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INTRODUCTION

Hypothermia is associated with a reduction in circulating platelet count 

(thrombocytopenia) which may occur in patients with accidental1-5 or therapeutic 

hypothermia6, 7. Hypothermia induced thrombocytopenia is a widely conserved 

phenomenon among different mammalian species, including humans8-10, advocating 

a common underlying (patho)physiological process reducing platelet count. The 

reduction of circulating platelets is associated with the drop in body temperature 

with the most dramatic reduction of 90-95% found during mammalian hibernation 

when body temperature drops below 8°C.8, 11-13 Remarkably, circulating platelet count 

is rapidly and completely restored when hibernators rewarm.8, 11 A similar recovery 

of platelet count is also observed in humans after rewarming from hypothermia2, 

4, 5, albeit at slower rate than in hibernators. Further, hypothermia may induce 

effects that coincide, induce or are the consequence of platelet clearance, including 

(1) platelet activation or increased activatibility14, (2) trapping of platelets within 

immune-complexes (as observed in cyroglobulinemia15, platelet-leukocyte aggregates 

or rosettes16), (3) reversible clearance by margination to the vessel walls17, (4) bone 

marrow suppression18, and (5) irreversible clearance/phagocytosis (without overt 

platelet activation)19. 

 Although no large clinical studies have been performed to assess which of these 

effects of hypothermia underlies the associated thrombocytopenia, several case 

reports demonstrate disseminated intravascular coagulation (DIC) to occur20, 21. 

However, DIC may not occur during hypothermia, but rather during the subsequent 

rewarming phase22 and may not be linked to thrombocytopenia at all23. Experimental 

evidence however favors hypothermia associated thrombocytopenia to originate 

from reversible storage of platelets with spleen, liver and lungs implicated as 

retention sites.9, 10 Despite these findings, the mechanism that drives the hypothermia 

induced reduction of circulating platelets remains currently unknown. Given its 

apparent reversibility, both storage and release and breakdown and de novo synthesis 

of platelets may qualify. We hypothesized that hypothermia induces a reversible 

clearance of circulating platelets by storage and release of platelets via margination 

to the vessel wall in central organs, rather than by (irreversible) clearance and de 

novo synthesis of platelets. To address both mechanism and location, we fluorescently 

labeled platelets in rat and mouse to track platelets in time throughout hypothermia 

and rewarming. Flow cytometry, immunohistochemistry and (intravital) microscopy 

were used to determine amount and activation status of platelets as well as platelet 

location during hypothermia and after rewarming.

ABSTRACT

Hypothermia, either accidental or therapeutic, is associated with a reduction of 

circulating platelets which generally is reversed by rewarming. Here, we determined 

the mechanism(s) that drive reversible hypothermia induced thrombocytopenia. 

Fluorescently labeled platelets of rat and mouse undergoing whole body hypothermia 

and rewarming were analyzed using flow cytometry, immunohistochemistry and 

(intravital) microscopy analysis to determine amount, activation status and location. 

During hypothermia in rat (15°C, 3h), circulating platelets decreased with 52.5 ± 4.3 

%, which was fully restored during rewarming. Importantly, the fraction of labeled 

platelets remained constant during all phases, implying platelet storage and release. 

Hypothermia induced a major increase of platelet numbers in liver sinusoids, with 

a minor additional increase in lungs, but not in spleen. Intravital imaging during 

hypothermia in mouse (20°C, 1h) demonstrated platelet margination in liver sinusoids 

to constitute the storage mechanism, which was temperature and blood flow 

dependent. Storage was reversed by increased blood flow during rewarming. Further, 

P-selectin expression and activatability of platelets was unaltered by hypothermia and 

rewarming and D-dimer levels remained low, signifying absence of platelet activation or 

dysfunction and intravascular coagulation during in vivo hypothermia and rewarming. 

The sharp contrast with irreversible clearance of platelets following transfusion of 

ex vivo cold stored platelets signifies that systemic factors -possibly related to liver 

storage- shield platelets from activation, dysfunction and phagocytosis during in vivo 

hypothermia. Deciphering the shielding mechanism may enable transfusion of cold 

stored platelets, improve liver regeneration after transplantation, and contribute to 

improved management of hemostasis or antithrombotic therapies.

Keypoints:
•	 Reduction in circulating platelets during lowered body temperature is driven by 

margination and storage of platelets in liver sinusoids.

•	 Rewarming restores circulating platelet count by release from liver sinusoids 

without a significant contribution of de novo synthesis.
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of 26°C.  The body temperature was at 37°C for one hour prior to euthanization. A 

normothermic sham control group was kept at 37°C throughout the entire experiment 

with blood samples taken time-matched to the other groups. 

Splenectomy
In a separate experiment, after cooling, rats were maintained at 15°C for 1 hour after 

which rewarming was initiated. Splenectomies were performed on euthermic rats 

prior to induction of hypothermia or at the end of 1 hour hypothermia. The abdomen 

was shaved and disinfected by chlorhexidine, the abdominal cavity was opened by a 

subcostal incision and the spleen was exposed by careful manipulation of the internal 

organs using a pair of blunt tweezers. Next, the splenic artery and vein were ligated 

and the spleen was removed. The abdominal cavity was closed in one  layer with single 

sutures. Throughout cooling and rewarming and immediately after splenectomy, 

blood samples were drawn via the carotid artery catheter. Animals were euthanized 

after rewarming to 37°C for 1 hour. 

Intravital imaging of mouse liver throughout forced hypothermia
Mice were subjected to forced hypothermia and rewarming as described previously.8 

Throughout this procedure platelets within the liver were imaged in by intravital 

microscopy as described previously.30 Mice were anesthetized with isoflurane 2% in 

O2/air (1:1). Prior to cooling, platelets were labeled in vivo by injecting PE-labeled 

hamster-anti-mouse CD49b (103506 clone HMa2, BioLegend) via the penile vein. 

Next, a partial upper abdominal midline incision was made followed by a lateral 

subcostal incision to the right midaxillary line, thereby exposing the liver. The 

falciform ligament was incised, releasing the liver from the diaphragm. The mouse 

was placed in right lateral position and the liver externalized onto a 24x60 mm glass 

coverslip, watertightly sealed in an object carrier that was placed on the stage of a 

Zeiss 780 (inverted) confocal microscope equipped with an incubator. The liver and 

abdominal tissue were covered with saline-soaked fiberless optics tissue and gauze. 

The trachea was cannulated and the mouse was ventilated (MiniVent model 845, 

Harvard Apparatus) after receiving a bolus of rocuronium (16mg/kg, s.c.). Body 

temperature was monitored rectally. Throughout the preparatory phase and the 

subsequent 30 minutes, animals were maintained at > 35°C via a heating mattress and 

infrared heat lamp. Next, the microscope heating system was switched off and animals 

were cooled by applying ice-cold saline to their fur to reach a body temperature 

of 20°C that was maintained for one hour. Mice were then rewarmed to 37°C and 

maintained at this temperature for 30 minutes. Procedures were adjusted aiming at 

a change in body temperature of ≈1°C per 3 minutes. During hypothermia, isoflurane 

MATERIAL AND METHODS

Animals
Wistar rats (Charles River, the Netherlands, 387 ± 28g, n=24) and C57Bl/6 mice (Charles 

River, 31.3 ± 3.1 g, n=6) were housed at a light:dark cycle of 12h:12h. Animals were 

fed ad libitum using standard animal lab chow and drinking water. Experiments were 

approved by the Institutional Animal Ethical Committee of the University Medical 

Center Groningen.

Allogeneic labeled platelet transfusion
Donor blood was obtained by puncture of the abdominal aorta and diluted in one-

tenth volume 3.2% sodium citrate. Next, a cell count was performed on a Sysmex PoCH 

100-iv analyzer, while the immature platelet fraction was determined with a Sysmex 

XE-2100 by staining with a dye for reticulated cells24. Per mL of blood 0.4mL of Buffered 

Saline Glucose Citrate  was added (116 mM NaCL, 13.6 mM Na2Citrate*H2O, 8.6 mM 

Na2HPO4*2H2O, 1.6 mMKH2PO4, 11.1 D Glucose*H2O, pH 6.8). The diluted donor blood 

was centrifuged at 160 x g for 20 minutes at room temperature to obtain platelet 

rich plasma (PRP), which was fluorescently labeled with 5-Chloromethylfluorescein 

Diacetate (CMFDA, ThermoFischer C7025)25-28. Hereto, CMFDA dissolved in DMSO/

PBS 1:5 (v/v) was added to the PRP at a final concentration of 100 µM and left to 

incubate for one hour at room temperature. Next, the fluorescent intensity of CMFDA 

per platelet was determined and platelets were infused into recipients rats.

Forced hypothermia in rat
Anesthesia was induced by isoflurane 2.5% in O2/air (1:1), followed by maintenance 

of anesthesia by ketamine infused through a tail vein catheter (18-27mg/kg/h). To 

maintain adequate oxygenation during cooling, rats were intubated and mechanically 

ventilated (Amsterdam Infant Ventilator; Hoekloos, Amsterdam, The Netherlands). 

Animals were placed on a water based heating mattress, while body temperature was 

measured rectally. A catheter inserted into the carotid artery was used to monitor heart 

rate, blood pressure and to draw blood samples. The CMFDA-labeled donor platelets 

were infused 30 minutes before onset of cooling. Next, rocuronium (20mg, i.v.) was 

administered and animals were cooled by applying ice-cold water to their fur and 

were rewarmed using a water-based heating mattress and drying of fur.8, 29 Procedures 

were adjusted aiming at a body temperature change of ≈1°C per 3 minutes. At a body 

temperature of 26°C, ketamine infusion was paused. Animals were maintained at 15°C 

for 3 hours. While one group of rats was euthanized at hypothermia, another group 

was rewarmed. Ketamine infusion was restarted upon reaching a body temperature 
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measured using a Modular analyzer (Roche Diagnostics) in heparinized plasma 

samples. Rat serum samples served as positive control.

Statistics and data presentation
Data are presented as mean ± standard deviation (SD). Statistical differences between 

groups were calculated using a repeated measures ANOVA, one-way ANOVA and post-

hoc Tukey analysis (Graphpad Prism v7.01, GraphPad Software) with P < .05 considered 

significantly different. The same software was used to make the graphs.

was reduced to 0.6%. The liver microcirculation was visualized using a 40x/1.2 W Korr-

C-apochromat objective with glycerin immersion using the autofluorescence of liver 

(405 nm excitation, 499-552 nm emission) and fluorescently labeled platelets (488 nm 

excitation, 522-735 nm emission) throughout hypothermia and rewarming.  Acquired 

images were analyzed using ImageJ software (Wayne Rasband National Institutes of 

Health, USA)31, 32.

Flow cytometry analysis 
Expression of P-selectin (CD62P) and CMFDA levels in platelets were analyzed by flow 

cytometry. One microliter of whole blood was diluted (1:25, v/v) in phosphate buffered 

saline (PBS), and incubated with PE-labeled anti-CD62P (GeneTex 43039) with or 

without 10 µM ADP for 30 minutes in the dark. The activation was stopped by fixation 

with 2% formaldehyde in 300 µL PBS (v/v). Samples were acquired on a BD Biosciences 

Calibur flow cytometer equipped with CellQuest software (BD Biosciences). Platelet 

populations were gated on cell size using forward scatter (FSC) and side scatter (SSC). 

At least 100.000 platelets per sample were analyzed, or 180 seconds in case of low 

platelet counts (thrombocytopenia). Data was analyzed using Kaluza 1.2 software 

(Beckman Coulter).

Immunohistochemistry 
Frozen sections (4 μm) were cut from liver, spleen and lung using a CN1860 UV 

cryostat (Leica Microsystems), which were fixed in formaldehyde 0.2%  (v/v in PBS) 

for 5 minutes. Sections were stained with a mouse anti-rat antibody to CD61 (GeneTex 

75341) in a 1:500 dilution (v/v) for onehour, followed by incubation with a secondary 

TRITC labeled antibody (SouthernBiotech 1030-03) for 30 minutes (1:100, v/v) 

supplemented with 1% normal rat serum (v/v). Sections were washed with PBS three 

times for 5 minutes between staining steps. Scans of the whole tissue sections were 

made with a TissueFaxs (TissueGnostics) and analyzed using ImageJ v1.50g (Wayne 

Rasband National Institutes of Health, USA)31, 32 to determine platelet to nuclei ratio, 

using a self-made macro. In short, background signal was subtracted from the red 

(TRITC) channel and a particle analysis was performed to count platelets and nuclei. 

Subsequent platelet to nuclei ratio was used to compare amount of platelets per organ 

between the groups. Because platelets in spleen in normal situation are abundant, 

separate platelets could not be counted, therefore area of platelets : area of nuclei 

was determined in spleen.

Measurement of D-dimer
Blood was centrifuged 2,500 x g for 15 minutes to obtain plasma. D-dimers were 
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FIGURE 1. Hypothermia induced reversible thrombocytopenia is governed by storage and 

release, without an essential role of spleen. Legend on next page.

RESULTS

Platelets are stored during hypothermia and released during rewarming
Forced cooling of anesthetized rats from 37.7 ± 0.6°C to 15.0 ± 0.1°C body temperature 

substantially reduced total circulating platelets to 47.5 ± 4.3% of baseline (Figure 

1A, P < .05; baseline platelet count 732 ± 80 x 109/L), which fully recovered after 

rewarming for 1 hour to 37°C (100.1 ± 20.3%). To study whether these dynamics are 

induced by cell death and de novo synthesis or due to reversible storage and release of 

platelets, CMFDA-labeled platelets were transfused prior to cooling. CMFDA labeling 

and transfusion resulted in 5.4 ± 1.4 % of platelets labeled in circulation (n=8). During 

the ensuing hypothermia and rewarming, absolute numbers of labeled platelets 

demonstrated a similar reduction and recovery as non-labeled platelets (Figure 1A, P 

< .05) resulting in a constant relative fraction of CMFDA labeled platelets (Figure 1B), 

unequivocally implicating reversible storage and release as the underlying mechanism. 

To evaluate if spleen plays a crucial role in the reversible storage and release of 

platelets, splenectomy was performed either at baseline (37°C) or at the end of 1 

hour hypothermia (15°C). Baseline platelet count (750± 59 x 109/L) was reduced by 

42% after 1 hour hypothermia and returned to baseline level by rewarming to 37°C. 

Removing spleen either before or after hypothermia did not influence the reduction 

and recovery of platelet count (Figure 1C). To further substantiate reversible storage 

and release, we measured the immature platelet fraction (IPF) in animals with spleen 

upon rewarming. The IPF remained low throughout the cooling and rewarming phase 

(Table 1), indicating that recovery of normal platelet count upon rewarming does 

not depend on de novo synthesis. Together, forced hypothermia to 15°C induces a 

profound and fully reversible thrombocytopenia, regardless of presence of spleen, 

which is governed by storage and release of platelets.
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FIGURE 2. Platelet storage and release in organ sections from hypothermic and rewarmed rat. 

Legend on previous page.

FIGURE 1. Hypothermia induced reversible thrombocytopenia is governed by storage and 

release, without an essential role of spleen. Amount of platelets and labeled platelets in 

circulation was determined in rats throughout hypothermia and rewarming. (A) Hypothermia in 

rat induces thrombocytopenia, which recovers completely during rewarming (red bars). Labeling 

of platelets does not affect clearance from the circulation during hypothermia. Moreover, 

labeled platelets (black bars) reappear upon rewarming as well, indicating storage and release 

as mechanism underlying thrombocytopenia, rather than clearance and de novo synthesis. 

(B) The relative number of transfused CMFDA-labeled platelets is unaffected by time during 

normothermia (black lines) or hypothermia/rewarming (grey lines). (C) Removing spleen before 

start of hypothermia at baseline or after 1h hypothermia does not affect the platelet dynamics 

throughout hypothermia and rewarming. Line in panel A represents a sigmoidal fitted curve 

for body temperature with 90% confidence interval, n=5; dots in panel B represent mean ± SD, 

n=3-8. All bars represent mean ± SD, in panel A n=5, panel C n=7 (splenectomy at hypothermia) 

and n=8 (splenectomy at baseline). Bars with different letters were significantly different, P < 

.05. Figure on previous page.

FIGURE 2. Platelet storage and release in organ sections from hypothermic and rewarmed rat. 

Representative images of liver, spleen and lung sections of control (A, E and I), normothermia 

(B, F and J), hypothermia (C, G and K) and rewarmed (D, H and L) rats. Platelets labeled anti 

CD61 (red) can be seen in the lumen of central veins in the liver (A,B). Hypothermia induces 

retention of large numbers of platelets in liver sinusoids (C), which is reversed upon rewarming 

(D). In spleen, platelets are clearly visible in the red pulp, while white pulp with nucleated 

cells (blue) is devoid of platelets (E-H). Platelets in lung are found within large vessels and 

capillaries (I-L). Hypothermia induces an increase in the number of platelets in lung (K), albeit to 

a lesser extent compared to liver, which is reversed upon rewarming (L). Nuclei are stained blue 

and autofluorescence of hepatocytes and elastic lamina of arteries is visible in green. Notably, 

autofluorescence of liver from hypothermic rat is increased during hypothermia. Original 

magnification 400x, insets are 1.5x zoom. Bars are 50 μm. Figure on next page.
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FIGURE 3. Hypothermia increases platelets mainly in liver. A) Platelet amount in liver sections 

increased during hypothermia, which reversed during rewarming. B) Platelet amount in spleen 

tissue did not change throughout hypothermia rewarming, compared to normothermia and 

control group. C) Platelet to lung tissue ratio increased slightly during hypothermia and seemed 

to reverse slowly during rewarming. Amount of platelets per liver and lung is expressed as ratio 

between CD61 positive count (platelets) and DAPI count (nuclei), whereas amount of platelets per 

spleen is expressed as ratio between CD61 positive area and total tissue area within the red pulp 

of spleen. Large scale sections were imaged and analyzed with TissueFAXS and ImageJ software. 

Groups: control (n=4), normothermia (n=3), hypothermia (n=4) and rewarmed (n=5),* P < .05.

As the largest increase in platelet accumulation was found in liver, we next quantified 

the number of platelets per volume of liver tissue to estimate the relative number of 

circulating platelets that might be stored in the liver during hypothermia (Table S1). 

The number of platelets per μm3   of liver tissue was increased more than 15-fold during 

hypothermia, as compared to control animals; rewarming reduced this number by 

more than half. Given the reduction in the number of circulating platelets (Figure 1A), 

and an average total blood volume of a rat of 64 ml/kg33, the estimated total number 

of platelets that is reversibly removed from the circulation during hypothermia is 5.9 

± 1.6 x109 platelets. To compare this to the number of platelets that was stored in 

liver during hypothermia, we calculated the liver volume from the body weight of the 

animal (Table S1). Thereby, we estimated that 3.5 x 109
 platelets are stored per liver 

in hypothermia in addition to 0.2 ± 0.2 x 109
 platelets already present in control liver. 

Thus, platelet storage in liver is the principle mechanism of the reversible hypothermia 

induced platelet reduction, with a modest additional contribution from lung, but not 

spleen. 

TABLE 1. Immature platelet fraction (IPF) does not increase after rewarming from 

hypothermia. Rats were subjected to hypothermia and rewarming and blood samples were 

obtained at different timepoints. IPF remains low throughout hypothermia and rewarming, 

indicating low amounts of newly synthetized platelets throughout the process of body cooling 

and rewarming. After 30 min rewarming a reduced IPF is seen, demonstrating a relatively fast 

increased recovery of mature platelets, which normalized after prolonged rewarming. Data are 

mean ± SD, * P < .05 compared to t= -0.3h.

Normothermia 
(37°C)

Hypothermia 
(15°C)

Rewarming 
(37°C)

Time points Baseline -0.3h 0h 4h 4.5h 5.5h

% IPF 1.12 ± 0.40 1.14 ± 0.24 1.00 ± 0.70 0.84 ± 0.27 0.56 ± 0.21* 1.12 ± 0.52

Storage of platelets occurs principally in liver sinusoids
To identify the storage site of platelets during hypothermia, we investigated spleen, 

liver and lung. In control rat liver, platelets were mainly located in the lumen of 

larger blood vessels at all time-points (Figure 2A-D), specifically within the lumen of 

central veins, while sinusoids were largely devoid of platelets. Low body temperature, 

however, led to an accumulation of marginated, non-aggregated platelets in liver 

sinusoids as compared to non-hypothermic control livers (Figure 2C), whereas the 

distribution of platelets in central veins remained unaffected. When quantifying the 

amount of platelets per whole section of liver, hypothermia increased platelet count 

in liver almost 20-fold (Figure 3A, P < .05). Rewarming was associated with a reduction 

of platelets in the liver (Figures 2D and 3A, P < .05) and an almost complete absence 

of platelets in sinusoids (Figure 2D). 

 In contrast to the liver, neither lowering the body temperature nor rewarming 

affected the amount of platelets in spleen (Figure 2E-H and 3B). However, hypothermia 

increased the platelet count by approximately 2-fold in lung, where platelets mainly 

accumulated in interstitial capillaries (Figure 2I-L, and 3C; P < .05). Similar to platelet 

retention in the liver, rewarming from hypothermia reduced the platelet count in 

lung to similar values as control animals. Thus, hypothermia leads to a reversible and 

profound increase of marginated, non-aggregated platelets in liver sinusoids and in 

addition induces a reversible and minor rise in the number of platelets in lungs.
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and rewarming. Together, hypothermia and rewarming did not activate platelets, as 

illustrated by the unaffected P-selectin expression and amount of P-selectin positive 

platelets throughout cooling and rewarming. In addition, platelet isolation, CMFDA-

labeling and transfusion did not activate the CMFDA-labeled platelets, which remained 

functional in circulation as measured by ADP activation ex vivo. Plasma levels of 

D-dimer remained below threshold and detectable levels, i.e. less than 500 and 150 

μg/L respectively, whereas serum control was high (data not shown). Taken together, 

we substantiate that during in vivo hypothermia and rewarming no signs of platelet 

activation or clotting and fibrinolysis were present as measured by platelet P-selectin 

expression and plasma D-dimer. 

FIGURE 4. Platelet storage and release in mouse liver induced by hypothermia and rewarming. 

A-C) Representative field of view (FOV) during intravital microscopy imaging throughout 

normothermia (A), hypothermia (B) and at the end of rewarming (C). Anti-CD49b PE-labeled 

platelet accumulation (red) can be seen in several hypothermic liver sinusoids, which is reversed 

during rewarming. Liver autofluorescence (green) lines the sinusoids. Original magnification 

400x, scale bars are 50µm. D) Rectal body temperature measurements throughout hypothermia 

and rewarming. Bars in blue represent hypothermia, bars in red normothermia and rewarming. 

E) The relative number of platelets per FOV increased during hypothermia, which was reversed 

Temperature dependent margination results in storage and release of 
platelets via liver sinusoids
To further substantiate that retention of platelets within the liver is due to margination 

or adherence within liver sinusoids during hypothermia, PE-labeled platelets were 

visualized by intravital imaging in mice throughout cooling and rewarming. At baseline, 

during normothermia (body temperature 36.9 ± 0.4°C), most platelets were rapidly 

circulating with occasional margination to the sinusoidal lining (Video 1), as known 

from patrolling “touch-and-go” platelets37, while only few platelets marginated to 

sinusoids (Figure 4A). Cooling to a body temperature of 19.8 ± 0.3°C induced a gradual 

decrease in blood flow that was closely associated with higher numbers of platelets 

marginating in sinusoids (Figure 5, Video 2), as well as a higher amount of platelets 

adhering to liver sinusoidal cells (Figure 4B). Remarkably, during hypothermia some 

sinusoids were not perfused at all while being completely filled with platelets (Video 

2). During rewarming, blood flow increased and platelets were released from the 

sinusoids within 30 minutes. Moreover, as compared to hypothermia, sinusoids were 

devoid of platelets, although some platelets remained adherent (Figure 4C, Video 

3). Quantitative analysis demonstrates a 3.5-fold increase in the relative number 

of platelets retained within liver sinusoids during hypothermia in the mouse, as 

compared to normothermia (Figure 4E, P < .05). Furthermore, rewarming restored 

the number of retained platelets in the liver to values similar to baseline (Figure 4E, P 

< .05). The platelet margination demonstrates a high negative correlation with body 

temperature (Figure 4F, Pearson’s r = -0.95, P < .05). Taken together, hypothermia 

induced a temperature and blood flow dependent margination of platelets to liver 

sinusoids which reversed rapidly during rewarming.

Hypothermia neither activates, nor affects functionality of platelets
Next, we analyzed whether in vivo cooling induced activation of platelets and the 

hemostatic system, by measuring P-selectin (CD62P) expression on rat platelets 

(Figure S1) and plasma levels of D-dimer. The relative amount of P-selectin positive 

platelets at baseline was 9.7 ± 2.7% (naïve) and 83.2 ± 6.5% (ADP stimulated, Figure 

6A). In addition, the basal P-selectin expression (geometric mean) was 2.2 ± 0.2 

and increased to 7.3 ± 1.8 after activation (Figure 6B). Hypothermia nor rewarming 

affected the number of P-selectin positive platelets and the expression of P-selectin 

per platelet with similar results obtained for transfused CMFDA-labeled platelets 

(Figure 6A-B). After transfusion (t = 10 min), the number of P-selectin positive CMFDA 

labeled platelets amounted 6.8 ± 2.1 % (naïve) and 79.4 ± 6.0% (ADP stimulated), 

while their P-selectin expression was 2.2 ± 0.2 (naïve) and 7.2 ± 1.4 (ADP stimulated). 

Both fluorescence intensities remained stable throughout subsequent hypothermia 
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FIGURE 6. Platelets in circulation are not activated by hypothermia and rewarming. A) 

Percentage of P-selectin positive platelets (black bars) increases after stimulation with 10µM 

ADP (light grey and dashed bars). B) P-selectin expression increases on platelets stimulated 

with ADP. Blood samples were taken at all time-points: t= baseline normothermia before 

transfusion of CMFDA-labeled platelets, t=-0.3h normothermia 10min after infusion of platelets, 

t=0h normothermia 30min after infusion prior to cooling, t=4h hypothermia (15°C 3h), t=5h 

rewarming to 37°C, t=6h maintaining 37°C for 1 hour. Note that at baseline CMFDA-labeled 

platelets are absent. Bars are mean ± SD.

during rewarming. Data represent mean ± SD of n=6 mice. F) Platelet amount per FOV is 

negatively correlated with body temperature (Pearson’s r = -0.95, P < .05), 95% confidence 

interval of linear fitted curve is depicted by dotted lines. Bars with different letters were 

significantly different from each other, P < .05.

FIGURE 5. Platelet margination in liver sinusoids during hypothermia. Some platelets (red) 

were found marginating in the sinusoids during hypothermia; captured is the margination of 

a single platelet (white arrowhead) followed for 20 seconds. Blood flows from top left to right 

bottom. Images are a digital zoom and tilted 90° to the left from original timelapse (Video 2). 

Body temperature in this mouse was 19.5°C (t=2h). Scale bar 50μm, original magnification 400x.
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margination was highly correlated with lowering body temperature and when animals 

were rewarmed, platelet amount in liver and circulating platelet count recovered 

to normothermic level. Our data therefore identify margination of platelets as the 

mechanism conferring reversible platelet storage in liver during hypothermia. 

Nevertheless, the activators of hypothermia induced margination remain to be 

identified. Several factors may contribute to margination by influencing either 

attaching forces (i.e. membrane glycoproteins on endothelial cells and platelets, and 

the distribution of platelets towards the vessel wall) or detaching forces (i.e. shear 

stress). Rheological parameters such as reduced blood flow and increased blood 

viscosity constitute one of the most likely candidates. Arai et al. and Zarins and 

Skinner showed that lowering body temperature leads to a reduced cardiac output, 

which results in lower shear stress.40, 41 Thereby, the reduced blood flow that occurs 

increases the contact-time of platelets with endothelium and shifts the balance 

towards more attaching forces favoring margination to liver sinusoids.42 Additionally, 

an increased hematocrit, as likely occurs as a consequence of hemoconcentration 

at low temperature43, increases platelet distribution near the vessel wall stimulating 

platelet margination44, 45. Indeed, hematocrit in our rats increased from 0.40 ± 0.08 

L/L at baseline to 0.50 ± 0.04 L/L during hypothermia and recovered to 0.42 ± 0.02 

L/L after rewarming. Moreover, platelet shape changes from disc to sphere during 

hypothermia46, further stimulating platelet margination44, 47, 48. Finally, hypothermia 

and reduced flow or flow cessation may induce endothelium activation with increased 

expression of adhesion molecules to further increase the attaching forces.49, 50 

Reduced body temperature, blood flow and increased hematocrit are also observed 

in hibernating mammals and recently is has been shown that platelet storage in liver 

also occurs in hibernating ground squirrels 66. Hence, storage of platelets during 

hypothermia is likely mediated by margination to sinusoidal endothelium secondary 

to a reduced blood flow, combined with increases in hematocrit. Conversely, the rise 

in cardiac output upon rewarming, and hence blood flow, likely stimulates detachment 

of the platelets and governs their reappearance in the circulating pool. 

Cooling/rewarming does not induce platelet activation
Our data demonstrate that in vivo cooling and rewarming does not induce platelet 

activation, dysfunction or hyperactivity. Like us, previous exploration of platelet 

activation or altered function from both ex vivo and in vivo cooled platelets also 

measured P-selectin expression following stimulation with ADP or other agonists.14, 

51-53 These studies generally cool from 20°C down to 0-4°C. However, these studies 

report both inhibition of basal platelet function as well as (hyper)activation upon 

addition of agonists14, 52, 53 with effects being reversed by rewarming either in vivo or 

DISCUSSION

Thrombocytopenia during hypothermia is governed by reversible storage 
and release, mainly in liver sinusoids
This study demonstrates unequivocally that thrombocytopenia during hypothermia 

results from storage of platelets, followed by subsequent release of the same platelets 

upon rewarming. This is principally evidenced by the recovery of the same percentage 

of circulating CMFDA labeled fluorescent platelets following rewarming of hypothermic 

rat as was present during baseline. Moreover, the rapid restoration of total platelet 

count upon rewarming excludes destruction of platelets during hypothermia and 

regular de novo synthesis upon rewarming as a main mechanism, as platelet synthesis 

from bone marrow takes 24-48 hours to reverse thrombocytopenia11, 38. Absence of de 

novo synthesis is further substantiated by a stable low number of immature platelets 

throughout hypothermia and subsequent rewarming. Consequently, it is unlikely 

that megakaryocyte rupture39 may serve as a lead mechanism restoring platelet 

count upon rewarming. In addition, given that IPF was stable and platelets recovered 

rapidly, hypothermia induced bone marrow failure is also excluded. Importantly, 

we exclude a crucial role of spleen in platelet storage and demonstrate that liver 

sinusoids constitute the main compartment of platelet storage during hypothermia, 

which release platelets rapidly upon rewarming. In addition, a smaller proportion of 

platelets is stored in lung capillaries, showing a much slower release profile following 

rewarming. Further, we excluded platelet activation, DIC and trapping of platelets 

within immune-complexes as a contributor to platelet storage, since platelets did not 

increase P-selectin expression, (micro)thrombi were absent in liver and lung, levels 

of D-dimer remained low throughout hypothermia and rewarming, and platelets in 

hypothermic liver sinusoids did not form large aggregates. Thus, in vivo hypothermia 

may be safely used to lower platelet amounts temporarily while preserving their 

functionality in healthy subjects.

Margination in liver sinusoids as mechanism governing reversible platelet 
storage and release
We showed that platelet margination to liver sinusoids is a temperature dependent, 

rapid and reversible phenomenon. By intravital imaging of mouse liver microcirculation 

we demonstrated blood flow to reduce and platelet margination to occur during one 

hour of hypothermia, which both rapidly reversed during 30 minutes to one hour of 

rewarming. Mouse hypothermia to 20°C and rat hypothermia to 15°C both increased 

platelet amount in liver several fold and the amount in rat liver accounted for the 

majority of platelets that had exit the circulation. We demonstrated that platelet 
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patients, specifically in the critically ill who are at great risk of deep vein thrombosis 

despite the use of thromboprophylaxis63. Additionally, patients with myocardial 

infarction and those at risk of cerebrovascular disorders may benefit from this strategy 

since a suspended coagulation is essential in limiting thrombus propagation and 

preventing ischemic events64, 65.

 Taken together, our data contribute to an improved understanding of the 

hemostatic system under influence of body temperature. We demonstrated that 

thrombocytopenia during hypothermia occurs via platelet storage mainly in liver 

sinusoids. Platelets marginate to the sinusoidal endothelium during hypothermia and 

are released during rewarming due to the temperature dependent change of blood 

flow. No signs of platelet activation, platelet dysfunction or intravascular coagulation 

were found, such in sharp contrast with studies in ex vivo cold stored platelets. 

Deciphering the molecular mechanisms governing reversible cold storage of platelets 

in liver sinusoids without their activation, while maintaining platelet functionality, may 

enable transfusion of cold stored donor platelets, improve liver regeneration after 

transplantation, contribute to management of hemostasis in trauma patients and may 

contribute to antithrombotic therapies in the critically ill.
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ex vivo51, 52. Therefore, in our study, a possible effect of in vivo 15°C cooling on platelet 

activation or function may have been offset by ex vivo rewarming to 20-22°C room 

temperature prior to flow cytometry measurements. If so, this would merely signify 

that hypothermia effects on platelet activation are reversible, implying that activation 

does not contribute to platelet storage during hypothermia as this storage is also 

observed at 20°C.

Biomedical relevance
Our data may bear considerable relevance to platelet preservation. Ex vivo cooled 

platelets are rapidly and irreversibly cleared by the liver from the circulation after 

transfusion54, 55, whereas we demonstrated in this study that in vivo cooled platelets are 

stored reversibly. Our models thus offer tools to disclose the mechanism of (reversible) 

platelet clearance by comparing both. Possibly, effects of ex vivo cooling on platelets 

(e.g. deglycosylation of glycoproteins or clustering of glycoprotein GPIbα19, 56-59) do not 

occur during in vivo cooling. Alternatively, the in vivo hypothermia and rewarming 

of the liver may affect the mechanisms normally employed by normothermic liver 

to clear cooled platelets, such as recognition and phagocytosis by Kupffer cells and 

hepatocytes19. In addition, the difference between clearance of in vivo and ex vivo 

cooled platelets may originate from various other sources, including blood itself. 

 It may be that liver hypothermia, and subsequent rewarming, is crucial in the 

reversibility of storing either in vivo or ex vivo cold exposed platelets. This strategy 

might therefore be utilized to transfuse cold stored platelets to patients who, or 

whose liver, can briefly be subjected to therapeutic hypothermia, e.g. peroperatively 

or in the intensive care unit. Another use of platelet storage in hypothermic liver may 

be in transplantation. Cooling of the donor prior to harvesting the liver would induce a 

much higher amount of functional donor platelets in the graft, which may subsequently 

boost or sustain their documented liver regenerating effect in the recipient following 

transplantation60. 

 The management of coagulation in patients with accidental or therapeutic 

hypothermia may improve by a better understanding of the effects of temperature on 

the hemostatic system and which effects are reversible by rewarming. This knowledge 

may help in correcting the increased bleeding and mortality risk for trauma patients 

with hypothermia61, 62.  

Future studies may identify targets for novel anticoagulant drugs, inducing a 

reversible suspended coagulation. Mimicking the mechanisms of hypothermia 

induced thrombocytopenia may rapidly induce a state of profound and reversible 

thrombocytopenia without the need to reduce body temperature. Such a strategy may 

be utilized during defined periods of increased thrombotic risk, such as in hospitalized 
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All videos from this chapter are online available at 

www.hibernation.nl/storporage/thesisDeVrij/

SUPPLEMENTAL DATA

TABLE S1. Platelet count reduction accounted for storage in liver during hypothermia.

Rat weight (g) Liver mass (g)a Liver volume 
(1012 μm3) b  

Platelet count per 
μm3 liver  (10-5) c

Platelet count per 
whole liver (109) d

Control 364 ± 28 13.9 ± 1.1 13.1 ± 1.1 1.84 ± 1.59 0.2 ± 0.2

Hypothermia 364 ± 13 13.9 ± 0.5 13.1 ± 0.5 28.2 ± 7.92 3.7 ± 1.0 

Assuming liver mass 34 = (40.5 x rat weight – 824.4 )/1000 

Assuming liver density 35, 36 = 1.06 mg/μL

Platelet count per 4 μm liver section x area of section

Platelet count per μm3 liver * liver volume

With calculations and some assumptions the amount of platelets in whole livers was estimated. 

Platelet amount in liver during hypothermia increases approximately 20-fold compared to 

control. Data are mean ± SD, n=3-5.

 

VIDEO 1. Platelets in microcirculation of mouse liver during normothermia. During mouse 

normothermia (body temperature of 36.4°C), anti CD49b labeled platelets (red) pass rapidly 

through liver sinusoids with few marginated platelets. Liver autofluorescence (green) is 

visualized as average intensity of all frames to enhance contrast with microcirculation. Original 

magnification 400x, timelapse acquisition speed 1Hz, videoclip framerate 10 frames per second. 

A snapshot of the video is demonstrated, video accessible via QR-code or tinyurl.com/

EdV-chapter5video1 or hibernation.nl/storporage/thesisDeVrij/

 

VIDEO 2. Platelet storage in mouse liver sinusoids during hypothermia. During mouse 

hypothermia (body temperature of 19.5°C), anti CD49b labeled platelets (red) pass slowly 

through liver sinusoids with many marginated platelets. In several sinusoids platelet margination 

can be observed. Liver autofluorescence (green) is visualized as average intensity of all frames 

to enhance contrast with microcirculation. Original magnification 400x, timelapse acquisition 

speed 1Hz, videoclip framerate 10 frames per second. 

A snapshot of the video is demonstrated, video accessible via QR-code or tinyurl.com/

EdV-chapter5video2 or hibernation.nl/storporage/thesisDeVrij/

 

VIDEO 3. Platelets are released from mouse liver sinusoids during rewarming. During 

mouse rewarming (body temperature of 36.7°C), anti CD49b labeled platelets (red) pass again 

rapidly through liver sinusoids with less marginated platelets than during hypothermia. Liver 

autofluorescence (green) is visualized as average intensity of all frames to enhance contrast 

with microcirculation. Original magnification 400x, timelapse acquisition speed 1Hz, videoclip 

framerate 10 frames per second. 

A snapshot of the video is demonstrated, video accessible via QR-code or tinyurl.com/

EdV-chapter5video3 or hibernation.nl/storporage/thesisDeVrij/
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FIGURE S1. Flow cytometry of rat blood samples during hypothermia and rewarming. 

Schematic overview of gating strategy. Identification of the platelet population (red) by a relative 

small forward and side scatter (A), confirmed by analysis of CMFDA labeled and transfused 

platelets (green) (B). Absence of CMFDA labeled platelets prior to their transfusion both in 

naïve (C) and ADP stimulated platelets (E). Persistent presence of CMFDA labeled platelets 

following hypothermia and rewarming (D, t=5h), which remain as functional as recipient 

platelets following ADP stimulation (F).
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