
In vitro and in vivo effects of short-term cold storage of 
platelets in PAS-C 

 
Cold (4°C)-stored platelets (CSP) were the standard of 

care in the 1960s and 1970s but fell out of favor when their 
short in vivo survival was discovered. Since then, room 
temperature-stored platelets (RSP) have been the standard 
of care. Septic transfusion reactions from bacterially con-
taminated RSP remain the most common transfusion-
transmitted infection. In addition, accumulating data ques-
tioning the efficacy and safety of RSP, together with a 
short shelf life, highlight an unmet medical need for an 
alternative product. Currently, CSP are being re-evaluated 
for bleeding patients, for whom immediate function mat-
ters more than long circulation time. An added benefit of 
CSP is that bacterial growth is markedly reduced at 4°C. 
However, how to store CSP best is poorly understood. 
Some groups reported increased wastage due to aggregates 
in CSP stored in plasma. Platelet additive solutions (PAS) 
were developed to reduce transfusion reactions and limit 
metabolic damage, but one group showed that PAS pre-
vented aggregates in CSP.1 Other groups reported decreas-

ing platelet counts despite the use of PAS during cold stor-
age, suggesting persistent microaggregates.2-4 While 
numerous in vitro studies on CSP in PAS exist,4-8 only one 
study looked at the effect of PAS on in vivo kinetics of 
transfused CSP, but lacked fresh comparators.9  

In the current study, we investigated CSP in PAS (PAS-
CSP) and compared them to CSP in plasma (P-CSP) and 
room temperature-stored platelets in plasma (P-RSP). All 
platelets were stored for 5 days. We collected a standard 
single apheresis platelet unit from six healthy subjects 
stored in either 100% plasma at 22°C or 4°C, or 65% PAS-
C (Intersol) and 35% plasma at 4°C. In this study, we 
included historical controls for P-CSP and P-RSP,10,11 but all 
units were collected by apheresis and stored in the same 
fashion as described below. Concerns regarding risks for 
healthy human volunteers and their safety, in addition to 
the high costs of in vivo radiolabeling studies, made repeat-
ing control groups that have already been studied and pub-
lished both redundant and ethically burdensome for this 
small study.  

We included PAS-C because it is currently licensed in the 
USA and we previously obtained in vivo data that favored 
PAS-C over PAS-F (Isoplate) for CSP.9 All three groups 
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Figure 1. In vitro platelet characteris-
tics. Platelets stored at room tempera-
ture in plasma (P-RSP) (Plasma, 22°C, 
solid black bars), platelets stored cold in 
plasma (P-CSP) (Plasma, 4°C, striped 
bars), and platelets stored cold in 
platelet additive solution (PAS-CSP) 
(PAS-C, 4°C, solid gray bars) were tested 
fresh and on day 5 after storage. (A) 
Platelet count measured by an ABX 
Hemanalyzer, P-RSP (n=18), P-CSP 
(n=5), PAS-CSP (n=6). (B) Glucose meas-
ured by a blood gas analyzer, P-RSP 
(n=6), P-CSP (n=5), PAS-CSP (n=6). (C) 
Lactate measured by a blood gas analyz-
er, P-RSP (n=6), P-CSP (n=5), PAS-CSP 
(n=6). Data are shown as percentage of 
fresh and as mean + standard error of 
mean. *P<0.05, **P<0.01, 
***P<0.001. ns = not significant

Figure 2. In vivo platelet characteristics. 
Healthy human subjects received autolo-
gous radiolabeled fresh platelets or 
platelets stored for 5 days in plasma at 
room temperature (P-RSP) (Plasma, 
22°C, solid black bars), in plasma at 
4°C (P-CSP) (Plasma, 4°C, striped bars), 
or in plasma additive solution at 4°C 
(PAS-CSP) (PAS-C, 4°C, solid gray bars). 
(A) Recovery of transfused platelets after 
2 hours, P-RSP (n=21), P-CSP (n=5), 
PAS-CSP (n=5). (B) Survival of trans-
fused platelets, P-RSP (n=21), P-CSP 
(n=5), PAS-CSP (n=5). Data shown as 
percentage of fresh, mean + standard 
error of mean. ***P<0.001, ns = not 
significant
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(PAS-CSP, P-CSP, and P-RSP) comprised different cohorts 
(no matching between groups). The annexin V and P-
selectin data were obtained from a separate group of four 
volunteers whose platelets were collected by apheresis 
and stored in mini-storage bags to clarify a role of these 
platelet activation parameters. All apheresis units were 
collected and bags stored at room temperature were agitat-
ed as per standard blood banking protocols. Cold-stored 
units were stored without agitation. We radiolabeled 
platelets as previously described with minor modifica-
tions.12  

The Western Institutional Review Board approved the 
research, and all human participants gave written informed 
consent. The study was conducted in accordance with the 
Declaration of Helsinki and registered with 
ClinicalTrials.gov identifier NCT02754414. We assessed 
statistical significance by one way analysis of variance 
(ANOVA) with the Tukey correction for multiple compar-
isons. To minimize biological variability, and following rec-
ommendations by Murphy et al., we present the normal-
ized stored data (percentage of fresh values). The absolute 
data are shown in Online Supplementary Figures S1-S3.  

As previously described, CSP counts were significantly 
lower than P-RSP counts. PAS-CSP counts were signifi-
cantly higher than those of P-CSP, corroborating findings 
from others and our group (Figure 1A).1,11 Consistent with 
high metabolic activity at room temperature, glucose lev-
els at day 5 were lowest in P-RSP. Post-storage levels of 
glucose in PAS-CSP were significantly lower than in P-CSP 
(Figure 1B).  While P-RSP showed the highest lactate lev-
els, cold storage reduced lactate production, with a trend 
for lower levels in PAS-CSP than in P-CSP (Figure 1C). 

These findings hint at persistent, detectable metabolic 
activity up to 5 days, even though the metabolism is 
markedly slowed at 4°C. As expected, platelet in vivo 
markers decreased significantly, but the recovery of PAS-
CSP and P-CSP did not differ significantly (Figure 2A). We 
observed a trend for longer survival in PAS-CSP than in P-
CSP (Figure 2B). To obtain more insights into the biological 
health of stored platelets, we studied mitochondrial mem-
brane potential as an early marker of apoptosis. We 
observed significantly better-preserved membrane poten-
tial in P-CSP than in P-RSP. PAS-CSP and P-CSP values did 
not differ significantly as percentage of fresh values, but 
the absolute data showed significantly better preservation 
in PAS-CSP (Figure 3A, and Online Supplementary Figure 
S2D). All cells responded appropriately to the uncoupler 
CCCP (2-[2-(3-chlorophenyl)hydrazinylyidene]propane-
dinitrile) (Online Supplementary Figure S2C, D). There was 
a trend for more caspase activation in P-CSP, but overall, 
we did not see significant differences in this marker of late 
apoptosis (Figure 3B). Adding ABT 737 induced caspase 
activation before and after storage, indicating that platelets 
had the capacity to undergo apoptosis (Online 
Supplementary Figure S2E, F). We did not find significant 
differences in procoagulant activity, but there was a trend 
to higher levels at room temperature (Figure 3C). Similarly, 
we observed higher P-selectin levels at room temperature, 
but although this was significant when compared to PAS-
CSP, it was not when compared to P-CSP (Figure 3D).  

Integrin activation was greatest in P-CSP, significantly 
more than in P-RSP. The PAS-CSP integrin response was 
lower than the P-CSP one, but the difference was not sta-
tistically significant (Figure 3E-G). The largest difference 
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Figure 3. In vitro apoptosis and activation parameters. Apoptosis and parameters of platelet activation were measured in fresh platelets and platelets stored 
for 5 days in plasma at room temperature (P-RSP) (Plasma, 22 °C, solid black bars), in plasma at 4°C (P-CSP) (Plasma, 4°C, striped bars), or in plasma additive 
solution at 4°C (PAS-CSP) (PAS-C, 4 °C, solid gray bars). (A) Platelet mitochondrial membrane potential measured by JC-1 dye red (FL2) to green (FL-1) ratio, P-
RSP (n=7), P-CSP (n=5), PAS-CSP (n=5). (B) Caspase 3,7 activation measured by flow cytometry, P-RSP (n=5), P-CSP (n=5), PAS-CSP (n=5). (C) Procoagulant 
activity measured by annexin V binding by flow cytometry. P-RSP (n=4), P-CSP (n=4), PAS-CSP (n=4). (D) a-granule degranulation was measured by CD62P bind-
ing by flow cytometry. P-RSP (n=4), P-CSP (n=4), PAS-CSP (n=4).  Platelet aIIbb3 integrin activation was measured by PAC-1 antibody binding by flow cytometry 
at baseline (BL) and after stimulation (E) with collagen (C), P-RSP (n=5), P-CSP (n=7), PAS-CSP (n=5). (F) with arachidonic acid (AA), P-RSP (n=5), P-CSP (n=5), 
PAS-CSP (n=5). or (G) with ADP (A) P-RSP (n=5), P-CSP (n=5), PAS-CSP (n=5). (A-C) Data are shown as percentage of values for fresh platelets, mean + standard 
error of mean. (E-G) Absolute data, mean + standard error of mean. *P<0.05, **P<0.01, ***P≤0.001.
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between P-CSP and PAS-CSP was after stimulation with 
arachidonic acid (Figure 3F).  

After only 5 days, we found that PAS prevented a cold-
induced decrease in platelet count, likely by preventing 
microaggregates.1,9 One report suggests that aggregate for-
mation is prevented by continuous agitation during cold 
storage.8 We observed a platelet count decrease independ-
ently of agitation in preliminary studies (Online 
Supplementary Figure S3C). In a previous study including 
over 20 units, we saw one large proteinaceous aggregate in 
one single unit, while a study with frequent manipulation 
and rewarming led to much more frequent detection of 
aggregates (Online Supplementary Figure S3D). Other inves-
tigators attempted to store cold platelets with repeated 
rewarming episodes (temperature cycling).13 To prevent 
aggregates, rewarming had to be accompanied by agita-
tion, an approach we have thus far not incorporated in our 
studies. Metabolically active platelets under normal stor-
age conditions convert most of the supernatant glucose 
into lactate in P-RSP. Replacing plasma with PAS-C 
removes sugars but adds acetate, which modifies glucose 
utilization and can suppress lactate generation in RSP. 
Accordingly, the level of lactate in PAS-CSP stored for 5 
days was lower than that in P-CSP or P-RSP, indicating 
that replacing plasma with PAS had a beneficial effect.10,11 
We did not observe activation differences between P-CSP 
and PAS-CSP after stimulation with various agonists simi-
lar to what has been described before for PAS/plasma CSP 
in aggregometry experiments1 and 100% plasma CSP.11 
However, whether in vitro responses of CSP to agonists 
predict in vivo hemostasis is not well understood. 
Nevertheless, the fact that CSP in PAS and plasma have 
similar responses suggests that both media provide the 
right environment for platelet function testing in vitro. In 
our study, the mitochondrial membrane potential was best 
preserved in P-CSP and best predicted integrin activation, 
highlighting the need for an intact energy supply for 
platelet activation.10,11 It is likely that our 5-day storage 
time was not enough to induce later stages of apoptosis: a 
recent study of CSP in PAS-F did not find significant differ-
ences up to day 15, compared to baseline, in some markers 
of apoptosis.6 Our study provides a limited analysis of the 
complex apoptotic process and further studies are needed 
to explore this in further detail.  

Small sample sizes and donor-to-donor variability may 
also have affected the outcomes of this study. An addition-
al limitation is the lack of an earlier testing time point 
before the 5-day maximum. PAS may have additional ben-
efits by reducing allergic and febrile adverse reactions, 
although this has not been systematically studied with 
CSP. During storage, the levels of inflammatory mediators 
are lower in CSP than in RSP. Whether PAS further reduces 
inflammatory levels in CSP remains to be investigated, but 
data from RSP support this idea. Most European countries 
utilize pathogen reduction technology (PRT). Two previ-
ous studies looked into the effects of combining PAS/PRT 
with 4°C storage.14,15 The authors found mostly compara-
ble results with the notable exception of reduced clot 
retraction and reduced GPIba-levels with PRT. There may 
also be a benefit in promoting coagulation with PRT. 14,15  

In summary, we found that PAS had positive effects on 
in vitro parameters while not negatively affecting in vivo 
kinetics. Our data along with the results from other groups 
suggest that CSP in PAS are a safe and efficacious product 
and could have a practice-changing impact on the blood 
banking industry in the coming years. 
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