platelets with and without plasma (G and K). (C) Keeping platelets
warm up to 2 hours did not show an increase in spear shaped platelets in either PRP or washed
platelets. Bars are n=1. Original magnification D-K 25,000x, scale bars 3µm.
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DISCUSSION

Platelet shape change in mouse torpor and mouse, rat and human ex vivo
cooling

In this study we demonstrate reversible temperature dependent platelet shape
changes in both hibernating and non-hibernating mammals. In hamsters, during the
torpor phase of hibernation with low body temperature, there is a major reduction
in amount of discoid platelets, leaving mainly spear shaped platelets in circulation.
Similarly, ex vivo cooling of hamster platelets induces a fully reversible shape change
from disc to spear, characterized by elongated rods of cold-stable tubulin, which
is independent from the hibernation season. Contrarily, cooling of platelets from
mouse, rat and human depolymerizes the tubulin marginal band and induces the
transformation from discs into spheres with filopodia. Subsequent rewarming induces
repolymerization of tubulin and reversal to discoid platelets via an intermediate spear
shape.

Mice displaying serial daily torpor induced by balancing workload to food intake also
decrease metabolism and body temperature. Platelet count reduced with 35% during
torpor, which reversed to euthermic level during arousal, in line with mammalian
deep torpor 11, 13, 14. However, platelets from torpid mice did not form spear shapes in
vivo. Although their body temperature decreased to only 25°C, further ex vivo cooling
of these platelets to 4°C did not induce spear shape formation either, but instead
rendered them spherical with complete depolymerization of the tubulin marginal
band. Ex vivo cooling of rat and human platelets also induced sphere formation, with
SEM analysis demonstrating filopodia on human platelets and TEM and fluorescence
analysis demonstrating loss of the tubulin marginal band. Interestingly, during
rewarming the tubulin of mouse, rat and human platelets repolymerized and platelet
shapes shifted to discs, but also to spears with formation of elongated rods of tubulin.
Prolonged rewarming stimulated a further formation of discs. By time-lapse imaging
of ex vivo cooled and rewarmed mouse platelets we found a large variety in rate of
shape change, while spears appeared an indispensable intermediate shape change to
reverse spheres to discs. Few previous studies have observed the presence of spear
shaped platelets, describing rewarmed platelets as spindle shaped 28 or elongated 19.
Human washed platelets devoid of plasma also formed spear shapes and discs during
rewarming, signifying that the reversible shape change is platelet autonomous. This
is in line with the findings of ex vivo cooled squirrel platelets that were washed,
maintaining the ability to change shape 13.

Platelet shape change in hamster torpor and cooling
Reducing hamster platelet temperature, either in vivo by hibernation (9°C) or ex vivo
by cooling (4°C), induces a shape change from disc to spear. In torpor (>24hours of
low body temperature), the relative amount of spear shaped platelets in circulation
was higher than after one hour ex vivo cooling. This difference could be explained by
the rate and/or duration of cooling, as documented for the latter in torpid 13-lined
ground squirrels and in ex vivo cooling of their platelets 13, 17. Cooling induced a similar
disc to spear shape change both in platelets from hibernating and non-hibernating
hamsters in summer conditions. Similarly, hamster platelets reversed to a discoid
shape both during arousal and ex vivo rewarming. Collectively, these data demonstrate
that the platelet shape change in hamster is dependent on temperature, is platelet
autonomous, independent of the hibernation season and fully reversible.

6

During torpor, a gross reduction in circulating platelet number due to storage in liver 17
(de Vrij et al., submitted), coincides with an increase in the relative amount of circulating
spear shaped platelets. Whether the spear shape is essential to platelet storage in
liver is unlikely, since platelet storage in liver occurs both in hibernating hamsters
and in non-hibernating rats and mice forced to hypothermia (de Vrij et al, submitted)
and we demonstrated in this study that rat and mouse platelets do not form spear
shapes when temperature is reduced. This issue may be further addressed by isolating
hibernator platelets, and subsequent re-infusion after fluorescent labeling and inhibition
of cytoskeleton rearrangements with paclitaxel and cytochalasin, and quantification of
circulating platelets throughout torpor/arousal cycling.

Although cooling changed the shape of platelets of non-hibernators to spherical
with filopodia, often denoted as signs of activation, there were no signs of platelet
degranulation in rat and hamster platelets, as demonstrated by low expression of
P-selectin, consistent with the presence of Giemsa-stained granules in hamster
platelets. While we only cooled for one hour, cooling for several days may neither
activate platelets 29-31. These results add to the controversy whether cooling and room
temperature storage lead to platelet activation, since for both storage conditions
there is evidence that platelets do become activated, be it by P-selectin expression
or excretion of alpha-granule contents 32. Taken together, it seems that platelet shape
change from disc to spear during cooling is a feature only of seasonal hibernators,
and not of ‘emergency hibernators’ (mice in daily torpor), warranting further research
comparing species with seasonal daily torpor such as Djungarian hamsters, bats and
other species.
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Reversible platelet shape change is tubulin-dependent
It remains to be studied which intrinsic factor in platelets drives the shape change
from disc or sphere to spear. In general, factors contributing to platelet shape change
are for instance during activation: cytosolic Ca2+ 33, de-acetylation and polymerization
of tubulin 34, 35 and polymerization of actin filaments 36. Several studies in nonhibernators explored the role of actin in platelet sphere shape formation during
cooling by incubating platelets before cooling with cytochalasin B, an inhibitor of actin
polymerization, and EGTA or Quin2-AM, chelators of Ca2+, resulting in maintenance
of disc shapes during cooling without filopodia formation 21, 37. However, neither
tubulin nor the role of Ca2+ on tubulin polymerization were explored. Given that Ca2+
influx promotes tubulin depolymarization 38, 39, it is conceivable that chelation of Ca2+
maintains the marginal band and platelet disc shape. Indeed, only adding cytochalasin
B before cooling does not maintain disc shapes during cooling, whereas only adding
taxol (a tubulin stabilizer) does 21, 40, 41. Treating platelets with taxol and cytochalasin
B maintains disc shapes completely during cooling and rewarming 40. By inhibiting
cytoskeletal repolymerization with colcemid via the colchicine-binding site of tubulin
we demonstrated that the reversibility of spherical platelets to spear and disc shape
is dependent on repolymerization of tubulin, rather than actin. Given our results,
tubulin depolymerization likely occurs in non-hibernators during cold induced sphere
formation, whereas tubulin polymerization likely is maintained in hibernators to
induce spear shapes during cooling, and tubulin repolymerization seems crucial for
spear and disc formation after rewarming.

squirrels 17. Moreover, Cooper et al. showed that further stabilizing hibernator tubulin
with taxol enhanced platelet spear shape formation 17. To date, hibernator platelets
are the only mammalian platelets able to resist cold storage and allow transfusion
afterwards without rapid clearance 13. Changes to platelets associated with its coldstable tubulin are therefore likely involved in its cold resilience. To our knowledge, no
previous study has yet attempted to maintain tubulin microtubule structure to assess
its effect on platelet clearance after cold storage. It should therefore be assessed
whether the cold-stable tubulin is linked to changes in sialylation of membrane
receptors or clustering of GPIbα on the platelet membrane, which govern clearance
of non-hibernator platelets after short cold storage 5, 44, 45, and whether it allows
preservation of functionality after prolonged storage. Spear shape formation is not
essential in the reversible retention of platelets during hibernation, since reversible
retention also occurs in non-hibernators throughout hypothermia-and-rewarming 11,
15, 16
and we now demonstrated that non-hibernators do not form spear shapes during
cold exposure. Storage lesions and bacterial contamination are still the main reasons
for the 5-7 days storage limit for platelet concentrates and the yearly losses due to
outdated, dysfunctional and discarded units. Elucidating the molecular mechanism
that stabilizes tubulin in hibernators may give a new hope to enable cold-resilience
of human platelets and allow platelet cold storage, improving shelf life of platelet
concentrates, decreasing bacterial contamination and reducing monetary losses.

Post translational modification may trigger tubulin stabilization

6

Different than colcemid, nocodazole treatment did not prevent repolymerization of
tubulin, which could be due to its different binding site to tubulin and/or due to the
stability of tubulin, which can be increased by posttranslational modifications such
as acetylation, detyrosination or binding of STOP’s (stable tubule only polypeptides)
42, 43
. STOP’s can deliver cold-resistance to microtubules with or without nocodazoleresistance, depending on its molecular composition 42. Such resistance might explain
why our cold treated mouse platelets seemed resistant to nocodazole treatment prior
to rewarming, but not to colcemid treatment. Moreover, hibernators may be able to
form and maintain spear and disc platelets in the cold due to differently composed
STOP’s resulting in cold resistant tubulin already during cooling down.

6

Reversible shape changes may govern cold-resilience of platelets
We demonstrate hibernator platelets to have stable tubulin during cold exposure (both
in spear and disc form) in vivo and ex vivo, in line with data from hibernating ground
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FIGURE S1. Giemsa stain of bloodsmears demonstrating platelet spear shape during
thrombocytopenia of torpor in hamster. (A-B) When the hibernating hamster decreases metabolism
and body temperature during torpor (“T”), relative amount of discoid/spherical platelets is reduced
and spear shaped platelets increased. Discoid platelets are characterized by their round shape
and purple stained granules. Spear shaped platelets are characterized by a clear elongated shape
and centralization of their granules. When the hamster increases body temperature during arousal
(“A”) platelets are reversed from spear back into discoid shape. Surrounding the platelets are
agranular and anuclear erythrocytes in pink. Typical example images below the graphs with 1000x
magnification, bars are means ± SD, hamster n= 3 to 10, * P < 0.05.
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FIGURE S2. Ex vivo cooling of torpor blood does not further increase spear formation.
Platelets from a hibernating hamster in torpor (8°C, ‘native T’) have already spear shapes and
do not form more spear shaped platelets by ex vivo cooling for 1 hour (4°C). Bars are n= 1.
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VIDEO S1. 3D rendered representation of tubulin in hamster spear and disc shaped platelets.

VIDEO S3. Timelapse of cooled and rewarmed platelets.

Surface rendering of fluorescent tubulin staining (green) in ex vivo cooled hamster platelets

Due to a lag time in shape change, after 15min rewarming from cooling platelet shapes are

demonstrates spear shapes are distinct from disc shapes in all 3 dimensions. Original

divided between spear shapes with elongated rods of tubulin (red) and disc shapes with

magnification 600x, scale bar 3-5µm according to zoom in video. Video accessible via QR-code

complete recovered marginal band. DIC imaging (grey scale) plus fluorescent imaging of SiR Alexa

or tinyurl.com/EdV-chapter6video1 or hibernation.nl/storporage/thesisDeVrij/

647 labeled tubulin. Original magnification 1000x, frequency 1Hz, duration 15min, video frame
rate 20 frames per second. Video accessible via QR-code or: tinyurl.com/EdVchapter6video3 or
hibernation.nl/storporage/thesisDeVrij/

VIDEO S2. Timelapse of cooled mouse platelets (4°C 1h) who have turned from discs to spheres

6

and are rewarmed (37°C 15min) to reform into discs through intermediary spear shapes.

VIDEO S4. Time lapse of a cooled mouse platelet (4°C 1h) that is being rewarmed (37°C

Fluorescently labeled tubulin (red) can be seen dispersed in the cytoplasm of platelets due

15min). Rewarming induces reformation of tubulin (red) into an elongated microtubule

to depolymerization after cooling. Throughout rewarming the majority of platelets starts

allowing platelets their intermediate spear shape before transforming in a disc after prolonged

reforming elongated microtubules of tubulin inducing spear shapes of the platelets before

rewarming. White arrowhead indicates the same individual platelet. Differential interference

changing into disc shapes. Differential interference contrast (DIC) plus fluorescent imaging

contrast (DIC) plus fluorescent imaging. Single platelet is followed and cut out per frame with

of SiR Alexa 647 labeled tubulin, fluorescent signal bleaches during prolonged live imaging.

post processing macro in ImageJ. Original oil (N=1.250) magnification 600x, imaging frequency

Original oil (N=1.250) magnification 600x, frequency 1Hz, duration 15min, video frame rate 20

1Hz, duration 15min, video frame rate 20 frames per second. Video accessible via QR-code or

frames per second. Video accessible via QR-code

tinyurl.com/EdV-chapter6video4 or hibernation.nl/storporage/thesisDeVrij/

or tinyurl.com/EdV-chapter6video1 or hibernation.nl/storporage/thesisDeVrij/

All videos from this chapter are online available at
www.hibernation.nl/storporage/thesisDeVrij/
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